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Stability of Ar(H,), to 358 GPa
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“Chemical precompression” through introducing impurity atoms into
hydrogen has been proposed as a method to facilitate metallization
of hydrogen under external pressure. Here we selected Ar(H,),, a
hydrogen-rich compound with molecular hydrogen, to explore the
effect of “doping” on the intermolecular interaction of H, molecules
and metallization at ultrahigh pressure. Ar(H,), was studied experi-
mentally by synchrotron X-ray diffraction to 265 GPa, by Raman and
optical absorption spectroscopy to 358 GPa, and theoretically using
the density-functional theory. Our measurements of the optical
bandgap and the vibron frequency show that Ar(H,), retains 2-eV
bandgap and H, molecular units up to 358 GPa. This is attributed to
reduced intermolecular interactions between H, molecules in Ar(H,),
compared with that in solid H,. A splitting of the molecular vibron
mode above 216 GPa suggests an orientational ordering transition,
which is not accompanied by a change in lattice symmetry. The
experimental and theoretical equations of state of Ar(H,), provide
direct insight into the structure and bonding of this hydrogen-rich
system, suggesting a negative chemical pressure on H, molecules
brought about by doping of Ar.

ultrahigh pressure | hydrogen-rich compound | intermolecular
interaction | metallization

hemistry under extreme conditions continues to inspire gen-

erations of researchers as it charts excitingly new realms of
structures, properties, and phenomena in molecular systems (1).
As an extreme case of tuning properties of simple molecules using
pressure, metallic hydrogen has been keenly pursued for decades
due to the predicted intriguing properties, i.e., room-temperature
superconductivity (2) and superfluidity (3), and its fundamental
scientific implications (4-6). However, for solid hydrogen, neither
the predicted metallization in the atomic form through molecular
dissociation (7) nor that in the molecular form through bandgap
closure (8) has been achieved experimentally up to ~400 GPa (9,
10). This is almost the pressure limit of studying solid hydrogen
using the current static high-pressure techniques.

It has been proposed theoretically that the attainment of metallic
hydrogen can be facilitated through chemical precompression in the
form of hydrogen-rich materials (11-13). As one of the hydrogen-
rich van der Waals compounds found under high pressure (14-19),
Ar(H,), has been considered as a viable candidate. An experi-
mental study revealed a phase transition of Ar(H,), associated with
a molecular dissociation and possible Drude-type metallic behavior
above 175 GPa at 100 K (20). A follow-up high-pressure IR ab-
sorption study up to 220 GPa at 100 K showed a persistence of
molecular H, questioning the proposed metallization (21). Further
theoretical studies of Ar(H,), also showed conflicting results. New
phases were predicted at pressures ranging from 55 to 250 GPa
(22-24). Based on different crystal structures, some calculation
predicted metallization at lower pressure (22), whereas others
suggested delayed metallization compared with pure H, (23-25).
Due to a lack of clear structural information at very high pressures,
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these theoretical calculations of electronic structure were hampered
and have yet to be verified.

Here we report high-pressure synchrotron X-ray diffraction
(XRD) and Raman spectroscopy experiments up to 358 GPa sup-
plemented by density-functional theory (DFT)-based computations,
elucidating the structure and bonding of Ar(H,), and clearly
addressing previous inconsistencies. Our studies show stability of
insulating Ar(H,), with the MgZn,-type structure in the pressure
range up to at least 265 GPa based on XRD and to 358 GPa based
on continuity of optical spectroscopy observations. A splitting of the
H, vibron recorded above 216 GPa points to a molecular orienta-
tional ordering transition. The structure and equation of state
(EOS) of Ar(H;), were used to understand the effect of Ar doping
on the molecular interaction of H,, suggesting that Ar doping in-
troduces a negative chemical pressure on H, molecules.

At pressure above 4.2 GPa, Ar(H;), was observed to crystallize
from a mixture of Ar and H; in a diamond anvil cell (DAC),
consistent with the previous reports (20, 26). A refinement of the
single-crystal XRD (SXRD) data collected at 8.1 GPa was per-
formed based on the proposed MgZn,-type structure model, which
has a hexagonal close-packed lattice with H, molecules occupying
two crystallographic sites (20). The refinement gives excellent re-
sults, R1 =3.77%. We observed a presence of weak diffraction rods
in some samples with certain crystal orientation, which may in-
dicate some disorder in atomic positions. SI Appendix includes
details about SXRD refinement and diffraction rods.

Significance

Pressure-induced metallization of solid hydrogen is a problem of
certain prominence in high-pressure physics. However, it is ex-
tremely challenging to be achieved experimentally. It was pro-
posed that “chemical precompression” (introducing impurity
atoms or molecules into hydrogen) may facilitate metallization
under pressure. In this paper, we selected Ar(H;), as a model
system and explored the intermolecular interactions of H, mol-
ecules and the metallization of hydrogen in the presence of a
weakly bound impurity (Ar). Combining our experimental data
and theoretical calculations, we found that Ar does not facilitate
the molecular dissociation and bandgap closure of H,, moreover
it works in the opposite direction. Our work provides a solid
basis for future searches of hydrogen-rich materials which fa-
cilitate metallization of hydrogen.
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Fig. 1. (A) LeBail full-profile fitting of XRD pattern collected with rotating
DAC by +10° at 265 GPa. (Inset) Caked raw image. Masked regions (semi-
transparent blue) are saturated diffraction peaks from diamond. (B) EOS of
Ar(H,),. (C) Cell parameters of Ar(H,), at pressures. Six samples were used to
determine cell parameter a. Three of the six samples were used to determine
both a, ¢, and unit cell volume. This is due to preferred orientations of Ar(H,),
crystals formed under pressure (S/ Appendix).

Synchrotron XRD measurements of Ar(H,), were performed
up to 265 GPa to examine the evolution of the crystal structure
with pressure. The XRD patterns can be indexed well with the
MgZn,-type model up to the highest pressure achieved (Fig. 14).
We did not observe the predicted phase with a CeCus-type
structure, possessing a significantly lower lattice symmetry, at 55—
70 GPa (23). Another predicted phase transition to the AlB,-type
structure (hexagonal lattice) at 250 GPa (22, 24) was also ruled
out. The MgCu,-type structure model, predicted as a low-tem-
perature phase (27), was also examined and found inconsistent
with our experimental data (see SI Appendix for details regarding
the inapplicability of the AlB,- and MgCu,-type models).

The unit cell volume and cell parameters of Ar(H,), shift
smoothly with increasing pressure, as shown in Fig. 1 B and C,
indicating no change of stoichiometry. The pressure-volume data
were fit us1ng a third-order Vinet EOS (28) with constrained V, =
480.868 A3, which is the sum of V(Ar) (29) and Vy(H,) (30). We
obtained KO = 0.36(2) GPa, Ky'=7.64 (6), where V,, Ko, and Ky’
are the volume at ambient conditions, isothermal bulk modulus,
and its first pressure derivative, respectively. These values are com-
parable to those of phase I of H,, Ky = 0.162 GPa and K,'=
6.813 (30). It is interesting to note that the volume of Ar(H,),
becomes slightly larger than the sum of the volumes of Ar (29) and
H, (30) at pressures above 13.9 GPa (Fig. 1B). This is in contrast
to SiH4(H,),, which shows a smaller volume compared with the
sum of its components (19). The “shrunk” volume in SiH4(H,),
was suggested as the indication of a positive chemical pressure on
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H, molecules, associated with a significantly softened H, vibron
mode compared with pure H,. The question then arises whether
the observation of an “expanded” unit cell of Ar(H,), infers an
effect of negative chemical pressure on the H, molecules.

We performed Raman spectroscopy measurements to examine
the behaviors of H, molecules in Ar(H,), under compression. At
low pressures, Ar(H,), exhibits roton modes characteristic of free
rotating H, molecules (S Appendix, Fig. S54), in agreement with
the previous report (26). A previously unreported phonon mode
with a weak intensity was resolved in our data. At high frequencies,
two weak sidebands were observed besides the strong vibron (vy),
with one at lower frequency (v,) and the other at higher frequency
(v3), shown in Fig. 24. The v; mode was reported in all previous
Raman studies (20, 26, 31) and the v3 mode was observed in ref. 31.
The different vibrons are not attributed to different crystallo-
graphic sites due to the mismatch between the intensity ratio (in-
tensities of sidebands are less than 1% of that of the main vibron
v1) and the number ratio of molecules sitting on 2a and 6/ sites in
the unit cell (1:3). Thus, we assumed that due to the proximity of
the intramolecular distances, the vibrons corresponding to mole-
cules in 2a and 6k sites are indistinguishable in frequency at low
pressures. The pressure-dependent frequency shift of the v; mode
is consistent with that of infrared vibron (Fig. 24) (21, 26), sug-
gesting that the v; mode stems from folding of the Brillouin zone,
which makes it Raman active (16, 32). The presence of the Raman-
forbidden v, mode is not clear and is tentatively assigned to the
additional molecular ordering related to the diffraction rods ob-
served in XRD.

Under further compression, the v; mode shows a monotonic
blue-shift up to at least 216 GPa. At 216 GPa the vy mode splits,
firstly indicated by a peak broadening of 37% compared with the
prev10us pressure point (Fig. ZB) The splitting (Av) increases from
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Fig. 2. (A) Frequency shift of Raman modes of Ar(H,), with compression.
Dashed line indicates vibron split. Two inset spectra show vibron modes at
21 GPa (with magnification) and 358 GPa, respectively. (B) Peak width of the
vibron mode at pressures by treating the broadened band as a single peak.
Dashed line indicates the abrupt broadening. Symbols in different colors
represent data collected using different Raman systems. (C) Separation be-
tween split vibrons at pressures.
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where the vibron splits, the shift of phonon is smooth and remains
positive throughout the measured pressure range (Fig. 24). This is
consistent with the continuity of structural parameters from XRD
results at the conditions of vibron splitting and further supports
that a possible phase transition at 216 GPa is not reconstructive. At
358 GPa, both vibrons are still present, as shown in Fig. 24, in-
dicating that no molecular dissociation occurs.

Here we discuss the origin of the vibron split in Ar(H;),. The
observed splitting indicates that there is a sizable difference in
intramolecular distances between the H, molecules of two kinds
that are present in the unit cell of Ar(H,),. Generally, an abrupt
vibron splitting can be caused by a lowering of the lattice symmetry,
a change of composition, or a change of the molecular rotational
state. Because a change of lattice symmetry or stoichiometry has
been excluded as discussed previously, we propose that the vibron
splitting is related to rotational ordering of the H, molecules. The
2a and 6h molecules which are rotationally disordered at low
pressures experience different crystal fields under compression.
Thus, it is natural to expect that this disparity results in the breaking
of the rotational symmetry (the disordered orientation state).
Similar observations of discontinuity in vibron frequencies can also
be found in orientational transitions in H,, D; (5, 32), and N, (33).
In addition, our DFT calculations based on a model with all mol-
ecules aligned along the ¢ axis (c-aligned) resolve different intra-
molecular bond lengths between 2a and 64 H, molecules, with the
difference increasing with pressure (SI Appendix, Fig. S6A4). This
result qualitatively agrees with our observation in the Raman data
(the calculation also reproduces EOS consistent with the XRD
data), suggesting that this might be a model for the orientational
ordering above 216 GPa. Further IR measurements above 220 GPa
are expected to provide more constraints on the orientational state
of H, molecules in Ar(H),.

The effect of Ar on the intermolecular interactions of H, in
Ar(H,), is analyzed from the structural point of view compared
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Fig. 3. (A-C) Schematic of nearest-neighbor intermolecular distances between
H, molecules in Ar(H,),. Cyan bars highlight intermolecular distances. There are
three types of distances with close values. Intermolecular distance here refers to
the distances between mass centers of H, molecules. Smaller spheres represent
the molecular mass centers. Red box in A highlights a trigonal bipyramidal unit
composed of five H, molecules. (D) Comparison of pressure-dependent in-
termolecular distance between Ar(H,), and phase | of H,. The distances be-
tween H, molecules in Ar(H,), were calculated using the experimentally
measured EOS and the theoretically determined positions of H, mass centers.
(E) Comparison of Q1(J))r-Q1()raman between Ar(H,), and phase | of H,.
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Fig. 4. (A) Evolution of the indirect bandgap of Ar(H,), with compression.
(B) Calculated projected DOS of Ar(H,), at pressures.

with solid H,. On the unit cell edges of Ar(H;),, H, molecules can
be considered as forming trigonal bipyramidals: three 64 molecules
form a triangle ring and two 2a molecules reside respectively on the
top and bottom of the ring (Fig. 34). The trigonal bipyramidals are
interconnected by their vertices along the axial direction, forming
long chains along the ¢ axis of the unit cell. This quasi-1D an-
isotropy of H, sublattice was considered to facilitate the insulator
to metal transition (22). However, a direct comparison of the H,
sublattice in Ar(H,), to the lattice of H, phase I shows that the
coordination number of H, molecules (by nearest H, neighbors) in
Ar(Hy), is only 50% of that in H, phase I [6 for Ar(H,), and 12 for
H, phase I]. Meanwhile, as shown in Fig. 3D, the closest in-
termolecular distances of H, molecules in Ar(H;); are larger than
in phase I of H, (30) at the same pressure. Together the decreased
coordination number and the increased intermolecular distance of
H; molecules in Ar(H;), explain the effects of reduced phonon
frequency and reduced vibron splitting between Raman and IR
modes (see below). The intermolecular interaction between H,
molecules inferred from the frequency difference between the IR
vibron and the Raman vibron Q1(/);r-O1(/)raman (5, 34), denoted
as AQ1(J), also suggests weaker intermolecular interactions in
Ar(H,), compared with H, (Fig. 3E).

It is noteworthy that the triangular ring motif of molecules is a
common and interesting feature of the recently proposed structure
models of phases III and IV of H, (35, 36). For example, in the Cc
structure model of phase IV (36), there is a graphene-like “atomic
layer,” within which three adjacent H, molecules form a ring,
exhibiting strong intermolecular interactions (proton tunneling).
This atomic layer feature was associated with a vibron mode which
significantly softens and broadens with increasing pressure (37).
Although the 6h H, molecules in Ar(H,), also form H,-only layers
with triangle ring units (Fig. 3 B and C), no spectroscopic feature
characterizing the atomic layer was observed in Ar(H,), (ST Ap-
pendix, Fig. S7). The absence of the atomic layer in Ar(H,), is
attributed primarily to the increased intermolecular distance and
possibly to a different pattern of molecular orientation as well.

To explore the electronic properties of Ar(H,), under high
pressure, we measured the optical absorption of Ar(H,), and also
calculated its projected density of states (PDOS). The bandgap of
Ar(H,), becomes measurable above 216 GPa (SI Appendix, Fig.
S8) and decreases with further compression to ~2.0 eV at 358 GPa,
as shown in Fig. 44. Measured values are lower than the bandgap
of diamond (38) within the pressure range. Therefore, we con-
sider our measurements representing the bandgap of Ar(H,),. The
observation of a visually transparent sample at 358 GPa (SI Ap-
pendix, Fig. S8) is also consistent with the measurements. A lin-
ear extrapolation of the bandgap to higher pressure suggests a
bandgap closure at 1,020 + 40 GPa, which is much higher than that
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predicted for pure H, (near 400 GPa) (6), and in a qualitative
agreement with the calculation (25) assuming metallization of
Ar(H,), in the MgZn,-type structure. The calculated PDOS,
shown in Fig. 4B, shows increased dispersion of both the valence
band and conduction band with compression, contributing to the
decreased bandgap.

In addition, a charge analysis was performed based on an
Ar4H36 cluster model to examine the interactions between Ar and
H; at high pressure. The model is based on the relaxed coordinates
from the VASP calculation (c-aligned). The results show an in-
creased charge transfer from Ar to H, with pressure, reaching up
to 0.17 e/atom on Ar at 365 GPa. It has been reported that the
bond distance of HAr+, obtained by hollow-cathode discharges in
a gas mixture of Ar with small amounts of H,, is 1.28 A (39).
Comparing to this value, the closest Ar-H distance in our c-aligned
model at 365 GPa is 1.75 A. which is substantially larger. As a
reference, the sum of covalent radii and van der Waals radii of Ar
and H (ambient pressure) are 1.47 A (40) and 3.03 A (41), re-
spectively, at ambient conditions. The results indicate that the va-
lence orbitals of Ar and H are partially mixed at ultrahigh
pressures, but no new bond has been created. Additionally, it has
been predicted that in LiHg the charges transferred from Li can
partially fill the oj-band of hydrogen thus facilitating metallization
(13). Such an effect in Ar(H,), may not be as prominent because of
the yet-limited charge transfer. SI Appendix includes more details
and discussion about the charge analysis.

In summary, we have studied Ar(H,), by XRD up to 265 GPa
and by Raman spectroscopy and optical absorption spectroscopy up
to 358 GPa using DAC techniques. Metallization is not observed
and H, preserves its molecular form until the highest pressure. A
phase transition is revealed at 216 GPa, signified by the splitting of
Raman vibron with no change in the lattice symmetry. It is likely
accompanied by at least partial ordering of H, molecules, supported
by theoretical calculations. Our study sheds conclusive light in the
wake of several conflicting reports in the literature regarding the
crystal structure and metallization of Ar(H,), at ultrahigh pressure.
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We show that the “Ar doping” introduces a negative chemical
pressure for hydrogen molecules, depleting intermolecular interac-
tions and causing the bandgap closure moving to high pressures.

Materials and Methods

A gas mixture of Ar and H, with a volume ratio of 1:3 and purity >99.9% was
compressed to 0.17 GPa and loaded into DACs for measurements. All experi-
ments were performed at room temperature. XRD experiments were con-
ducted at beamline 13-IDD of GeoSoilEnviroCARS (GSECARS) and beamline 16-
IDB of High Pressure Collaborative Access Team (HPCAT) at the Advanced
Photon Source, Argonne National Laboratory. Pressures were measured using
the gold standard (42). XRD data were recorded using Mar165 CCD detectors.
The Raman and optical absorption measurements were conducted using con-
focal micro-Raman systems at High Pressure Synergetic Consortium at the
Advanced Photon Source (HPSynC) (659.5 nm) and HPCAT (532.1 nm) with
the backscattering geometry and CCD cameras. Pressures were measured using
the diamond Raman edge (43). DFT-based calculations with Perdew-Burke—
Ernzerhof exchange—correlation functional were performed under generalized
gradient approximation (44, 45) as implemented in the Vienna Ab initio Sim-
ulation Package (VASP) (46). A plane-wave cutoff of 700 eV was used in our
calculation. The calculations of PDOS and charge analysis were performed us-
ing the SIESTA (47) and Gaussian 09 programs (48), respectively.
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