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First-principles density-functional theory �DFT� calculations are used to understand the crystal structure,
bonding, and vibrational properties of the recently discovered high-pressure SiH4�H2�2 compound. We find a
general decrease in the frequencies of the intramolecular H2 stretching modes with increasing pressure,
where the tetrahedral H2 exhibit markedly stronger softening than octahedral H2. Our DFT results suggest
a weakening of the H2 bond that is explained by increased orbital overlap and electron sharing
between the silane and hydrogen molecules, which also account for the unusually high hydrogen capacity of
SiH4�H2�2.
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I. INTRODUCTION

Hydrogen-matter interactions are conventionally divided
into two broad, nonoverlapping classes: physisorption and
chemisorption. While physisorption does not disturb the in-
tramolecular H2 bond, chemisorption dissociates the H2 mol-
ecules into individual hydrogen ions,1 which subsequently
form chemical bonds with the host. The discovery of the
SiH4�H2�2 compound2,3 demonstrates that hydrogen-matter
interactions can be considerably more complicated than
those allowed by this conventional scheme. Bonding in this
material exhibits an intermediate behavior where the H2 mo-
lecular bond is largely preserved but where orbital overlap
leads to electron sharing and chemical binding between H2
and the host SiH4. It also opens up the intriguing possibility
that there may be materials with this mixed type of bonding
under ambient conditions that could offer a long sought-after
combination of fast hydrogen uptake kinetics with improved
hydrogen binding enthalpies that would be compatible
with the requirements for reversible storage in fuel cell
vehicles.4

Based on their experimental x-ray results, Strobel et al.
proposed a structure for the compound SiH4�H2�2 that be-

longs to the F4̄3m space group. The conventional cell for
this structure contains four formula units and has a lattice
constant of a=6.426 Å at a pressure of 6.8 GPa. Experimen-
tal data shows that SiH4 units are centered at the sites of a
face-centered cubic �fcc� lattice.2 While the location of H2
could not be determined directly, it was suggested that they
are found in all of the octahedral and half of the tetrahedral
voids. Contrary to the behavior of bulk H2 under pressure,5

Raman measurements on SiH4�H2�2 revealed a pressure-
induced decrease in the intramolecular vibrational frequen-
cies of H2.

In this paper, we present a comprehensive first-principles
study of the structural, vibrational, and bonding properties of
SiH4�H2�2 using density-functional theory �DFT� techniques.
We find that the energetically preferred orientation of silane
units points their hydrogen ions toward the unoccupied tet-
rahedral interstices. The energetically preferred orientation of
H2 molecules at T=0 K is along the �100� direction but
orientational disorder sets in at room temperature due to

small energy differences between different H2 orientations.
Analysis of the electronic structure reveals electron sharing
between H2 and SiH4, with the effect being stronger for the
tetrahedral hydrogen than for the octahedral hydrogen. Dif-
ferent pressure dependences of the measured Raman peaks is
attributed to the two types of H2. While the frequencies of
octahedral H2 stay approximately constant �or even slightly
increase at the lowest pressures�, those of tetrahedral H2 de-
crease with increasing pressure due to enhanced orbital ove-
lap and electron sharing with SiH4.

II. METHODS

In order to determine the location of hydrogen atoms in
SiH4�H2�2, SiH4, and H2 orientations are systematically
enumerated.6 In this method, all symmetry-inequivalent unit
cells and molecular orderings are generated for structures
that contain up to a given maximum number of formula
units. These structures are relaxed to their static equilibrium
configurations using DFT calculations and the total energies
of these candidate configurations are used to select the most
favorable T=0 K crystal structure. DFT total-energy calcu-
lations are performed using the highly efficient VASP �Ref. 7�
code. Projector augmented wave potentials8 and the general-
ized gradient approximation of Perdew and Wang9 are used
in all total-energy calculations. The plane-wave cutoff energy
is fixed to 875 eV with regular 8�8�8 Monkhorst-Pack10

k-point meshes in the Brillouin zone. With these settings we
find that the electronic energy is converged to better
than 0.01 meV /H2 for a given structure when compared
to calculations using a 12�12�12 k-point mesh. As the
goals of this study are to explain the results seen in experi-
mental work, during relaxations we have chosen to fix the
volume per conventional cell �four formula units� to the ex-
perimentally determined value2 of V=265.35 Å3 �corre-
sponding to a calculated pressure of 5.6 GPa� while the cell
shape and atomic positions are allowed to relax. Enumera-
tions are only carried out at this volume while higher pres-
sure structures are relaxed with reduced volumes from the
lowest-energy structure that is found. Nudged elastic band
calculations11 are used in order to find rotational barriers of
H2.
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III. RESULTS AND DISCUSSION

During enumeration of SiH4�H2�2 structures, the orienta-
tions of H2 and SiH4 units are treated separately as the num-
ber of possible combinations is much too large to be evalu-
ated effectively if the two types are accounted for
simultaneously. SiH4 unit orientations are enumerated first
with all H2 set to lie in the �100� direction; this is found to be
a sufficiently accurate approximation as the effect of the ori-
entation of H2 on the total energy is many times less than
that of SiH4 orientations. SiH4 units are initially oriented in
one of four configurations; these are chosen such that H ions
are positioned on twenty distinct sites around the Si ion.
Following relaxation of the enumerated structures, those that
are the lowest in energy have all four SiH4 units oriented

along the �1̄1̄1̄�, �111̄�, �11̄1�, and �1̄11� directions where
corner H ions pointing toward unoccupied tetrahedral sites.

When enumerating H2 orientations, all pairs are set to lie
along any of the �100�, �110�, or �111� families of directions
while SiH4 groups are in their lowest-energy configuration.
Following relaxations, structures with all H2 dimers pointing
in the �100� directions are found to be the lowest in energy.
Relative to the average energy of the �100� oriented pairs,
those oriented in the �110� and �111� directions are on aver-
age higher in energy by 4.7 meV /H2 and 7.5 meV /H2, re-
spectively. Various structures with mixed H2 orientations
were also considered but all are found to be higher in energy
than those with all pairs oriented along the �100� direction.
Finally, we position H2 molecules on tetrahedral sites other
than those occupied in the diamond cubic structure and find
this is highly energetically unfavorable by more than
1 eV /H2, supporting similar conclusions proposed in experi-
mental work.2 Volume differences between competing struc-
tures at a given pressure are small and will lead to enthalpy
corrections of less than 1 meV/f.u.12

We have also investigated the effect of phonons on the
energetics using the supercell force constant approach.13 Vi-
brational free energies were obtained by summing over cal-
culated frequencies in a 288-atom supercell. Although this
produces a relatively coarse mesh in the phonon wave vector
space and the absolute vibrational enthalpies may not be
fully converged, we are concerned only with differences in
energies between competing structures within the same su-
percell and any systematic sampling errors should cancel out
in these differences. With the inclusion of the zero-point vi-
brational energies, the T=0 K energies of �110� ��111�� ori-
ented structures increase to 16.3�78.6�meV /H2 above the
�100� oriented structure.

The lowest enthalpy, T=0 K structure of SiH4�H2�2 at
P=5.6 GPa �V=265.4 Å3� is pictured in Fig. 1. Shown is
the conventional cell with four formula units while the unit
cell given in Table I contains two formula units. SiH4 groups
are located on fcc sites with hydrogen atoms occupying po-

sitions at the tetrahedral vertices in the �1̄1̄1̄�, �111̄�, �11̄1�,
and �1̄11� directions at a distance of 1.480 Å from the cen-
tral silicon atom. H2 are found in all of the octahedral and
half the tetrahedral voids and are oriented in the �100� direc-
tion; the occupied tetrahedral positions correspond to those
that are filled in the diamond cubic crystal structure.

In order to understand the SiH4-H2 interaction and weak-
ening of the H2 bond in SiH4�H2�2 under applied pressure,
we have calculated the H2 vibrational frequencies, electronic
density of states �EDOS�, and distances between various hy-
drogen atoms using the T=0 K structure in Fig. 1. The re-
sults for the intramolecular H2 modes given in Fig. 2�a� and
are in good agreement with the experimental Raman data;
these show a decrease in the vibrational frequencies of H2 in
SiH4�H2�2 with increasing pressure,2 contrary to the behavior
of bulk H2 in which these frequencies increase.5 Two distinct
frequencies are seen at each pressure corresponding to the
octahedral H2 and tetrahedral H2 peaks. A general decrease
in the frequencies with increasing pressure is seen for H2 at
both sites �apart from a slight increase in the frequencies of
octahedral H2 up to 12.5 GPa�, showing that the H2 bond is
weakening at each site. However, this decrease is much more
rapid for tetrahedral H2 than for octahedral H2, suggesting
that the bond softening effect is much larger for the former.

Experimental Raman spectra clearly show the presence of
multiple peaks within a frequency interval of 100 cm−1 cen-
tered around 4175 cm−1.2 While the data in Fig. 2�a� confirm
substantial frequency differences between the two types of
H2 molecules, it does not address the existence of interme-

TABLE I. Unit cell for the proposed structure of SiH4�H2�2 with
the conventional cell lattice parameter set to a=6.426 Å.

Space group I4̄m2

Lattice parameters �Å� a 4.601 � 90°

b 4.601 � 90°

c 6.268 � 90°

x y z

Wyckoff sites Si 0.000 0.000 0.000

H1 0.500 0.237 0.364

H2 0.000 0.000 0.560

H3 0.000 0.500 0.310

FIG. 1. �Color online� Proposed conventional cell of SiH4�H2�2.
Pink �light� spheres represent hydrogen atoms in H2. Blue �dark�
spheres represent silicon atoms and the surrounding tetrahedra show
the orientation of the SiH4 groups where hydrogen atoms are posi-
tioned at the vertices.
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diate frequency vibrations. To demonstrate that these vibra-
tions arise from thermal disordering of the H2 orientations,
we have performed ab initio molecular dynamics calcula-
tions of the temperature-dependent phonon density of states
�PDOS� at P=5.6 GPa �see Fig. 2�b��. The PDOS is ob-
tained by taking the Fourier transform of the mass-weighted
velocity autocorrelation function14 such that

g�k,�� =� ei�tdt�
n

e−ik·Rn
	vn�t� · v0�0�

	vn�0� · v0�0�


, �1�

where Rn and vn are the lattice position and velocity of the
nth hydrogen atom, k is the wave vector, and � is the fre-
quency. The positions and velocities are taken from ab initio
molecular dynamics simulations in VASP over 40 ps with
time steps of 0.5 fs, giving a frequency resolution of 2 cm−1.
The temperature is controlled using the Nose-Hoover
thermostat15,16 set to T=300 K. Figure 2 shows that while
the PDOS for the T=0 K structure has only two distinct
peaks, the temperature-dependent PDOS becomes more dif-
fuse with a spread of 60 cm−1 and a greater number of
peaks.

We observe rapid rotations and librations of H2 molecules
during our AIMD simulations, suggesting that thermal disor-
der at P=5.6 GPa destroys the static H2 orientational order-
ing shown in Fig. 1. Broadening of the PDOS and appear-
ance of additional spectral lines in Fig. 2 are both attributed
to the interactions between H2 vibrons and rotations. Al-
though the width of the phonon distribution agrees well with
experimental results, the positions of the peaks are calculated
to be about 200 cm−1 higher than the measured frequencies.
To address the importance of quantum effects, we have

investigated the orientational dynamics of H2 molecules us-
ing climbing image nudged elastic band calculations. We find
rotational barriers of 11 meV for octahedral H2 and 15 meV
for tetrahedral H2 and conclude that at room temperature,
thermal excitations should result in significant rotation of
both types. This conclusion agrees well with our AIMD tra-
jectories. Since the rotational barriers are smaller than ther-
mal energies, the treatment of this system using classic mo-
lecular dynamics is likely sufficient at 300 K but quantum
effects such as tunneling and quadrupolar interactions be-
tween angular momentum quantum states could become im-
portant at lower temperatures. Unfortunately, quantum simu-
lations of such phenomena are prohibitively expensive using
DFT energetics and are beyond the scope of this study.

It is interesting to compare our results for SiH4�H2�2 with
the behavior of solid H2. As a function of temperature and
pressure, solid hydrogen exists in one of the three phases
commonly represented by I, II, and III.17,18 Phase I, where
H2 molecules occupy either the J=0 or 1 rotational quantum
states and align by their angular momenta, exists at low pres-
sures and/or high temperatures. Phase II exists at low tem-
peratures and low pressures �up to approximately 150 GPa�
where H2 occupy higher J states and again align by their
angular momenta. Finally, at higher pressures, phase III ex-
ists in which interactions between H2 molecules become so
strong that the molecules order classically. The H2 Raman-
active vibrons �corresponding to in-phase H2 vibrations�
show rapid softening above P=40 GPa while the frequen-
cies of infrared-active vibron frequencies �corresponding to
out-of-phase H2 vibrations� increase until 120 GPa and start
decreasing at higher pressures. By comparing this behavior
with the data presented in Fig. 2, it can be hypothesized that
H2 molecules in SiH4�H2�2 experience local pressures resem-
bling the conditions at the boundary of Phases II and III of

FIG. 2. �Color online� �a� Calculated H2 vibrational frequencies in the T=0 K structure of SiH4�H2�2 as a function of pressure. Points
on the continuous lines give the average frequencies of H2 in their respective sites. Bars show the range of frequencies for the two sites. �b�
Phonon density of states for H2 in SiH4�H2�2 at T=300 K.
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solid H2. Our T=0 K DFT calculations implicitly assume
that H2 molecules order in a manner similar to that of Phase
III but it is possible that an ordered quantum solid may be
stable at low pressures, behaving in a manner similar to
Phase II of solid H2. Furthermore, it remains an interesting
open question whether orientational ordering of H2 rotons,
such as observed in Phase I of solid H2, also exists in
SiH4�H2�2 at high temperatures.

The results of our EDOS calculations at pressures of
5.6 and 23.9 GPa are given in Fig. 3. The EDOS is shown
for the Si�s� and Si�p� orbitals and for hydrogen in
SiH4 units, as well as for H2 in octahedral and tetrahedral
sites. The average energies and band widths �given by
W2=��E-E0�2g�E�dE, where E0=�E·g�E�dE is the position
of the band center� are calculated for all orbitals at each
pressure. At the lower pressure, the band widths for octahe-
dral and tetrahedral H2 are 1.43 eV and 1.70 eV, respectively;
these values increase to 2.29 and 2.62 eV at the higher pres-
sure. At each of these pressures, the band width is larger for
tetrahedral H2 than octahedral H2, showing a higher degree
of hybridization with SiH4 units for the former. As the pres-

sure is increased, the band width increases for both H2 types
suggesting that their orbitals further hybridize with SiH4,
subsequently weakening the H2 bonds and lowering their in-
tramolecular vibrational frequencies. Furthermore, the band
gap of 5.8 eV at P=5.6 GPa has a calculated reduction to
3.7 eV at P=23.9 GPa, which is in-line with experimental
results that suggest a reduction in the band gap with increas-
ing pressure.2

The effect of pressure on the H-H and Si-H bond lengths
is given in Table II. These results show that there is an in-
crease in the bond length of H2 located at tetrahedral sites
with pressure. This corresponds to a weakening of the H2
bond, following results of both phonon mode and electronic
DOS calculations. However, the bond length of H2 located in
octahedral sites slightly decreases with increasing pressure;
this suggests that the bond is becoming stronger, seemingly
opposing previous results. This contradiction may be attrib-
uted to steric effects where the increasingly �with pressure�
limited physical space available for octahedral H2 results in a
reduction in its bond length. Finally, the values of
d�H2-SiH4�near �smaller for H2 in octahedral than tetrahedral

TABLE II. Lengths of both H-H and Si-H bonds are given as a function of pressure. The nearest distances from hydrogen atoms in SiH4

units to hydrogen in H2 are also given. Finally, the average distances between hydrogen in H2 and all hydrogen atoms in nearest-neighbor
SiH4 �four nearest-neighbor groups for tetrahedral H2 and six for octahedral� are shown in the final two columns. All lengths are given in
angstrom, volume in cubic angstrom, and pressure in gigapascal.

Vol.
�c.c.� Pressure

H-H bond length

Si-H bond length

d�H2-SiH4�near d�H2-SiH4�avg

Octahedral Tetrahedral Octahedral Tetrahedral Octahedral Tetrahedral

265.4 5.6 0.748 0.752 1.480 2.257 2.318 3.283 2.906

241.2 8.5 0.747 0.753 1.475 2.196 2.240 3.188 2.826

221.4 12.0 0.747 0.754 1.470 2.129 2.178 3.105 2.758

202.8 16.9 0.746 0.754 1.463 2.060 2.106 3.023 2.690

185.2 23.9 0.746 0.756 1.453 1.993 2.041 2.999 2.621

168.7 33.6 0.746 0.758 1.440 1.924 1.971 2.855 2.550

P = 5.6 GPa 23.9 GPa

FIG. 3. �Color online� Calculated electronic band structure of SiH4�H2�2 at a pressure of 5.6 GPa �with � to X being perpendicular to H2

orientations� and the electronic density of states at pressures of 5.6 and 23.9 GPa �Ref. 19�.
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sites� seem to suggest that there should be a greater hybrid-
ization of SiH4 with octahedral H2 than with tetrahedral H2;
however, this is contradicted by the results of electronic DOS
calculations. This perceived discrepancy may be explained
by average distances between hydrogen in H2 and hydrogen
in SiH4, d�H2-SiH4�avg in Table II, rather than by nearest
neighbors. These results show that d�H2-SiH4�avg is smaller
for tetrahedral H2 than for octahedral H2, accounting for the
greater degree of hybridization between SiH4 and H2 in tet-
rahedral sites.

IV. CONCLUSIONS

In summary, a structure for SiH4�H2�2 under an applied
pressure of 5.6 GPa has been proposed that belongs to the

I4̄m2 space group. In the conventional cell, SiH4 groups are
found at fcc sites with H2 in each of the octahedral sites and

in one half of the tetrahedral sites, occupied in a diamondlike
fashion. SiH4 units are oriented such that hydrogen atoms are
pointing toward the unoccupied tetrahedral sites. H2 mol-
ecules are oriented along the �100� direction in the T=0 K
structure but it is found that orientational disorder occurs at
room temperature. A weakening of the H2 bond with increas-
ing pressure is seen in the corresponding decrease in H2
phonon-mode frequencies. This behavior is attributed to a
greater degree of hybridization of H2 and SiH4 orbitals as the
pressure is increased.
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