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Compression behavior of dense H2-He mixtures up to 160 GPa
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We have studied the compression behavior of H2-He mixtures in comparison with pure H2 and He using
powder synchrotron x-ray diffraction, and we present the pressure-volume (PV) compression data of H2-He
mixtures to 160 GPa. The results indicate that both H2 and He in H2-He mixtures remain in hcp to the maximum
pressure studied, yet they develop a substantial level of lattice distortion in the (100) plane, most profound in
He-rich solids and below 66 GPa. The measured PV data also indicate the softening of an He (or H2) -rich lattice
upon increasing the level of the guest H2 (or He) concentration. We suggest that the observed softening and lattice
distortion are due to a substitutional incorporation of H2 (guest) molecules into the basal plane of the hcp-He
(host) lattice, and thereby reflect the miscibility between H2 and He in H2-He mixtures. Interestingly, solid He
exhibits a lesser degree of preferred orientation in H2-He mixtures than in pure He, likely due to the presence of
solid H2 disturbing the crystalline ordering of He-rich solids. Finally, the present PV compression data of H2-rich
and He-rich solids to 160 GPa deviate from those of pure H2 and pure He above ∼70 and 45 GPa respectively,
providing new constraints for the development of the equation of state for H2-He mixtures for planetary models.
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I. INTRODUCTION

Hydrogen and helium are two of the most fundamental
quantum solids in which the atomic motions are restless even
in the ground state at absolute 0 K [1]. Because of the quantum
nature, recent theory predicts novel states of dense H2 such
as metallic superfluid and superconducting superfluid [2].
Hydrogen and helium are also known as two of the most
abundant materials in the Universe, filling ∼74% and 24%
of all observable mass, respectively [3]. Giant planets such as
Jupiter and Saturn are mainly composed of H2 and He dis-
tributed into the upper molecular layer and the lower metallic
layer [4]. The pressure and temperature (PT) conditions of
Jupiter (Saturn), for example, span from ∼200 GPa–6500 K
(∼200 GPa–6000 K for Saturn) at the bottom of molecular
layer to ∼4000 GPa–20 000 K (∼1000 GPa–10 000 K for
Saturn) at the bottom of the lower metallic layer [5]. There-
fore, an accurate equation of state (EOS) of H2-He mixtures is
critical to develop/validate new condensed-matter theory and
model the composition and structure of Giant planets.

H2 and He crystallize into hexagonal-close-packed (hcp)
structures with the same space group P63/mmc, respectively,
at 5.4 and 11.5 GPa at room temperature [6,7]. Despite the
extremely low x-ray diffraction (XRD) intensity of solid H2,
Mao et al. [6] were able to show that solid H2 remains
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in hcp to 26.5 GPa by performing single-crystal XRD ex-
periments. With considerable development in growing high-
quality single-crystal H2 in hydrostatic He, Loubeyre et al.
[8] were able to obtain accurate EOS data of H2 to 109 GPa.
These data were based on the pressure dependence of (100),
(002), and (101) peaks of H2 single crystal, which also re-
vealed evidence for enhanced anisotropy at high pressures.
Recently, Ji et al. [9] successfully extended the EOS data of
single crystal H2 to 254 GPa and found two isostructural elec-
tronic transitions from phase I to phase III and IV. This study
utilizes a composite gasket (Re outside and MgO/epoxy com-
posite inside) to obtain a clean XRD background. Akahama
et al. [10] performed low-temperature (100 K) powder XRD to
183 GPa and showed that H2 undergoes an isostructural phase
transition to phase III with ordered H2 molecules parallel to
the ab plane.

Mao et al. [7] performed single-crystal XRD on He and
found that hcp He is stable up to ∼23 GPa at 300 K, shortly
followed by Loubeyre et al. [11], who extended it to 58 GPa.
The high stability of hcp He observed over a large pressure
range is, however, in contrast to the theoretically predicted
ground state of fcc in He [12] and other rare-gas solids (RGS).

Despite the strong implications for Giant planetary models,
the compression behavior and EOS of H2-He mixtures have
not been measured over the relevant PT and composition. Sev-
eral theoretical calculations along with a few experiments on
the mixtures [13] have focused on demixing of He-H2 in high
PT conditions relevant to the Giant planets [14,15]. Because
of high temperatures, these calculations have not taken into
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FIG. 1. Binary phase diagram of H2-He, reproduced from
Ref. [22]. F1, F2, S1, and S2 signify H2-rich fluid, He-rich fluid, H2-
rich solid, and He-rich solid, respectively. S′

1 and S3 signify H2-rich
solid grown in He-rich fluid above the vertical dotted line, whereas
S3 refers to deformed S2 (or a potential new structure) above 52 GPa
or the horizontal dotted line.

account the interactions between H2 and He [16]. However,
recent first-principles calculations by Vorberger et al. [17]
have predicted that under the influence of He presence, H2

bonds become shortened and stronger, which leads to an
enhanced stability of H2 in H2-He mixtures compared to that
in pure H2 in the pressure range of 10–120 GPa. McMahon
et al. [18] have also pointed out that the existing EOS models
for H2-He mixtures are still based on those of pure H2 and
He with a linear mixing approximation, and in order to cal-
culate an accurate EOS for planetary modeling, the assump-
tion should be removed. Furthermore, the low-temperature
studies on H2-He mixtures have shown the formation of
an interesting He-rich cluster surrounding H2 impurities (or
H2@He) through van der Waals forces [19,20], underscoring
the significance of defect-induced miscibility/chemistry in
these quantum solid mixtures even at 0 K [21].

Recently, we have studied H2-He mixtures to 75 GPa at
room temperature using Raman spectroscopy [22]. The main
results were as follows: (i) a binary phase diagram of H2-He to
75 GPa, as reproduced in Fig. 1; (ii) a significant level of mix-
ing between H2 and He, giving rise to strongly blueshifted H2

vibrons in both He-rich liquid and solid; (iii) a possible struc-
tural phase transition in He at ∼52 GPa, where the blueshifted
H2 vibrons abruptly disappear in the H2-incorporated He
lattice; and (iv) an interesting vibron at 2330 cm−1, suggesting
a strong chemical association between H2 and He. Subsequent
studies by Turnbull et al. [23], however, have challenged those
findings in Ref. [22] and suggested no spectral evidence for
the miscibility and chemical association between H2 and He

up to 250 GPa at 300 K. Interestingly, Loubeyre et al. [24]
have also shown highly blueshifted H2 vibrons in He-rich
liquid below 12 GPa, indicating the presence of H2 in liquid
He.

Extending the previous Raman study, we have carried out
high-pressure XRD studies to understand compression behav-
iors and structure changes of H2 and He in H2-He mixtures.
We emphasize that the primary objective of the present paper
is to obtain the EOS of H2-He mixtures over an extended
pressure range and examine any pressure-induced structural
change in these mixtures—not to address the controversy in
the previous Raman data [22,23]. This is simply because
the present powder x-ray diffraction data of H2-He are not
suitable to probe the structural origin of the Raman band that
comes from a local structure.

The XRD experiments were performed at five different
compositions: 1:99 (or 99%), 1:9 (90%), 1:1 (50%), 9:1
(10%), and 99:1 (1%) in H2:He (He) mole fractions, and in
pure H2 and pure He for comparison. The diffraction results
show that both H2 and He in the H2-He mixtures remain as hcp
to the maximum pressure studied 160 GPa, yet they develop a
substantial level of lattice distortion in the (100) plane, most
profound in He-rich solids and below 66 GPa. The diffraction
data also reveal the evidence of structural deformation in hcp
lattices of H2 and He in the mixtures, substantially greater
than those in pure H2 and He, resulting in the increase of
compressibility upon increasing the mixing ratio and with the
maximum value at the 1:1 mixture. Also, the PV compression
data measured in H2-rich and He-rich solids to 160 GPa
deviate from those of pure H2 and pure He, providing new
constraints for the development of the EOS models of H2-He
mixtures for Giant planets.

II. EXPERIMENTAL METHODS

Ultrahigh purity hydrogen (99.999%) and helium
(99.999%) gases were used to prepare the pure and
mixture samples. The gas mixture samples were compressed
to ∼0.2 GPa and loaded into the high-pressure sample
chamber in diamond anvil cells (DACs), using a home-built
high-pressure gas loading (HPGL) system. Prior to mixing the
gaseous samples, all high-pressure lines and high-pressure
valves, a two-stage compressor, and lecture bottles in the
HPGL system were vacuumed and flushed very carefully
with either H2 or He multiple times in order to minimize any
possible impurity contamination from the air and so on. The
sample chamber in DACs was created with preindented (from
200 μm down to 20–50 μm thick) rhenium gaskets with holes
(80–160 μm in diameter) drilled at the center by an electrical
discharge machine (EDM) and with two opposing diamond
anvils (1/3-carat, type Ia) with the central flat diameters in
300 μm (unbeveled) and 180 and 100 μm (beveled at 8°
from 300 μm in diameter). One small ruby ball (∼5 μm
in diameter) was loaded prior to the sample loading for the
pressure calibration [25] to ∼70 GPa, above which the Raman
edge of diamond anvil [26] was used.

All high-pressure experiments were performed at room
temperature with a large number of samples (over a dozen)
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with five different compositions of 99%, 90%, 50%, 10%,
and 1% in He mole fraction, as well as pure H2 and pure
He, for comparison. Hydrogen was assumed to be a 3:1
ortho-para mixture at ambient temperature. Powder x-ray
diffraction experiments were carried out using microfocused
(less than 10 μm × 10 μm) third-generation synchrotron x-
rays; at the BL10XU (λ = 0.4128 Å) at SPring-8 in Japan,
P02.2 (λ = 0.4824 Å) at PETRA III in Germany, and the
HPCAT (λ = 0.4066 Å) at APS in the US X-ray diffractions
were recorded over a relatively large 2θ range between 3° and
40° using high spatial resolution 2D pixel detectors such as
a Rigaku image plate at BL10XU, a PE XRD1621 at P02.2,
and a MARCCD at HPCAT. The measured 2D diffraction
images were then converted into 1D diffraction angle-resolved
diffraction patterns using on-line DIOPTAS software [27].

III. RESULTS

Because of a partial miscibility between H2 and He in
both solids and liquids [22], it is difficult to determine the
exact composition of H2-He mixtures at different pressures.
Thus, the composition of H2-He should be considered as its
nominal value (i.e., the composition at loading) and, therefore,
we will present the results according to the compression
behaviors of fluids (in Sec. III A), H2-rich solid mixtures
(Sec. III B), and He-rich solid mixtures (Sec. III C). Further-
more, while showing a lesser degree of preferred orientation
in the mixtures than in pure H2 or pure He, the mixtures
still exhibit a substantial level of preferred orientation. Thus,
the measured intensities of diffraction lines are not ideal.
Nevertheless, we should note that the measured peak posi-
tions, spectral shapes, and, to an extent, relative intensities
of observed diffraction lines are consistent over the same
pressure ranges among different samples.

A. Solidification and mixing of H2-He

To understand XRD patterns of H2-He mixtures, it is im-
portant to consider the mixing behavior between H2 and He at
different pressures and composition rates, reflected on visual
appearance, spectral/diffraction changes, and binary phase
diagram in Fig. 1 [22,28]. At ambient temperatures, H2 and
He are completely miscible at relatively low pressures (below
∼3 GPa), forming a homogeneous fluid (F), regardless of the
composition. Interestingly, in the intermediate composition
between ∼20% and 85% He, homogeneous fluid separates
into two immiscible fluids, H2-rich F1 and He-rich F2, which
coexist together with F1 between 3 and 5.5 GPa, and above
5.5 GPa it transforms into a mixture of H2-rich solid S1 and
F1 or F2 depending on the composition. Note that pure H2 and
He solidify at 5.5 and 12 GPa, respectively.

Solidifications of H2-rich F1 and He-rich F2 fluids occur
at substantially higher pressures than pure H2 and pure He.
For example, He-rich fluids (with 99 and 90% He) remain as
homogeneous fluids to ∼12 and 7 GPa, respectively, where
they solidify to He-rich solid S2. Such a retarded solidification
of H2 well above 5.5 GPa in fluid He results in the appearance
of metastable H2-rich solids (S′

1) in He-rich fluids. Similarly,
H2-rich fluids (with 99% and 90% H2) are separated into S1

and F2 and then S1 and S2 at even higher than 12 GPa. The

first appearance of powder diffraction of solid H2 in S1 (or
He in S2) is at ∼15–30 GPa. These results indicate strongly
retarded solidification of the host lattice by the presence of
guest molecules in both He-rich and H2-rich mixtures.

It is important to note that the solidification in H2-He
is apparent at the onset of transition in visual appearance
and Raman spectra, but it is difficult to discern in the x-
ray diffraction. Instead, H2-He mixtures regardless of the
composition start to exhibit the x-ray diffraction pattern only
after sufficiently surpassing the solidification, that is, at ∼15–
20 GPa. This is likely due to the diffusive nature of He
and H2 even after the solidification, resulting in a disordered
lattice. In comparison, pure He and H2 form more ordered
crystals, as all published data below 30 GPa [6,7] are primarily
from single-crystal x-ray diffractions. The diffusive nature
of H2 and He in the mixture, on the other hand, seems
consistent with the miscibility of H2-He previously suggested
[22] and why H2-He forms a better polycrystalline sample
above ∼20–30 GPa. The powder diffraction patterns of H2-He
mixtures remain observable to at least 160 GPa (see Fig. S1
[29]), although the diffraction data in Fig. 2 are shown to
129 GPa to signify the data taken from the same batch of
sample.

B. Compression behavior of H2 in H2-rich solid

Figure 2 shows the diffraction patterns of hcp H2 in three
H2-rich mixtures with the H2 mole fractions of (a) 99%,
(b) 90%, and (c) 50%, shown together with those of pure
H2 in the inset of Fig. 2(a) for comparison. Clearly, H2 and
He remain as hcp to the maximum pressure studied. On the
other hand, several differences are notable in the figure. First,
the diffraction patterns are composed primarily of (100) and
(101) reflections. The absence of (002) indicates that the
crystal is preferably oriented along the c-axis parallel to the
incident x-rays or the primary stress direction in DAC [10].
Second, it is also important to note that the (100) peaks in
all mixtures are relatively weak with respect to the (101),
becoming diminishingly weak especially in the 50% mixture.
Therefore, it is conceivable that the weak (100) intensity is
related to the lattice distortion introduced by a substantial
amount of He incorporation. It is also interesting to note
that the intensities of hcp H2 diffraction lines (red lines) are
stronger than those of hcp He (gray lines) in the 50% mixtures
[Fig. 2(c)], which is counterintuitive knowing that the atomic
scattering factor is higher or at least similar in He than that of
H2. Finally, it is remarkable that the diffraction patterns of H2

are observed to pressures well above 100 GPa in the mixtures,
despite the well-known fact that H2 has extremely low x-ray
intensity.

The compression curves of H2-He mixtures are plotted in
Fig. 3: (a) the specific V and V/V0 in the inset and (b) the
c/c0, a/a0, and c/a in the inset, all as a function of pressure.
The PV curves of H2-He mixtures are in good agreement
with that of pure H2 at low pressures [8], but they begin
to deviate above ∼79 GPa. Similarly, the a/a0 and c/c0, as
well as the c/a in Fig. 3(b) show some differences between
the present and previous data above ∼70 GPa. Thus, the
different compression behavior appears to be related to the
lattice distortion of H2-He.
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FIG. 2. Representative high-pressure XRD patterns of hcp H2 in H2-He mixtures with three compositions: (a) 99%, (b) 90%, and (c) 50%
H2 mole fractions at room temperature. The inset in (b) shows the selected XRD patterns of pure H2 under high pressures for comparison.
Note that the diffraction patterns of H2 in the 50% mixture are colored in red in (c), whereas those of He are shown in gray. Bragg peaks from
Re gaskets are marked with * symbols.

The PV compression data have been examined based on
the Vinet equation of state (EOS) fits using a fixed V0 =
84.464 Å3/unit cell [8]. Results of the EOS fits are summa-
rized in Table I. Importantly, the bulk modulus B0 value of

mixtures shown in the Fig. 3(a) inset decreases as the He
concentration increases. For example, the B0 of H2 decreases
from 0.113 GPa in the 99% H2 mixtures to 0.080 GPa in
the 50% H2 mixtures. The softening of the H2 lattice with

FIG. 3. The 300 K PV isotherm of hcp H2 in H2-rich H2-He mixtures along with pure H2, plotted in terms of (a) unit cell volume and (b)
relative a and c lattice parameters as a function of pressure. Solid lines in red, green, blue, and magenta in (a) represent the Vinet EOS fits to
the present data comparing with pure H2 (other solid lines) from Refs. [6,8–10]. Black and orange lines in (b) are drawn as guides to the eye.
Error bars for the volume are within the symbol sizes. Insets in (a) and (b) show a magnified view of the 0–2 GPa region of relative volume
and pressure-dependent c/a ratio, respectively.
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TABLE I. EOS parameters of hcp H2 and He and in H2-He mixtures in comparison with those of the present pure H2 and He and those
previously reported for pure H2 and He. The values in parentheses are the uncertainties in B0 and B′

0 associated with the EOS fits.

Sample EOS V0(Å3/unit cell) B0 (GPa) B′
0 (no unit) P range (GPa) Reference

H2

H2:He (99:1) Vinet 84.464 0.113 (± 0.016) 7.317 (± 0.176) 36–129 This work
H2:He (9:1) Vinet 84.464 0.083 (± 0.015) 7.717 (± 0.238) 30–120 This work
H2:He (1:1) Vinet 84.464 0.080 (± 0.015) 7.751 (± 0.240) 30–116 This work

H2 Vinet 84.464 0.129 (± 0.024) 7.125 (± 0.258) 35–68 This work
H2 Vinet 84.464 0.162 6.813 7–109 [8]
H2 Vinet 84.495 0.110 7.367 20–254 [9]

H2, 100 K Vinet 76.384 0.275 0.639 20–183 [10]

He
H2:He (1:99) Vinet 45.565 0.206 (± 0.024) 7.496 (± 0.177) 18–73 This work
H2:He (1:9) Vinet 45.565 0.141 (± 0.010) 8.115 (± 0.097) 17–161 This work
H2:He (1:1) Vinet 45.565 0.160 (± 0.029) 7.908 (± 0.263) 16–116 This work

He Vinet 45.565 0.266 (± 0.037) 7.100 (± 0.214) 30–67 This work
He Vinet 45.565 0.225 7.35 12–58 [11]
He Vinet 62.16 0.039 8.63 12–75 [30]

an increase of He is consistent with the He-induced lattice
distortion observed in the (100) diffraction plane, especially
in Fig. 2(c).

C. Compression behavior of He in He-rich solid

Figure 4 shows the diffraction patterns of hcp He in He-rich
mixtures with the He mole fraction of (a) 99%, (b) 90%, and
(c) 50%, together with those of pure He in the Fig. 4(a) inset
and a 2D diffraction image of 90% He at 161 GPa in the
Fig. 4(b) inset. The 99% He mixture shows relatively strong
reflections including (100), (002), (101), (102), and (110) with
respect to the 90% or 50% mixtures, clearly indicating a lesser
degree of preferred crystal orientation in the 99% mixture. In

pure He, only (100) and (101) are measurable [see Fig. 2(a),
inset]. This result is likely due to a small amount of solid
H2 dispersed in fluid He perturbing the crystallization of He
above 12 GPa. In fact, it is analogous to the previous result
that He forms van der Waals clusters centered around H2

impurities at low temperatures [19,20]. Interestingly, the (100)
in 90% He in Fig. 4(b) becomes significantly weakened with
increasing pressure, while the (101) stands out as an intense
peak with almost no change in intensity to 124 GPa. The 50%
He behaves similarly to the 90%, underscoring the increase of
lattice distortion in the hcp basal plane (001) with increasing
H2 as reflected in the distorted (100) peak (i.e., basal plane
defects).

FIG. 4. Selected high-pressure XRD patterns of hcp He in H2-He mixtures with three compositions of (a) 99%, (b) 90%, and (c) 50% in
He mole fractions at room temperature. Insets in (a) and (b) represent high-pressure XRD patterns of pure He and the diffraction image plate
of hcp He in a 1:9 mixture at 161 GPa (the highest pressure reached; also see Fig. S1 [29]), respectively. The 99% He mixture shows the most
diffraction lines, including (100), (002), (101), (102), and (110), in comparison with other concentrations. Solid blue lines in (c) remark Bragg
peaks from hcp He in a 1:1 mixture to distinguish other contributions (gray solid lines) such as hcp H2 and the Re gasket. The contribution
from the Re gasket is marked with a * symbol.
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FIG. 5. The 300 K PV-isotherm of hcp He in He-rich H2-He mixtures along with pure He, plotted in terms of (a) unit-cell volume, (b)
relative a lattice parameter, and (c) relative c lattice parameter, as a function of pressure. Solid lines in red, green, blue, and magenta in (a)
represent the Vinet EOS fits to the present data compared with pure He (other solid lines) from Refs. [7,11,30]. The distorted lattice of hcp
He in a 90% He-rich mixture is denoted by a light blue triangle symbol. Black lines in (b) and (c) are drawn as guides to the eye. Error
bars for the volume are within the symbol sizes. Insets in (a) and (c) show a magnified view of the 0–2 GPa region of relative volume and
pressure-dependent c/a ratio, respectively.

The compression curves of He-rich mixtures are plotted in
Fig. 5: (a) the specific V and V/V0 in the inset, (b) the a/a0, and
(c) the c/c0 and the c/a in the inset, all as a function of pres-
sure. Note that the present PV curve of pure He is significantly
different from that of the previous data by Loubeyre et al. [11],
but agrees well with the more recent one by Wang et al. [30].
The difference is also apparent in a/a0, c/c0, and c/a. For
example, the c/a ratio in the Fig. 5(c) inset strongly fluctu-
ates when the concentration of H2 increases in the mixtures,
underscoring the H2-induced lattice distortion of hcp He. In-
terestingly, the c/a ratio of the distorted He lattice [light blue
triangles in the Fig. 4(c) inset; see also Fig. 5] is substantially
smaller than those of 99%, 90%, and 50% He-rich mixtures,
indicating the incorporation of H2 substituting He within the
(100) plane, rather than the interstitial between the (100).

The pressure-volume compression data have been ex-
amined based on the Vinet EOS fits with a fixed V0 =
45.565 Å3/unit cell [11]. The results are summarized in
Table I. The B0 value of He in He-rich mixtures decreases
from 0.206 to 0.160 GPa, as the H2 concentration increases
from 1% to 50%, highlighting the H2-induced lattice distor-
tion and softening of He-rich mixtures.

IV. DISCUSSION

The present diffraction data indicate that both H2 and
He in the H2-He mixture remain as hcp to the maximum

pressure applied, 160 GPa. Nevertheless, it is evident that the
hcp lattice develops a substantial level of distortion in the
(100) plane, especially profound in He-rich solids and below
66 GPa. The diffraction lines become notably distorted and
asymmetric shapes, for example, in 90% He-rich solids be-
tween 32 and 66 GPa (Fig. 6). In addition, the spectral shapes,
peak position, and intensities of observed He diffraction lines
are greatly different depending on the specific location of the
He-rich region. The asymmetric diffraction lines come from
the He-rich region having large lattice distortion, while the
symmetric diffraction lines come from another He-rich region
with significantly low or without distortion. The distinct lat-
tice distortion reflects a heterogeneous nature of He-rich solid,
arising from H2 inclusions in the hcp He host lattice. Inter-
estingly, above 66 GPa the distortion in the diffraction lines
disappears, despite collecting the diffraction at the same spot.

It appears that the lattice distortion accompanies the soften-
ing of both H2-rich and He-rich solids more than pure H2 and
He, respectively, by ∼38% and 40% in B0 values. The distor-
tion becomes larger as the minor composition increases and
maximizes at 50%. These results, the distortion in the (100)
plane and the softening of the hcp lattice, clearly indicate
some inclusions of H2 into He-rich solid and He in H2-rich
solid of He-H2 mixtures.

The observed miscibility between H2 and He is not sur-
prising, considering the diffusive nature of H2 and He, even in
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FIG. 6. The XRD patterns of the distorted lattice (denoted by
solid red lines) of hcp He in 90% He-rich mixture compared with
those of other sample areas without lattice distortion (solid black
lines) at (a) 32 GPa and (b) 53 GPa, respectively. The corresponding
diffraction images are also shown on the right to compare the
distorted [red box, labeled as (2) and (4)] and undistorted [black box,
labeled as (1) and (3)] diffraction images.

solids. In fact, the evidence is ample, including H2 diffusion
into metals, graphite, and ice [31,32], the formation of solid
solutions such as H2-rich S1 and He-rich S2 [22], the formation
of He clusters surrounding H2 solids [19,20], as well as
the formation of novel van der Waals compounds such as
Ar(H2)2 [33,34], Kr(H2)4 [35], and Xe(H2)8 [36] at high
pressures. Apparently, a simple interstitial filled model can
explain the formation of noble-gas solid hydrides rather well
as illustrated in Fig. 7, which in turn suggests a diffusive
mixing of fluid/solid H2 into solid Ar/Kr/Xe. In this plot,
the total interstitial volumes represent the summation of four
octahedral (Oh) and eight tetrahedral (Td) interstitial volumes
in fcc rare-gas solid structures at the observed transition pres-
sures [33–36]. For comparison, He is also approximated as
fcc because of a small difference in volume between hcp-He
and fcc-He. Note that the calculated Oh volume of He or Ne
(marked with an arrow) is smaller than the molar volume of
H2, underscoring a different mixing mechanism, especially in
H2-He mixtures. The specific volume of He is also bigger than
the Oh volume of solid H2; thus, it is unlikely for He to diffuse
into the interstitial site of H2.

We consider a substitutional mechanism similar to the
formation of H2@He clusters at low temperatures [19–21];
that is, liquid He initially captures or may even form a cluster
surrounding H2 upon the solidification at ∼5.5 GPa, which
then transforms to a substitutionally disordered hcp-He lattice
upon the solidification of He above ∼12 GPa. The observed
disorder in the (100) plane is then consistent with the substitu-
tional disorder in the hcp basal plane. The anomalous change
in the c/a ratio at ∼60 GPa [see the insets of Figs. 2(b) and
4(c)], as well as the substantial decrease of the c/a especially

FIG. 7. H2 molar volumes of noble-gas solid hydrides, Xe(H2)8,
Ar(H2)4, and Kr(H2)2, plotted as a function of the interstitial vol-
umes, illustrating an interstitial filled mixing of H2 in Xe, Ar, and Kr,
and maybe Ne—not in He. The specific volume of solid H2 is larger
than that of the largest octahedral interstitial site of hypothetical fcc
He at 12 GPa. It is likely that the mixing of H2-He occurs via a
substitutional H2 inclusion into the basal plane of hcp-He.

in distorted He-rich solids also support this conjecture of H2

inclusion in the He lattice.
The formation of He clusters around solid H2 and the

mixing of H2-He are kinetic processes, which would depend
on the loading of samples. This is particularly important,
because H2 and He solidify at very different pressures, 5.5
and 12 GPa, respectively. Therefore, it is possible that the
apparent difference in the previous observations in H2-He
[22,23] may reflect the difference in kinetics associated with
H2 crystallization in fluid He.

The present diffraction data cannot completely rule out the
possibility that there could be a subtle structural change above
50–60 GPa, including the formation of a stacking disordered
hcp from ABAB to ABAB′, where B and B′ differ by a degree
of disorder in H2 inclusions, as well as to ABCABC, where
B and C signify H2-rich and He-rich layers. These structural
changes can be considered in terms of a configurational
order-disorder transition in substitutionally disordered H2-He
sublattices, which may accompany only a subtle diffraction
change difficult to discern in the present data from a preferably
oriented sample and a limited 2θ angle.

It is remarkable that the diffraction patterns in H2 and He
in the mixtures remain strong at pressures well above 100 GPa
and ambient temperatures. This is in contrast to those of pure
H2 and He. We attribute the apparent intensity enhancement in
the mixture to the formation of better polycrystalline samples
in the mixtures. Nevertheless, the diffraction lines of He-rich
mixtures seem less preferably oriented, as the presence of H2

disturbs the crystalline ordering of fluid He.
Finally, the present compressional data of H2 and He in

their mixtures deviate from those of pure H2 and He. Based
on the Vinet EOS fits, we found that the bulk modulus
B0 value in the mixtures decreases with the increase of H2

(or He) concentration at the rate of −0.007GPa/10%H2 (or
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−0.013 GPa/10%He). The decrease of B0 which minimizes
at 1:1 mixture seems to reflect the mixing of H2 and He
and subsequent lattice distortion and softening. The present
EOS results of H2-He mixtures provide new constraints for
the giant planetary models, since they are more relevant than
those of pure H2 and He.
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