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Introduction

All current ignition target designs for inertial con-
finement fusion (ICF) require a uniform cryogenic
(liquid or solid) deuterium-tritium (DT) fuel layer.
However, it is difficult to support a uniform liquid DT
layer inside a capsule in the presence of gravity.!
Fortunately, a solid DT layer is stable in the presence of
gravity and self-symmetrizes due to the natural heating
from tritium beta decay (beta-layering).2 Recent exper-
iments show that beta layering can produce a surface
roughness of 1 pm rms, which is smooth enough for
current National Ignition Facility ignition target designs.
The surface roughness of these polycrystalline DT lay-
ers is determined by the way crystal facets stack up to
conform to the 1-mm radius of curvature. If we could
produce a stable amorphous DT layer, the surface
roughness could be reduced significantly. Alexandrova
et al. claim to have observed such an amorphous layer
of H2.3 In this article, we describe the equilibrium and
metastable structures of solid hydrogen. Since the crys-
tal structure of all the hydrogen isotopes is the same,
we work with H, and D, instead of DT.

We begin by reviewing some basic properties of solid
hydrogen. Because the interaction between hydrogen
molecules is weak, the rotational quantum number is
well defined in the low-pressure solid at temperatures
above 0.2T,,, and most of the molecules are either in
the ground (J = 0) or first excited (J = 1) rotational state.
Ttp is the triple-point temperature for a particular
hydrogen isotope or mixture: Ttp (J=0H,)=138K
and Ttp (J=0D,)=187 K.4 All the hydrogens typically
form an hcp structure near their respective T, ;5.6
however, at low enough temperature and large J=1
concentration ([J = 1] > 55%), the lattice transforms to
fcc with the molecules oriented. This phase transition
lowers the electric quadrupole—quadrupole energy for
J =1 molecules by about 5 K/molecule, which is much

greater than the ~1 mK/molecule energy difference
between disordered hcp and fcc structures. InJ=0
hydrogen, the free energy difference between hcp and
fcc is not well understood, but the equilibrium crystal
structure at all temperatures and pressures below
~100 GPa is hep.”

Rare gas solids also form simple molecular solids
with lattice potentials similar to hydrogen. However,
Ne, Ar, Kr, and Xe crystallize into fcc at low pressure,
while the lightest rare gas, “He, primarily forms an hcp
structure at low temperature and pressure, and fcc
only at high temperature and pressure. The hcp struc-
ture forms in low pressure “He and possibly J =0
hydrogen because the dispersion interaction for the
closed shell S state orbital is comparatively small.8

While hcp is the equilibrium structure at low J =1
concentrations, nonequilibrium hydrogen fcc struc-
tures have been observed.? In this article, we describe
the temperature dependence and crystal morphology
of metastable phases of J = 0 H, and D,.10 We also
show that (1) the metastable fcc phase is separated
from hcp by a spectrum of energy barriers, (2) the fcc
phase is less stable in H, than in D,, (3) the structural
symmetry decreases as the deposition temperature T
decreases, and (4) the crystallite length scale decreases
with decreasing T4. However, we find no evidence that
an amorphous phase of hydrogen can be produced at
temperatures as low as 0.18Ttp.

To determine lattice structure, we detect the
J=0- 2 signal of the rotational Raman spectrum. In
pure J = 0 solids, this signal produces a multiplet that
can be a unique signature of the crystal lattice. A triplet
is unique to hcp, whereas fcc symmetry produces a
doublet. Van Kranendonk’ outlines the calculational
procedure for determining the spectral positions and
intensity ratios. Some of our observations may be
related to those of Silvera and Wijngaarden!! and
Durana and McTague,12 who observed a four-peak
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spectrum in rapidly pressurized hydrogen. Four peaks
are expected if the Raman signal results from both hcp
and fcc crystals because the high-energy shifted peaks
for both hcp and fcc are close together and the low-
energy shifted fcc signal is at lower energy than the
other hcp lines.

Experimental Details

For these experiments, a Cu sample cell is fitted
with two opposing vertical MgF,-coated sapphire win-
dows that serve as the hydrogen substrate and permit
optical access. The cell is connected to the cold tip of a
He flow cryostat. Both a 30-K radiation shield and the
outer vacuum jacket contain sapphire windows for
optical access. A calibrated germanium resistance ther-
mometer (GRT) is fitted on the Cu sample cell and
checked against Ttp of D,and H,. At T>0.5 Ttp, we
compare the thermometer temperature with the tem-
perature calculated from the hydrogen vapor pressure,13
as measured by a capacitance manometer. The agree-
ment between the vapor pressure and the GRT shows
the accuracy of the temperature measurement to be
better than 0.05 K.

The H, and D, gas were high-purity research grade,
with an isotopic purity of 99.9% and 99.8% respectively.
The samples studied contained a J = 1 concentration
less than ~1%. The rotational and isotopic concentrations
are determined by comparing the Raman line intensities
for the J=0-2 and J = 1 3 transitions. The hydrogen
gas was cooled to ~20-30 K just before deposition. The
deposition rates are determined from the layer thickness,
measured by interferometry, vs time. All the samples
were between 30 and 300 pm thick.

We measured the Raman shift of the 488-nm line of
an Ar ion laser in a back scattering geometry with a
modified 0.5-m SPEX 1870 spectrograph fitted with a
liquid-nitrogen-cooled CCD having a 22.5-um pixel
width. We used /3 optics to couple light in and out of
the sample. Our spectral resolution was ~0.4 cm™1,
Line positions were determined from both a calibrated
Th lamp and the triplet structure of H, or D, crystal-
lized through the triple point, with their line positions
as measured by Bhatnagar et al.14 The laser power
level (~1 to 100 mW in ~40 um?) did not influence the
lattice structure or visually change the layer morphology.

Raman Data

Figure 1 shows several different Raman spectra for
vapor-deposited H, or D, layers. The spectra on the
left and right are from H, and D, respectively. The
three-peak spectrum in Fig. 1(a) is typical of H, or D,
atT,> O.3Ttp. The four-peak spectra in Fig. 1(b) and
1(e) are typical of 35 K< T (H,)) <4 Kand 4K < T, (D,)
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<6 K, and of deposition rates of 0.1 <R (um/min) < 40.
Figure 1(d) is typical for 3.5 < T, (D,) <4 K, where it
appears that the peaks in Fig. 1(e) shift toward an unre-
solved lineshape with two main branches. Figures 1(c)
and 1(f) show the signals several minutes after rapidly
warming H, and D, respectively. The quadruplet in
Fig. 1(b) and 1(e) and the unresolved “doublet” in Fig. 1(d)
transform to a triplet within minutes upon warming the
sample rapidly through ~0.5 T, ;. At constant temperature
the Raman spectra in Fig. 1 are stable for at least two
days, the maximum duration of observation. Figure 2(a)
shows the temperature dependence of the Raman
spectrum of D, for T, =5.3 K. The steady decrease in
the relative intensity of the first and fourth peaks with
increasing temperature is not reversible upon cooling.
There is a slight shift in the spectrum of ~-0.45 cm™1
upon warming from 5 to 7 K. The high-energy peak is
shifted slightly more (~-0.70 to —0.90 cm™1) than the other,
low-energy peaks. The quadruplet signal in H, also
transforms to a triplet upon slowly raising T to ~5.5 K.
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FIGURE 1.J=0-2 Raman signal for (a) H, deposited at 5.5 K and

5 um/min, (b) H, deposited at 3.5 K and 2 um/min, (c) same sample
as Fig. 1(b) after warming from 3.5 Kto 7 K, (d) D, deposited at 3.5 K
and 0.2 ym/min, (e) D, deposited at 5.2 K and 0.4 um/min, (f) same
sample as Fig. 1(e) after warming from 5.2 K to 11.4 K.
(10-06-0296-0312ph01)
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In Fig. 2(b) we plot the intensity ratio of the low-energy
Raman peak of the quadruplet divided by the average
of the other three peaks, RfCC/hcp, vs temperature (all
values, not just the steady state value) from two differ-
ent experiments. The large scatter of points at each
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FIGURE 2. Temperature and time dependence of the ] = 0 2 Raman
spectrum, upon warming solid J = 0 D,. (a) D, deposited at 5.3 K and
2.2 um/min (from bottom to top) (i) after deposition at 5.3 K, (ii) after
raising T to 6.9 K, (iii) after waiting at 6.9 K for 34 min, (iv) after raising
Tto 7.4 K and waiting 8 min, (v) after 13 min at 8.1 K, (vi) after 5 min
at 9.1 K, and (vii) after 2 min at 10.4 K. (b) The low-energy Raman
peak divided by the average of the other three peaks (Rfcc/hcp) vsT
from two different experiments. The circles show the same experiment
as in Fig. 2(a). The squares show a similar experiment with J=0 D,
deposited at 5.1 K and 0.4 pm/min. After deposition, the sample sat
at ~5.3 K for 23 h, and then we began raising T at ~0.5 K/20 min.
(10-06-0296-0312ph01)

temperature is due primarily to the complicated time
dependence at constant temperature. The lowest value
for Ry, /hcp is the steady state value. The plot is approxi-
mately linear from 6 K to 11 K. For D, deposited between
5.1 Kand 5.5 K and held at constant temperature for
about two days, there is no change in RfCC/th. Thus,
after relaxation, RfCC/th is roughly constant at constant
temperature and decreases with increasing temperature.

The Raman spectrum of D, deposited at 3.5 K [see
Fig. 1(d)] behaves differently. As T is increased from T4
to 7 K, the two overlapping lines in the right branch
separated slightly, but the general structure still consisted
of two main branches. Upon increasing T to ~10 K, the
structure transformed into a well resolved triplet, simi-
lar to that shown in Fig. 1(f), within ~10 min.

Discussion of Raman Data

In Table 1 we list the theoretical and measured line
positions for the Raman multiplet for both hcp and fcc
crystal structures. We calculate the theoretical values
from Van Kranendonk.” The measured values are from
the present work and Bhatnagar et al.14 The calculated

TABLE 1. Calculated and measured J = 0 =2 Raman line positions
(in cm™) for H,and D, in hcp and fcc phases.

H, D,
Calculated Ref.15 Fig.1 Calculated Ref.15 Fig.1

hcp

m; =2 354.5 353.85 354 179.6 1794 179

m =1 352.0 351.84 352 176.5 176.8 177

m; =0 357.0 355.83 356 182.7 1820 182
fcc

E, 349.6 350 173.6 175

E, 356.9 356 182.6 182

values for the hcp lattice are close to the measured val-
ues. The calculated low-energy line of an fcc structure
is at the same position as the low-energy line of the
quadruplet spectra in Fig. 1(b) and 1(e). The calculated
high-energy line of the fcc lattice would be unresolved
from the high-energy hcp line given our resolution.
Because of the low-energy line position in the quadruplet
spectrum and the change in intensity of the high-energy
line upon warmingto T = 0.5Ttp, we interpret the
quadruplet spectrum to be the signature of a mixed
hcp and fcc lattice. Thus, the narrow-line resolved
spectra of Fig. 1(b) and 1(e) reflect the presence of both
hcp and fcc crystallites.

The relative m; = 1, 2, 0 intensity ratios for Fig. 1(a),
1(c), and 1(f) are 0.33:1:0.15, 0.55:1:0.21, and 0.64:1:0.34.
The relative m; intensities depend on crystal orientation
with respect to the incident and scattered electric field
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polarizations.”1> Assuming the incident light is colli-
mated, a powder average of hcp crystallites yields
1:1:0.5, and a crystal with its c axis perpendicular to
the substrate yields 0:1:0. Thus, there is a preferential
c-axis alignment perpendicular to the substrate.
Although a preferential growth along the c axis has
been observed near the triple point, it is unclear why
these small crystals would grow in a preferred direction
or transform from fcc to hcp in a preferred orientation.

As T, decreases in the range 0.2 < Ty/T,, < 0.3, the
intensities of the low- and high-energy peaks increase
relative to the two central peaks. After deposition, as T
is increased towards 0.5 T, , the low- and high-energy
peaks decrease. This is expected if an fcc component
occurs at T/T,, < 0.3 and increases with decreasing
T4- Thus, the ratio Rfcc/hcp is a relative measure of fcc
to hep structure in the sample. The irreversible decrease
iNnRg. /hcp with increasing temperature suggests that the
fcc component, once formed, is metastable at T<0.5 Ttp.
The equilibration of Ry /.., after each temperature
increase suggests that the fcc phase is separated from
the lower-energy hcp phase by many different barrier
energies. At constant T4, we also see a slight increase
in the fcc component with decreasing R. This implies
that the fcc component may be found at Td/Ttp >0.3if
we deposited at lower R. This effect may be due to
sample heating.

Relative to their triple points, the temperature at
which the mixed fcc + hep structure is formed is lower
in H, (~4 K) than in D, (~6 K). Also, the mixed phase
transforms to pure hcp at a relatively lower tempera-
ture in H, (~5.5 K) than in D, (~10.5 K). Thus the fcc
phase is less stable in H, than in D,. If the fcc phase is
metastable and separated from the hcp phase by a
spectrum of energy barriers, and if tunneling is a dom-
inant mechanism for molecular motion at these low
temperatures, then H, would be able to cross the energy
barriers to reach the lower-energy hcp phase more
rapidly than D,. Although tunneling diffusion has been
observed for hydrogen atoms in solid hydrogen,16 tun-
neling of molecules in solid hydrogen has not been
clearly observed.l’

The unresolved lineshape of Fig. 1(d) is significantly
different than the other narrow line spectra in Fig. 1.
This broad lineshape indicates that the lattice structure
of samples deposited at T < 0.2 Ttp have less symme-
try than pure hcp or fcc. The broad lineshape may
result from a randomly stacked close-packed lattice or
very small crystallites, but probably not an amorphous
structure, which would give rise to a single broad line
similar to that of the liquid phase.

Crystal Morphology

Figure 3(a) and 3(b) show shadowgraph images of H,
crystallites deposited at R =40 um/minand Ty =3.6 K
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and 7.0 K. These and similar experiments qualitatively
show that the average crystal size decreases rapidly
with decreasing temperature and increasing deposition
rate between 3.6 < Ty < 11 Kand 0.1 <R (um/min) < 40.
Figure 4 shows the change in the average crystal diam
vs different T . The smallest crystal diam is at the limit
of our optical resolution (~3 pm) and is thus a very
rough estimate.18

Since the deposition temperatures used here are
below the roughening transition temperatures for the
low-energy crystal facets,19 the lowest-free-energy con-
figuration is in the form of faceted crystallites. The
appearance of smooth rounded crystallites as in Fig. 3(b)
implies that the crystal morphology is nonequilibrium
and is determined by kinetics. To qualitatively under-
stand the dependence of crystal size on temperature
and deposition rate, we assume that the temperature
controls the rate at which molecules relax from a high-
energy to low-energy configuration. We expect the

FIGURE 3. shadowgraph images of H, deposited at 40 pm/min and
(a) 3.6 K and (b) 7.0 K. The horizontal field of view is 1.7 mm.
(10-06-0296-0312pb01)
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FIGURE 4. Average crystallite diam vs T4 for H, deposited at
0.2 pm/min (squares), 2 um/min (circles), and 40 um/min (triangles).
(10-06-0296-0312ph01)
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lowest-energy site to be that with the maximum number

of neighboring bonds, such as a step edge of a crystal.
As the temperature decreases or the deposition rate
increases, there is less chance of finding a low-energy

site before the next layer of material covers the substrate.

Summary

In summary, using Raman spectroscopy we find
thatJ =0 D, orJ =0 H, forms a mixed fcc/hcp struc-
ture when deposited at 0.2 < Td/Ttp < 0.3. The fcc
phase is less stable in H, than D,. This fcc component
transforms continuously and irreversibly to hcp upon
increasing the temperature through 0.5Ttp, suggesting
that the fcc phase is separated from the lower-energy
hcp phase by a spectrum of barrier energies. As T4
decreases below ~0.2 T, , the lattice structure has less
symmetry than fcc or hcp and possibly resembles a
randomly stacked close-packed phase. Finally, the
crystallite size decreases with decreasing T4 from mil-
limeter scale at a few degrees below Ttp to micrometer
scaleat~0.3 T,

The metastable hydrogen structure described here
may elucidate several recent experiments. D atoms in
solid deuterium deposited from the gas phase at ~3 K
have a significantly different activation energy than
expected for the equilibrium hcp structure.1:20 Also,
surface-state electron mobility?! shows an increased
conductivity after annealing vapor-deposited films.
These observations can be at least qualitatively explained
by the metastable structures described here and those
that may be found at lower deposition temperatures.
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