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Metallization of pure solid hydrogen is of great interest, not least
because it could lead to high-temperature superconductivity, but it
continues to be an elusive goal because of great experimental
challenges. Hydrogen-rich materials, in particular, CHa, SiH4, and
GeH,, provide an opportunity to study related phenomena at
experimentally achievable pressures, and they too are expected to
be high-temperature superconductors. Recently, the emergence of
a metallic phase has been observed in silane for pressures just
above 60 GPa. However, some uncertainty exists about the crystal
structure of the discovered metallic phase. Here, we show by way
of elimination, that a single structure that possesses all of the
required characteristics of the experimentally observed metallic
phase of silane from a pool of plausible candidates can be identi-
fied. Our density functional theory and GW calculations show that
a structure with space group P4/nbm is metallic at pressures >60
GPa. Based on phonon calculations, we furthermore demonstrate
that the P4/nbm structure is dynamically stable at >43 GPa and
becomes the ground state at 97 GPa when zero-point energy
contributions are considered. These findings could lead the way for
further theoretical analysis of metallic phases of hydrogen-rich
materials and stimulate experimental studies.

hydrogen-rich | metallization

igh-pressure experiments on hydrogen-rich materials such as

CHy, SiHy, and GeH,4 represent a model for study of metallic
hydrogen (1) because enormous technical difficulties still prevent
the achievement of metallization in pure solid hydrogen (2, 3). In
these hydrogen-rich materials, chemical pressure leads to a collapse
of the hydrogen network, which is predicted to induce metallization
and even superconductivity (1).

Recently, it has been observed from infrared-reflectivity
measurements in silane (SiH4) at room temperature that the
reflectivity increases at 60 GPa, pointing toward the existence of
a Drude-like metallic phase (4). In the subsequent experiments
(5), the transition from insulating molecular solid to metallic
state was confirmed for even lower pressures of 50 GPa.
Furthermore, the critical temperature for superconductivity was
determined at 96 GPa and 120 GPa as 7. = 17 K. Based on X-ray
diffraction measurements, the hexagonal P63 space group was
suggested for this phase. Precise positions could only be deduced
with certainty for silicon atoms, because the assignment of
hydrogen sites is almost not possible from the X-ray data.

Before these experimental findings, several theoretical studies
were carried out on the subject of metallic silane. Feng et al. (6)
suggested the existence of a semimetallic phase with the Pmna
structure at 91 GPa, which becomes superconducting at higher
pressure. However, it is important to note that the authors stated
that a correction for the band gap would shift the transition toward
higher pressure. Another theoretical article (7) focused on a
comparison of the enthalpies of random atomic configurations and
determined several phases that possess lower enthalpies than that
of the Pmna structure. In particular, the insulating phase having the
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I44/a structure was found to have the lowest enthalpy among the
tested structures in the pressure range of 50-200 GPa, which has
become the accepted ground state of silane in this pressure regime
assured by many researchers. Interestingly, in the work above (7),
it was also predicted that at >260 GPa, a metallic phase having C2/c
symmetry becomes stabilized; we refer to this structure in the
following as C2/c (1). A different structure also belonging to the
C2/c space group was introduced as a potential metallic phase for
pressures <150 GPa (12); for distinction, this structure is referred
to as C2/c (2) in the following. Even though the C2/c (2) structure
could not be stabilized against the I4y/a structure when solely
comparing enthalpies, the calculated zero-point energy correction
leads to a reduction of the energy difference by 0.068 eV/f.u. at 150
GPa (12).

Despite two successive experimental findings of metallic
silane at <100 GPa (4, 5), theoretical predictions have focused
mainly on pressure regimes >150 GPa. Because hydrogen con-
tributes considerable zero-point energy to the system, it is
essential to include zero-point corrections in any enthalpy com-
parison of different phases (8). Even if we assume that the /4;/a
structure is indeed the ground state <100 GPa, there remains the
possibility for a dynamically stabilized phase to appear as a
metastable one, which is a common phenomenon observed in
materials under high pressure (9-12).

Here, we present a systematic theoretical approach to deter-
mine the structure of a metallic phase of silane for pressure <100
GPa. For a large pool of suggested space groups, we performed
a series of tests to eliminate candidates that do not meet criteria
that the correct metallic phase of silane should fulfill. Because
of the well-known shortcoming of standard density functional
theory (DFT) for underestimating the band gap, we can safely
discard any phase that is found to be nonmetallic from DFT.
Phonon calculations can provide a critical assessment of the
dynamical stability in a given system, whereas zero-point energy
corrections to the enthalpy can be decisive when it comes to small
differences in enthalpy. Finally, the GW correction yields a
reliable band structure of any candidate structure to ensure that
it is indeed metallic.

In the present study, we have used DFT (further details are
presented in Methods) to solve the electronic Schrodinger equa-
tion. It has recently been noted (13) that the high-pressure
phases of solid hydrogen can be treated by using DFT (8).
Specifically for silane, recent computational investigations have
successfully used the DFT method (6, 7, 12). In one particularly
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Fig. 1. Vibrational Raman frequencies as a function of pressure calculated
for the P2y/c structure of silane. The solid lines are guides to the eye.

noteworthy article (14), experimental and theoretical results
were directly compared and it was found that the DFT calcula-
tions are in good agreement with the measurements. As for
theory—experiment comparisons of our results in the present
article, we were able to match vibrational frequencies in silane
obtained with DFT to experimental Raman data (Figs. 1 and 2).
All such findings can be regarded as evidence supporting the idea
that DFT is suitable for the investigation of hydrogen-rich
high-pressure phases, in general, and for silane specifically.

The P2i/c and the I4,/a structures are considered as the
ground state in the low-pressure (0-29 GPa) and high-pressure
(50-200 GPa) regimes, respectively. Thus, we will use them in
our study as reference phases with which to compare any
potential candidate phases.

Results and Discussion

Before coming to the elimination process to determine a suitable
structure of metallic nature, we present in Fig. 1 results from our
Raman calculations of the P2,/c structure in the lower-pressure
regime (i.e., <30 GPa). We would like to remark here that, based
on our theoretical analysis, the Raman data for phase V pre-
sented in ref. 4 do not match with the /44/a structure, but are
found to be in good agreement with the results for the P2;/c
structure. As it shown in ref. 14, at about a pressure of 21 GPa,
the P2y/c structure does indeed become the ground-state phase
of silane. The good agreement between the experimental mea-
surements in phase V (4) and our theoretical Raman results for
the structure with space group P2;/c lends support to the
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Fig. 2. Raman frequencies for the /44/a (Left) and the P4/nbm (Right)
structures as a function of pressure. The orange stars correspond to experi-
mental Raman data from ref. 5. at 112 GPa.
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Fig. 3. A schematic illustration of the elimination scheme applied in this
study. The end points of the arrows indicate for which criteria a certain space
group failed to pass the test.

accuracy of our ab initio calculations. In particular, we empha-
size that the general behavior of each Raman mode is in good
agreement with experiment (4). The P2,/c structures possess 30
Raman active modes, I'vi, = 154, + 15B,. The softening of one
Ag mode at ~2,200 cm ™! corresponds to the bond stretching of
discrete SiHy4 groups, a result measured reproducibly by two
different groups (4, 5).

We now come to the elimination processes that we applied to
determine from ab initio the correct structure that exhibits
metallization <100 GPa in ref. 4. Testing possible candidate
space groups suggested in the literature against a series of
conditions, all of which only the correct structure can simulta-
neously fulfill, we successively rule out every space group but
one. Fig. 3 represents a schematic of this elimination process and
serves as an overview of our findings. As it is shown, we
considered the following space groups in our study: P63 from ref.
S, Pmna from ref. 6, P2/c, 142d, I4,/a, C2/c(1), and P4/nbm from
ref. 7, P2y/c from ref. 14, and C2/c(2) and Ccce from ref. 12. For
C2/c, two different structures exist, both of which we considered;
hence, it is listed twice in Fig. 3.

The first criterion that any accurate structure of silane must
fulfill is to be of metallic nature. Thus, we probed the existence
of band gap for all candidate space groups from the electronic
dispersion relations calculated within standard DFT (GGA).
The result of this first test is that half of the candidate structures
are eliminated, namely, those having P2/c, P2/c, 142d, Pmna, and
I41/a symmetry, which all possess a finite band gap, rendering
them insulating or semiconducting. The remaining five struc-
tures are found to be of metallic nature, possessing no band gap.

Next, we considered the enthalpies of the various structures
(Fig. 44). Here, we find that in the high-pressure regime, the
I4/a structure is energetically most stable. Second lowest in
enthalpy are the Ccce and C2/c(2) structures (12), followed by
the P4/nbm structure. Because the energy differences between
these three structures and the /4,/a structure are very small (Fig.
44), it is important to consider zero-point energy, which can
provide a significant contribution in hydrogen-rich materials
such as silane. We will come to the discussion of the specific
effects from zero-point energy in the over-next stage of our
elimination process. Before that, we note that, based on enthalpy
considerations, the P63 and C2/c(1) structures are therefore
ruled out, because their enthalpy differences to the four struc-
tures ([4i/a, P4/nbm, C2/c(2), and Ccce) are too large to be
possibly overcome by zero-point energy contributions, which are
typically found to be ~0.2 eV/f.u. in silane for structures existing
in this pressure regime. However, we see that the C2/c(1)
structure becomes stabilized with respect to enthalpy >170 GPa;
a similar behavior for this structure at 260 GPa was also reported
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Variation of enthalpy differences and volume with pressure. (A) Enthalpy difference as a function of pressure for the metallic candidate structures

relative to the /4+/a structure. (B) Comparison of the pressure-volume relation for various structures of silane with those for silicon (15) and molecular hydrogen
(16). Experimental data points are from ref. 5. Further details are discussed in the text. (C) Enthalpy difference as a function of pressure for the P4/nbm structure
relative to the /4+/a structure with zero-point energy corrections considered. Above 97 GPa, the P4/nbm structure becomes energetically favored over the
structure having /44/a symmetry. The spacing of pressure data points was 20 GPa or denser and there are at least two data points for each structure in the AHZPE <

0 regime. The curve is a cubic-spline fit to the calculated data points.

in ref. 7. Regarding the P63 structure, we note that phonon
calculations that we carried out resulted in a dynamically unsta-
ble state for this structure at pressure values in at ~60 GPa.
Furthermore, an assessment of the mechanical stability of this
structure revealed that the slightest displacement of Si atoms
from their equilibrium positions causes the delicate balance of
forces in the system to no longer cancel out and the whole unit
cell changes its structure, implying mechanical instability. We
thus find that the provided structure of the P63 symmetry (5)
does not appear to be a stabilized structure based on our
theoretical investigations. Fig. 4B shows the calculated pressure—
volume relation for the P6s, P4/nbm, and I4,/a structures of
silane. As it appears, all three structures of silane display a
virtually identical change of volume with increasing pressure.
The experimental data from ref. 5 are seen, however, to be in
stark contrast to any of the silane structures, with a significantly
reduced volume in the analyzed pressure range. It seems that the
experimental data may be more likely to describe a phase with
a stoichiometry of SiH; rather than SiH,, because the difference
in volume between the phase having P63 symmetry and exper-
iment matches with the volume of molecular H, when the
effective pressure in the system due to additional chemical
pressure is taken into account. Furthermore, we find that the
proposed P63 structure is mechanically highly unstable. How-
ever, our calculations indicate that a reduction in stoichiometric
hydrogen content can lead to a stabilized structure with the Si
atoms at the positions determined from X-ray diffraction (5).
More specifically, we find that the removal of only two hydrogen
atoms in the unit cell and subsequent optimization can lead to
a structure with significantly reduced forces in which the two Si
atoms occupy the (1/3, 2/3, 0) and (2/3, 1/3, 1/2) sites in
agreement with X-ray diffraction data, whereas the six remain-
ing H atoms are located at (0.033, 0.193, 0.269), (0.984, 0.991,
0.625), (0.301, 0.825, 0.329), (0.022, 0.012, 0.913), (0.742, 0.603,
0.199), and (0.688, 0.328, 0.838). Although this structure appears
reasonably stabilized and is consistent with the X-ray diffraction
data (as far as the Si positions are concerned), we emphasize that
other possible structures having P63 symmetry may exist that
could explain the experimental data as well.

We are thus left with only three space groups, namely, Ccce,
C2/c(2), and P4/nbm. Even though structures of the former two
possess smaller enthalpy differences from the [4,/a structure
than the P4/nbm structure, we observe from phonon calculations
that they are actually dynamically unstable at <100 GPa The
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Ccce structure is found to be unstable in both our calculations
and ref. 12. For the C2/c(2) structure, the authors of ref. 12 used
ultrasoft pseudopotentials (USPPs) with an energy cutoff of 40
Ry and reported a stabilized phonon density of states at 65 GPa
and 150 GPa. Our own calculations with the projector-
augmented wave (PAW) method found that the C2/c(2) struc-
ture should be unstable at 35, 62, and 100 GPa, respectively. It
is worth noting that the recommended energy cutoff for hydro-
gen is 700 eV by default for high-pressure studies with PAW,
requiring a lower-energy cutoff than USPP in general. Only the
P4/nbm structure turns out to be dynamically stable. Fig. 5 shows
that the phonon density of states displays stability for pressures
>43 GPa. Below a threshold pressure that lies in the interval
32-43 GPa, an instability appears along the I'(0 0 0)—M(§ % 0)
symmetry line, including at about the I' point. We studied the
dynamical stability for a pressure up to 113 GPa in the P4/nbm
structure and found no precursor that would imply a softening
of modes, which confirms that the P4/nbm structure is indeed
dynamically stabilized from 43 GPa until >113 GPa. At a lower
pressure (31 GPa), the [41/a structure possesses three distinct
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Fig. 5. Phonon frequencies for the P4/nbm structure (Upper) and the /44/a
structure (Lower). The phonon density of states for the P4/nbm structure
exhibits imaginary frequencies at 32 GPa, pointed out by the arrow.
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Fig. 6. Band structure along high-symmetry lines for SiHa in the P4/nbm
structure at 60 GPa. The full line represents results from DFT-GGA calculations,
and the dots correspond to the GW correction.

frequency regimes (Fig. 5): the lowest regime is assigned to Si
vibrations (<15 THz), H-Si-H bending motions lie in the middle
(20-45 THz), and hydrogen stretching motions of the SiHy unit
are found in the highest regime (>50 THz). As the pressure is
rising, the gaps between the frequency regimes become narrower
(this can also be seen in Fig. 2 Left, which we discuss further
below). Between 82 GPa and 114 GPa, the frequencies of the
highest regime increase rapidly, indicating that the isolated SiH4
vibrations become enhanced.

When the pressure reaches 97 GPa, we find that consideration
of zero-point energy (ZPE) can even lead to the energetic
stabilization of the P4/nbm structure compared with the /4,/a
structure. The difference in enthalpy, defined as AH?PE =
Hpihom — Hile, is =~0.15 eV/fu. at 50 GPa and decreases
monotonically with pressure (Fig. 4C). The accuracy of our ZPE
calculations was tested by varying the density of the k-point
meshes. As a representative example, when comparing the ZPE
result of the 744/a structure at a pressure of 101 GPa obtained for
a4 X 4 X 4 k-points mesh with that obtained fora 6 X 6 X 6
mesh, the energy is found to change by 0.114 meV; subsequent
comparison between a 6 X 6 X 6 and an 8§ X 8 X 8 mesh yields
a change of only 0.017 meV. The 8 X 8 X 8 mesh was used by
us throughout for all ZPE calculations.

From Fig. 44, we can see that the enthalpy difference between
the I44/a structure and the P4/nbm structure is monotonically
decreasing with increasing pressure. At 40 GPa, the energy
difference is found to be ~0.35 eV/f.u., whereas for 140 GPa, the
difference has decreased to ~0.20 eV/f.u. For the ZPE calcu-
lations, it can be expected that a metallic phase possesses a lower
ZPE than an insulating phase. In the specific case of the phases
of silane having P4/nbm and [41/a symmetry, we found this
difference to lie between 0.20 and 0.25 eV. Thus, even without
the accurate comparison presented in Fig. 4C, one could already
guess that the ZPE correction can tip the balance to make the
P4/nbm structure the ground-state configuration. The key point
is that P4/nbm is the only dynamically stabilized structure of
metallic nature identified in our investigation and, for that
reason, P4/nbm can become the ground state structure of silane
at >100 GPa.

To confirm the metallic nature of the P4/nbm structure, we
calculated the corresponding band structure by using the GW
approximation (17, 18). Contrary to standard density functional
theory, the excited state properties are properly described by this
theory and the validity of the GW approximation has been
confirmed by many calculations and shown to be a reliable tool
to reproduce the value of the band gap for a variety of materials.
Because the experimental results indicate that metallic behavior
sets in at 60 GPa (4), we performed a GW calculation at this
pressure for the P4/nbm structure and found indeed that this
structure possesses a finite density of states at the Fermi level,

Kim et al.

Fig.7. Crystal structure of SiHs at 72 GPa having P4/nbm symmetry. Si atoms
(blue solid spheres) are surrounded by H atoms (pink solid spheres). H atoms
outside of the unit cell (dashed lines) are included for clarity to show complete
tetrahedra. We define d; (cyan bond) as the intradistance of a tetrahedron in
the lower and upper hydrogen layer, d; (red bond) as the interdistance of two
nearest tetrahedra, and ds (black bond) as the intradistance of a tetrahedron
between two layers.

as shown by the corresponding band structure displayed in Fig.
6. The large number of bands crossing the Fermi level are typical
of a good metal and the dispersion of the bands is found to be
quite large. Having passed this final step in our elimination
process, we can conclude that the P4/nbm space group is indeed
the most promising candidate structure for the metallic phase of
silane reported in ref. 4.

We now take a closer look at the structural properties of
silane in the P4/nbm structure. As seen from Fig. 7, at 72 GPa,
a layered structure prevails with H located at fractional
coordinates (0.3511, 0.1489, 0.2090) and Si at (0.5, 0.5, 0.5). Si
atoms form a single layer perpendicular to the z axis and are
sandwiched between two double layers of hydrogen atoms. In
these layers, four hydrogen atoms form a distorted tetrahe-
dron, through which the double layer of hydrogen is linked in
the x-y plane. To study the structural change of the hydrogen
layers with pressure, we define three distinct lengths (see Fig.
7), d1, d», and d3. At 32 GPa, the ratio di/d> is 0.889 and d3/d;
is 1.036, meaning that a hydrogen molecule is weakly formed
in the layer and conduction between H, units could be driven
along d,. The ds/d, ratio is monotonically decreasing with
rising pressure and at 100 GPa d3 eventually becomes com-
parable to d, (ds/d> = 1.005). This implies that more channels
become available for conduction through the double layer of
hydrogen atoms.

Degtyareva et al. (14) reported that both the P2/c and the
Pmna structures are favored over the P2,/c structure for pres-
sures >7 GPa. The P2/c structure was described as a configu-
ration with zigzag chains of H-bonded Si atoms along the ¢ axis
and the Pmna structure possesses sheets of Si atoms sandwiched
between double sheets of H layers, which are preferred over the
P21/c structure. Note that the P4/nbm structure is similar to the
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Pmna structure in the sense that Si layers are sandwiched by
double-sheet H layers and the transformation from the P2/c to
the P4/nbm space group has been shown previously (7). Fur-
thermore, it was reported in ref. 5 that the experimentally
observed metallic phase may coexist with the insulating tetrago-
nal phase having /41/a symmetry for pressures >110 GPa. Such
a coexistence would appear to be more likely if the metallic
phase were of tetragonal shape as well, as is the case for the
P4/nbm space group, but one should note that this is not a
necessary requirement for coexistence.

Finally, we also present theoretical predictions of the Raman
spectrum of the metallic and insulating phases. Fig. 2 shows the
evolution of Raman shifts with pressure for the structures having
I41/a and P4/nbm symmetry, respectively. The [4,/a structure
possesses 11 Raman-active modes, I'yi, = 34, + 4B; + 4E,, most
of which monotonically increase, whereas the three lowest modes
Ag, Be, and E are saturated at 961 cm ™!, 528 cm !, and 394 cm !,
respectively, and are mostly associated with Si motions. The
Raman shifts for the 74,/a structure are in good agreement with
previous Raman measurements (shown as orange stars in Fig. 2).
The highest A, mode, which is the breathing mode of the SiH,
unit, matches exactly with experiment. The highest 4, mode is
also in good agreement with experiment, whereas the other
modes calculated are slightly underestimated by 50-120 cm ™.
This deviation can be explained by the common overestimation
of the bond length, as it is typical for DFT calculations employing
the generalized gradient approximation. The P4/nbm structure
possesses 9 Raman-active modes, I'vi, = 241, + 1B+ 2B5, +
4E,. Contrary to the other modes, the By, rapidly increases in the
pressure interval 43-55 GPa and only thereafter follows the
overall trend. The highest mode in the P4/nbm structure, Ay, is
much lower than that of the /4;/a structure because of delocal-
ized electrons in the metallic phase, which lead to a weakening
of the Si-H bonds, causing the observed shift in the Raman
frequencies.

Conclusions

In summary, we have carried out a systematic test of selected
structures in different space groups with the purpose of identi-
fying the stable phase of metallic nature for silane <100 GPa.
Based on the band-gap estimation and enthalpy calculations
obtained from density functional theory, we confirm that the
I41/a structure is the ground state >50 GPa. However, the
structures having C2/c and P4/nbm symmetry, with a single sheet
of Si layer between double sheets of H, possess a enthalpy
comparable to the ground state in the high-pressure regime. The
P4/nbm structure becomes the ground state at 97 GPa when
zero-point energy contributions are considered. GW calcula-
tions of the band structure also predict that the P4/nbm structure
is of a metallic nature for pressures <60 GPa. Phonon calcula-
tions for pressure of 30-100 GPa demonstrate that the P4/nbm
structure is dynamically stable at >43 GPa. Taking all results
into account, we conclude that the structure having P4/nbm
symmetry is likely to be the correct candidate for the metallic
phase of silane reported in ref. 4. It is hoped that this work will
open paths not only to further theoretical studies of related
metallic materials, but also for experimental measurements to
test our predictions for metallic silane at <100 GPa.
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Methods

Geometry optimizations were performed within the framework of the gen-
eralized gradient approximation (GGA) (21) with the Perdew-Burke-
Ernzerhof parameterization (22) for the exchange-correlation functional to
DFT (23, 24) by using the projector-augmented wave (PAW) method (25), as
implemented in the Vienna ab initio simulation package (VASP) (26). The PAW
potential with the valence states 3s23p? for Si has been used with plane waves
up to a cutoff energy of 1,000 eV. The density of states has been calculated
with an 11 X 11 X 11 k-points mesh.

To calculate the phonon density of states, the PHONON 4.28 code (27) with the
ab initio force—constant method (28) was used, as implemented by Parlinski (27).
The phonon dispersion calculations for metallic phases tend to be more challeng-
ing than those for insulating phases, because the larger variation in the phonon
dispersion requires a denser mesh for the k-points sampling. For example, in the
P4/nbm structure, the 2 X 2 X 2 supercell containing 80 atoms was sampled by
using a 6 X 6 X 6 k-points mesh generated by the Monkhorst-Pack scheme. This
corresponds to a grid of 48 X 48 X 48 for the ten-atom primitive cell. A cutoff
energy of 1,000 eV was used consistently throughout all calculations. We fur-
thermore expanded the size of the supercell to 3 X 3 X 3 (for phonon calcula-
tions), when an unstable phonon density of states was obtained, to confirm the
force constants convergence with respect to the interatomic distances. The results
obtained with the 2 X 2 X 2 supercell and the 3 X 3 X 3 supercell were found to
be equivalent; thus, judging from this test and the converged force constants
plot, we conclude that the 2 X 2 X 2 supercell can be considered sufficient for the
phonon calculations.

Regarding the calculation of zero-point energy, we adopted the following
procedure. Once a stabilized phonon density of states g;.(w) has been ob-
tained, we calculated the internal energy E of the primitive cell within the
quasi-harmonic approximation by summing the internal energies of all atoms
(index p) over all degrees of freedom (index i).

1 “ fhiw
E= E E,,= z 57 dog; ,(w)hdwcoth (m) s
i i

0

[1]

where ris the number of degrees of freedom in the primitive unit cell, g(v) is
the density of states with respect to the phonon frequency w, and T is the
temperature in kelvins.

In the low-temperature limit (which yields the zero-point energy by defi-
nition), this becomes:

1 o
EZPE — 11m E E; = E 5T j dwg; ,(0)ho [2]
=0 i i 0
The partial densities of states g;,,(w) are then sampled by using Monte Carlo
techniques as implemented in the PHONON code. The accuracy of the zero-
point energy calculation depends on the richness of this sampling. We have
tested the corresponding convergence successfully; for the sampling setting
used by us, the zero-point energy did not change when the sampling density
was increased further. In other words, once the phonon dispersion has been
obtained, there is no additional uncertainty introduced from numerical errors
in the sampling process.

The GW calculations were performed by using the implementation de-
scribed in refs. 19 and 20. In particular, the self-energy was calculated by using
the plasmon-pole approximation.

ACKNOWLEDGMENTS. We thank J. Hemley for helpful comments and sug-
gestions, Swedish National Infrastructure for Computing, and Uppsala Mul-
tidisciplinary Center for Advanced Computational Science for providing com-
puting time. This work was supported by the Swedish Foundation for
International Cooperation in Research and Higher Education, the Swedish
Research Council, Futura Foundation, Géran Gustafsson Stiftelse, and
Wenner-Gren Stiftelserna. S.L. was supported by Agence Nationale de Recher-
ches Grants ANR-06-NANO-053-01 and ANR-06-NANO-053-02.

wi

. Eremets MI, Trojan IA, Medvedev SA, Tse JS, Yao Y (2008) Superconductivity in
hydrogen dominant materials: Silane. Science 319:1506-1509.
6. FengJ, etal. (2006) Structures and potential superconductivity in SiHs at high pressure:
En route to ““metallic hydrogen.”” Phys Rev Lett 96:017006.

7. Pickard CJ, Needs RJ (2006) High-pressure phases of silane. Phys Rev Lett 97:045504.

. Pickard CJ, Needs RJ (2007) Structure of phase lll of solid hydrogen. Nat Phys 3:473-476.
9. Degtyareva O, et al. (2005) Novel chain structures in group VI elements. Nat Mater
4:152-155.

e

Kim et al.



SINPAS

10.
11.

Dubrovinsky LS, et al. (2001) The hardest known oxide. Nature 410:653-654.
Kim DY, de Almeida JS, Koti L, Ahuja R (2007) Dynamical stability of the hardest known
oxide and the cubic solar material: TiO2. App/ Phys Lett 90:171903.

. YaoY, TseJS, Ma Y, Tanaka K (2007) Superconductivity in high-pressure SiHa. Europhys

Lett 78:37003.

. Ogitsu T (2007) A quantum puzzle revisited. Nat Phys 3:452-453.
. Degtyareva O, et al. (2007) Crystal structure of SiHs at high pressure. Phys Rev B

76:064123.

. Duclos SJ, Vohra YK, Ruoff AL (1990) Experimental study of the crystal stability and

equation of state of Si to 248 GPa. Phys Reb B 41:12021-12028.

. Loubeyre P, et al. (1996) X-ray diffraction and equation of state of hydrogen at

megabar pressures. Nature 383:702-704.

. Hedin L (1965) New method for calculating the one-particle Green’s function with

application to the electron-gas problem. Phys Rev 139:A796.

. Hedin L, Lundquist S (1969) Solid State Physics, eds Ehrenreich F, Seitz F, Turnbull D

(Academic, New York), Vol 1, p 23.

. Arnaud B, Alouani (2000) All-electron projector-augmented-wave GW approximation:

Application to the electronic properties of semiconductors. Phys Rev B 62:4464-4476.

Kim et al.

20.

21.

22.

23.
24.

25.
26.

27.

28.

Lebégue S, Arnaud B, Alouani M, Blochl PE (2003) Implementation of an all-electron GW
approximation based on the projector augmented wave method without plasmon pole
approximation: Application to Si, SiC, AlAs, InAs, NaH, and KH. Phys Rev B 67:155208.
Perdew JP, et al. (1992) Atoms, molecules, solids, and surfaces: Applications of the generalized
gradient approximation for exchange and correlation. Phys Rev B 46:6671-6687.

Perdew JP, Berke K, Ernzerhof (1996) Generalized gradient approximation made
simple. Phys Rev Lett 77:3865-3868.

Hohenberg P, Kohn W (1964) Inhomogeneous electron gas. Phys Rev 136:B864-B871.
Kohn W, Sham LJ (1965) Self-consistent equations including exchange and correlation
effects. Phys Rev 140:A1133-A1138.

Blochl PE (1994) Projector augmented-wave method. Phys Rev B 50:17953-17979.
Kresse G, Furthmuller J (1996) Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys Rev B 54:11169-11186.

Parlinski K (1999) Neutrons and numerical methods. Proceedngs of the American
Institute of Physicians Conference, eds Johnson MR, Kearley GJ, Buttner HG (AIP, New
York) pp 121-126.

Frank W, Elsasser C, Fahnle M (1995) Ab initio force-constant method for phonon
dispersions in alkali metals. Phys Rev Lett 74:1791-1794.

PNAS | October 28,2008 | vol. 105 | no.43 | 16459

PHYSICS



