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Solid hydrogen structure

G. W. Collins, W. G. Unites, E. R. Mapoles, F. Magnotta, and T. P. Bernat
Lawrence Livermore National Laboratory, Livermore, CA 94551

ABSTRACT

The J=0->2 Raman signal from solid J=0 Dy or Hg reveals HCP structure
when deposited at a rate 0.1 < R(um/min) < 40 onto MgFg at T4/Ty, > 0.3, a
mixture of HCP and FCC crystals at 0.2 < T¢/Ttp < 0.3 and possibly a randomly
stacked close packed structure at Ta/Ttp < 0.2, where T4y is the triple point
temperature. Non-HCP crystals transform to HCP continuously and irreversibly
with increasing T. Finally, the crystal size decreases with decreasing Tq and
increasing R, from ~ 1 mm at T4 ~ 0.8 Tty and R ~ 2 ym/min to ~ 1 um at 0.25
Ttp and R ~ 40 pm/min.

INTRODUCTION

Near the triple point temperature, Ttp, hydrogen typically forms an
hexagonal close packed (HCP) structure.l,2:3 Since the interaction between
hydrogen molecules is weak, the rotational quantum number is well defined
in the low pressure solid at temperatures above 0.2 Ttp, and most of the
molecules are either in the ground (J=0) or first exited (J=1) rotational state.
When cooled to a low enough temperature with a large enough J=1
concentration, [J=1]> 55%, the lattice transforms from HCP to face centered
cubic (FCC) with the molecules ordered to form Pag symmetry. This phase
transition lowers the electric quadrupole-quadrupole (EQQ) energy for J=1
molecules by about 5 K/molecule, which is much greater than the ~ 1
mK/molecule energy difference between HCP and FCC structures. However,
when all of the molecules are in the J=0 state, the equilibrium crystal
structure at all temperatures and pressures below ~ 100 GPa is HCP.4
Nature chooses this equilibrium lattice structure because it has the lowest
Gibbs free energy, but this free energy difference between HCP and FCC J=0
hydrogen is not well understood.

Crystal structures other than HCP have been observed for solid J=0
hydrogen under some conditions. First, thin hydrogen films grown from the
vapor or liquid can take on the underlying lattice structure of the substrate.
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Second, thin (~10nm) hydrogen films deposited at temperatures below ~ 0.4
Tip can be grown with an FCC lattice structure.56 When heated, these layers
exhibited sharp electron diffraction peaks indicating an HCP structure.

These observations imply that HCP is the equilibrium crystal form at high
temperature, while for thin films the FCC phase may be stable or metastable
at low temperatures. '

Rare gas solids also form simple molecular solids with lattice
potentials similar to hydrogen. However, the heavier rare gas solids, Ne, Ar,
Kr, and Xe, all crystallize into FCC at low pressure, while the lightest rare
gas, 4He, primarily forms HCP structure at low temperature and pressure,
and FCC only at high temperature and pressure. Most two-body potentials,
summed over all neighbors, yield a slightly lower energy for HCP rather than
FCC structures; thus, the FCC lattice in the heavy rare gasses is thought to
be due to the dispersion interaction between nearest neighbors.” The HCP
structure forms in 4He and possibly J=0 hydrogen because the dispersion
interaction for the closed shell S state orbital is comparatively small.

In this paper we investigate the lattice structure and crystal
morphology of thick (>10 um) Hg and D2 layers grown from the gas phase at
deposition rates, 0.1 < R(um/min) < 40 and deposition temperatures 3.5 K <
Tq < 11 K. As discussed below, we observe a triplet for the J=0->2 Raman
signal of solid J=0 Hg or J=0 D2 deposited on MgF 28 when T4/T¢p > 0.3 where
the triple point temperatures are T,(J=0 H2) = 13.8 K and Tp(J=0 Dg) = 18.7
K.9 Van Kranendonk has shown this triplet to be a unique signature of HCP
structure.10 At 0.2 < T¢/Ttp < 0.3 we resolve four narrow peaks for this
Raman transition which we show is due to a mixture of HCP and FCC
crystallites which appears at Tq/Ttp ~ 0.3, and increases with decreasing Tg.
As T ¢/Ttp decreases below 0.2 in J=0 Dg, the same Raman signal transforms
from a resolved quadruplet into an unresolved signal consisting of two main
branches. This transformation may indicate a new structure with less
symmetry such as a randomly stacked close packed lattice. The two and four-
peak multiplets transform continuously and irreversibly into a triplet upon
increasing the temperature through T/T¢p ~ 0.5. We also observe that co-
depositing N2 in J=0 Dg at 5.5 K (~ 0.3 Ttp) forms the four-peak multiplet at
concentrations near [N9] ~ 0.05% and the unresolved doublet for [No] ~ 0.5%.
Furthermore, the addition of Ng inhibits the transformation to HCP upon
increasing T. Finally, photographic techniques show the size of Hg or Do
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crystallites decreases with decreasing T4 and increasing R, from millimeter
scale at Tq ~ 0.8 Typ and R ~ 2 um/min to micron scale at Tq ~ 0.3 Tp and R ~
40 pm/min.

EXPERIMENTAL DETAILS

The experimental details will be described more completely in a later
publication.1! Briefly, the sample cell is made of copper and fitted with two
opposing sapphire windows so that light can pass directly through the cell.
The windows are attached with crushed indium seals for thermal contact,
vertically mounted, and serve as the sample substrate while permitting
optical access to the hydrogen crystals. The cell is connected to the cold tip of
a helium flow cryostat. Both the radiation shield operating at a temperature
of 30 K and the room temperature vacuum jacket enclosing the sample cell,
contain sapphire windows for optical access. A calibrated germanium
resistance thermometer is fitted on the copper sample cell. The absolute
thermometer temperature on the sapphire window is set by the triple point of
D2 and Hy. At temperatures above ~ 0.5 Ty, we compare the thermometer
temperature with the temperature calculated from the hydrogen vapor
pressure. The vapor pressure is measured by a capacitance manometer and
converted to temperature using the equation of state.1? The agreement
between the vapor pressure temperature and the germanium thermometer
temperature determines the accuracy of the temperature measurement to be
better than 0.05 K.

The Ho and D2 gas were high purity research grade with an isotopic
purity of 99.9% and 99.8% respectively. The samples studied here contained
a J=1 concentration less than 1%. The rotational and isotopic concentration
is determined by comparing the Raman line intensities for the J=0->2 and
J=1->8 transitions. The hydrogen gas was cooled to ~ 20 - 30 K just before
deposition. The deposition rates are determined by measuring the layer
thickness as a function of time by interferometric techniques. All the samples
studied here were between 10 um and 300 pm thick.

We measured the Raman shift of the 488 nm line of an Ar ion Laser in
back scattering geometry with a modified 1/2 meter SPEX 1870 spectrograph
fitted with a liquid nitrogen cooled CCD having a 22.5 pum pixel width. Our
spectral resolution was ~ 0.4 cml. To determine the line positions we used
both a calibrated thorium lamp and the triplet structure of Hg or Do
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crystallized through the triple point and their line positions as measured by
Bhatnagar et al.15 The laser power level (~10 - 100 mW) was set so as to not
influence the lattice structure or visually change the layer morphology.

EXPERIMENTAL DATA AND DISCUSSION

Figure 1a shows the triplet for the J=0->2 rotational Raman signal for
Ho deposited at 5.5 Kand ~ 5 pym/min. Fig. 1b, 1d and le show the same
Raman transition in Hy deposited at 3.5 K and 2 pm/min, D9 at 3.5 K and 0.2
pm/min, and D2 at 5.2 K and 0.4 ym/min. The four peaks shown in Fig. 1b
and le are common for 3.5 K< TqH2) <4 K and 4 < T4(D2) < 6 and
deposition rates between 0.1 < R(um/min) < 40. The spectrum shown in Fig.
1d is typical for 3.5 < T4(D2) < 4 K where it appears the peaks in Fig. 1e shift
towards an unresolved lineshape with two main branches. Figure 1c (1f)
shows the same transition for the Ha (D2) sample in Fig. 1b (Fig. le) a couple
minutes after rapidly warming from 3.5 K (5.2 K) to 7 K (11.4 K). We find the
quadruplet shown in Fig. 1b and 1e and the unresolved “doublet” shown in
Fig. 1d transform to a triplet within minutes upon warming the sample
rapidly through ~ 0.5 'Ttp. At constant temperature the Raman spectra
shown in Fig. 1 are stable for at least two days, the maximum duration of
observation.

Figure 2a shows the temperature dependence of the J=0->2 Raman
spectrum, upon warming solid J=0 Do, deposited at 5.3 K and 2.2 pm/min.
We see a steady decrease in the relative intensity of the first and fourth peak
with increasing temperature. This transformation is not reversible; when the
temperature is decreased at any point during this experiment, the relative
first and fourth peak heights do not increase back. Figure 2a also shows a
slight shift in the spectrum of ~- 0.45 cm-! upon warming from 5 to 7 K. The
high energy peak may be shifted slightly more (~-0.70 to -0.90 cm-1) than the
other low energy peaks. The quadruplet Raman signal in Hg transforms to a
triplet upon slowly raising T to ~ 5.5 K. We saw no shift in the Ho Raman
spectrum upon warming from 3.5 to 7 K.

Figure 2b shows the time dependence of the transformation shown in
Fig. 2a by plotting both the sample cell temperature and the intensity of the
low energy Raman peak divided by the average of the other three peaks,
Rrccmep, versus time. The rational for using this ratio is explained later. In
several other experiments we have deposited Do between 5.1 K and 5.5 K and




held the sample at constant temperature for ~ 2 days without a noticeable
change in Rpcemep. These data show Rpeemep is roughly constant at constant
temperature, decreases with increasing temperature, and evolves to steady
state over the period of several minutes. In Fig. 2c we plot Rpccmep VS
temperature (all values, not just the steady state value) from 3 different
experiments. The large scatter of points at each temperature is primarily due
to the time dependence at constant temperature shown in Fig. 2b. The plot is
approximately linear from 6 K to 11 K.

The unresolved broad doublet shown in Fig. 1d shows a different
behavior with increasing temperature than the four peak spectra. Upon
increasing T from T3 ~ 3.5 K to 7 K the two overlapping lines in the right
hand branch of the spectrum separated slightly but the general structure of
the spectrum still consisted of 2 main branches. Upon increasing T to ~ 10 K,
the structure transformed into a well resolved triplet similar to that shown in
Fig. 1f, within ~ 10 minutes. Figure 3 shows the effect of co-depositing No
with J=0 D2 on the J=0 -> 2 Raman spectrum. Figure 3a (3b) shows the
rotational Raman spectrum for Do + 0.05% Ng (D2 + 0.5% Ng) deposited at

=2 um/min and at T = T4 = 5.5 K. Fig. 3a shows 0.05% N3 in Dg affects the
J=0->2 Raman transition only slightly. The open circles in Fig. 2c show the
temperature dependence of Rpcemcp for this Do + 0.05% N9 sample revealing a
slightly larger value at all temperatures than pure Dg. The first three points
were taken 1 hr apart and decreased with time at the constant temperature
of 5.5 K to Recemcp ~ 0.6. The sample warmed up slowly over the next 12
hours to 8.6 K. The rest of the data were taken allowing the sample to relax
for ~ 10 minutes after the temperature increase. We see from Fig. 3b (D2 +
0.5% Ng2) that the broad unresolved signal similar to Fig. 1d is formed at a
higher temperature than 4 K for pure Dg. Furthermore, this broad signal
was stable up to ~ 17 K for several minutes. 13

What do the different Raman spectra discussed above mean? Van
- Kranendonk has proved that the triplet signals shown in Fig. 1 are unique
signatures of HCP symmetry.14 FCC symmetry produces a doublet with a
splitting of ~ 7 em'! in Hg and 9 cm-! in Dg. The J=0->2 Raman shift
containing the first order crystal field interaction is calculated to be 354 cm-1
and 179 cm-1 for J=0 Hs and Dy respectively. When the electric quadrupole-
quadrupole interaction is taken into account, Raman accessible energy
eigenvalues split from the zeroth order values. Using the expressions from
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Van Kranendonk we calculate for an HCP lattice, AE(my) =2.98 em-1, -1.99
em1,0.5cm-l formy =0, 1, 2 for Hz and AE(my) = 3.68 cm-1, -2.46 cm-1, 0.61
em-l formgy =0,1,2 for Dg. For an FCC lattice, AE1=-4.38 cm-1, and
AE2=2.92 cm-1 for Hg and AE] = -5.43 cm1, AE9 = 3.62 cm-! for Dg. The
calculated values for the HCP lattice are close to the measured values of
Bhatnagar et al.15 who find peaks at 351.84 em-1, 353.85 cm-1, and 355.83
an-l for J=0 Hg and 176.8 cm-1, 179.4 em'1, and 182.0 cm-! for J=0 Do.

The peak positions we find for the Hg triplet in Fig 1a and 1c are at
352 cm-1, 354 cm-1, and 356 cm-!; the Hg quadruplet in Fig. 1b are at ~ 350
an-l, 352 cm-1, 354 cm!, and 356 cm-1; the D2 triplet in Fig. 1f are at 177 cm-
1179 cm-1, and 182 em-1; the D2 quadruplet in Fig. le are at 175 cm-1, 177
cm-1, 179 cm-1, and 182 cm-1. The calculated and measured spectra show
the lattice is a mixture of FCC and HCP structure.!6 The individual lines in
Fig. 1b and Fig. le are narrow and well separated as compared to the
lineshape shown in Fig. 1d. We speculate that the samples giving rise to the
narrow line resolved spectra are small crystallites with FCC or HCP
structure and the unresolved lineshape indicates a lattice structure with less
symmetry, such as a randomly stacked close packed lattice. The unresolved
lineshape is probably not resulting from an amorphous structure since an
amorphous phase should give rise to a single broad line similar to that found
in the liquid phase.

Thus as Tq decreases between 0.2 < T¢/Typ < 0.3 the relative intensity
of the low and high energy peaks increase. After deposition, as T is increased
towards 0.5 T¢p, the low and high energy peaks decrease. This is expected if
an FCC component occurs at T4/T¢p < 0.3 and increases with decreasing Tg.
This is why we defined the ratio Rpoonce which is a relative measure of FCC
to HCP structure in the sample. The irreversible decrease in Rpoomcp with
increasing temperature suggests the FCC component. once formed, is
metastable at T<0.5 Tyy. The equilibration of Rroomcp after each temperature
increase suggests the FCC phase is separated from the lower energy HCP
phase by many different barrier energies. Since the outside peaks of the
lineshape from N¢ doped D2, shown in Fig. 3, are relatively larger than the
corresponding lineshapes in pure Dg, shown in Fig. 1, we conclude that
codepositing N2 with hydrogen increases the fraction of FCC structure.

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
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Tq/Ttp >0.3 if we deposited at lower R. This effect may be due to sample
heating.

While the relative temperature for structural change in Ho and Do is
similar, it is not the same. The temperature at which the mixed FCC + HCP
structure transforms to pure HCP is relatively lower in Hg (~ 5.5 K) than in
Dy (~ 10.5 K). Thus the HCP phase is more stable in Hg than in Dg. If the
FCC phase is metastable and separated from the HCP phase by many
different energy barriers, and if tunneling is a dominant mechanism for
molecular motion at these low temperatures, then Ho would be able to cross
the energy barriers to reach the lower energy HCP phase more rapidly than
D2. Although tunneling diffusion has been observed for hydrogen atoms in
solid hydrogen,!7 tunneling of molecules in solid hydrogen has not been
clearly observed. 18

For the back-scattering geometry used here, we define the incident and
scattered wave vector to be along X, the incident electric field polarization
vector along Y, and the scattered polarization vector is along Z. We use F/3
optics to couple light in and out of the sample, but for our calculation we will
assume that the light is collimated. The relative intensity ratio for the triplet
signals in Fig. 1 imply there is a preferential crystallite alignment with the ¢
axes along the direction of the laser and thus perpendicular to the substrate.
The relative mj = 1, 2, 0 intensity ratios for Fig. 1a, Fig. 1c and Fig. 1f are
0.33:1:0.15, 0.55:1:0.21, and 0.64:1:0.34. For a powder average of HCP
crystallites the ratio should be 1:1:0.5 while for the ¢ axis perpendicular to
the substrate we expect 0:1:0. Although a preferential growth along the c-
axis has been observed near the triple point, it is a bit confusing why these
small crystals would grow in a preferred direction or transform from FCC to
HCP in a preferred orientation.

We next describe the appearance of layers under low temperature
vapor deposition conditions. Figure 4a, 4b, and 4c show shadowgraph images
of Ho deposited at R = 40 um/min and T4 = 3.6 K, 7.0 K, and 11 K. These and
similar experiments qualitatively show the average crystal size decreases
rapidly with decreasing temperature and increasing deposition rate between
3.6 <Tg <11 K and 0.1 < R(um/min) < 40. Figure 5 shows the change in the
average crystal diameter versus temperature at different deposition rates.
The smallest crystal diameter is at the limit of our optical resolution ~ 3 um
and is thus a very rough estimate. 19
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Since the deposition temperatures used here are below the roughening
transition temperatures for the low energy crystal facets,20 the lowest free
energy configuration is in the form of faceted microcrystals. The appearance
of smooth rounded crystallites as in Fig. 4b implies the crystal morphology is
non-equilibrium and is determined by kinetics. To qualitatively understand
the dependence of crystal size on temperature and deposition rate, we assume
the temperature controls the rate at which molecules relax from a high
energy to low energy configuration. We expect the 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 and/or the deposition rate increases
the probabilify of finding a low energy site before the next layer of material
covers the substrate decreases.

In conclusion, the structural phase transition reported here may
elucidate recent experiments where low temperature deposition of hydrogen
was used to trap atomic impurities,?! or to form a weakly interacting Van der
Waals substrates to study surface state electron mobility22,23,24,25 and phase

transitions of helium films.26 D atoms in solid deuterium films deposited
from the gas phase at ~3 K have a significantly different activation energy
than expected for the equilibrium HCP structure.18 In the surface state
electron mobility experiments, solid hydrogen films grown at 1.5 K and
containing surface electrons have a conductivity less than 10-11 mho at a
temperature between 2 and 3.5 K on just deposited films. After annealing at
4.2 K the conductivity increases to, 6~109 mho at 2 K with an activation
energy of ~ 18 K. After annealing the hydrogen layer at ~ 8 K, the
conductivity increases to , 6~108 mho with an activation energy of ~10 K.
The nonequillibrium structure described in this paper and analogous lower
temperature structures may be the important factor controlling the mobility
of electrons, atoms, and molecules in these low temperature deposited

hydrogen films.
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FIG. 1 J=0 to 2 Raman signal for (a) H> deposited at 5.5 K and 5 pm/min, (b) H>
deposited at 3.5 K and 2 pym/min, (c) same sample as Fig. 1b after warming from 3.5 K
to 7K, (d) D deposited at 3.5 K and 0.2 pum/min, (e) D2 deposited at 5.2 K and 0.4
um/min, (f) same sample as Fig. 1e after warming from 5.2 K to 11.4 K.
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FIG. 2 Temperature and time dependence of the J=0->2 Raman spectrum, upon
warming solid J=0 D>. (a) The sample was deposited at 5.3 K and 2.2 pm/min; From
bottom to top (i) the resultant spectra after deposition at 5.3 K, (ii) after raising the

‘temperature to 6.9 K, (iii) after waiting at 6.9 K for 34 minutes, (iv) after raising the

temperature to 7.4 K and waiting 8 minutes, (v) after 13 minutes at 8.1 K, (vi) after 5
minutes at 9.1 K, and (vii) after 2 minutes at 10.4K. (b) Time dependence of the phase
transformation shown in Fig. 2a. Dark circles are the height ratio of the low energy
Raman peak divided by the average of the other three peaks (Rpcc/ucp): Dark squares
show the temperature of the sample. (c) Recc/ucp versus temperature from 3 different
experiments. The dark circles show the same experiment as in Fig. 2a and 2b. Dark
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 hrs and then we began raising the
temperature at about 0.5 K/20 min. Open circles show J=0 D3 + 0.05% N deposited at
5.5 K and 2 um/min.
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FIG. 3 J=0->2 Raman spectra for (a) J=0 D2 + 0.05% N> deposited at 5.5 K and 2
um /min, and (b) J=0 D2 + 0.5% N> deposited at 5.5 K and 2 pm/min.

FIG. 4 Shadowgraph images for Hy deposited at 40 um/min and (a) 3.6 K, (b) 7.0 K,
and (c) 11 K. The horizontal field of view is 1.7 mm.
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. FIG. 5 Average crystallite size versus deposition temperature for Ha deposited at 0.2
pm/min (dark squares), 2 pum/min (dark circles), and 40 um/min (dark triangles). s
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