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The structure and dynamics of a recently discovered solid silane-hydrogen complex under high pressure

are elucidated with first-principles molecular dynamics calculations. A structure with orientationally

disordered silane and hydrogen with their centers of mass arranged in a distinctive manner are found.

Natural bond orbital analysis reveals that perturbative donor-acceptor interactions between the two

molecular species are enhanced by pressure. The experimentally observed anticorrelated pressure-

frequency dependency is a consequence of these novel interactions. Moreover, the experimentally

observed multiple Raman peaks of H2 can be explained by temporal changes in the environment due

to deviations of the lattice parameters from the ideal cubic lattice.
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Many new structural types have been identified in the
high pressure polymorphs of simple elemental solids [1].
These structures are often accompanied by novel electronic
properties, such as superconductivity and metal-insulator
transitions [2]. The effect of pressure on molecular com-
pounds is equally fascinating. For example, silane (SiH4)
has been predicted [3,4] and observed [2] to be a supercon-
ductor at high pressure, although the mechanism is still
controversial. Solid hydrogen (H2) is arguably the most
studied high pressure system [5]. Even for this seemingly
simple molecule, features of the phase diagram are still not
fully understood. Recently, a mixture with an approximate
stoichiometry of 2H2:1SiH4 was found to form a fcc crystal
at about 6 GPa [6]. This crystalline molecular complex
exhibits several peculiar properties. Within the pressure
range 6–35 GPa, the observed frequencies of theH2 vibrons
are lower than in the solid phase at similar pressures [7].
Remarkably, several of the vibron modes were found to be
anticorrelated with pressure, showing a monotonic decrease
starting at �6 GPa. Strobel et al. also observed a few
modes that initially increased in frequency with increasing
pressure, but these modes plateau and begin to decrease at
pressures that are much lower than in pure H2 [6]. The
observed trends are opposite of those previously reported
for H2 dissolved in rare-gas matrices where the frequency
increases monotonically with pressure [8]. Since both SiH4

andH2 are nonpolar closed-shell molecules, upon compres-
sion, onewould anticipate nonbonded repulsions will domi-
nate. The observed anticorrelation of H2 frequency,
however, suggests the presence of an unusually strong
interaction between SiH4 and H2 that leads to weakening
of the covalent bond at relatively low pressure. In this
Letter, a crystal structure with H2 molecules located at
two different sites which possesses the vibrational behavior
consistent with experiments is proposed. As will be shown
below, the weakening of the H-H bond is due to perturba-

tive donor-acceptor interactions between localized occu-
pied and unoccupied antibonding orbitals of SiH4 and H2.
Since x-ray scattering intensities are dominated by Si, the

F �43m symmetry proposed [6] is mainly derived from ori-
entationally disordered SiH4 molecules occupying the fcc
sites. Formally, the space group symmetry would be reduced
when H2 molecules are also taken into account. Initially, 4
orientationally disorderedSiH4 were put in the fcc sites and 8
H2 were inserted into the unit cell employing the ab initio
random searching procedure [9]. No satisfactory structures
were found after many trials. Since there are 8 equivalent
octahedral cavities in a fcc crystal, it is not unreasonable to
place theH2 in these sites. After geometry optimization [10],
4 H2 were found to migrate to the tetrahedral sites. The
resulting structure, distorted slightly from fcc, is rhombohe-
dralR3m and shows aligned rows of . . . SiH4 . . . H2 (tetrahe-
dral site, T) . . . H2 (octahedral site, O) . . . SiH4 . . . along
the cubic [111] direction [Fig. 1(a)]. From the knowledge
of the low pressure crystalline structures of SiH4 [11] andH2

[8], it is likely that bothSiH4 andH2 are dynamically orienta-
tional disordered. To test this hypothesis, ab initio canonical
ensemble molecular dynamics (MD) calculations were per-
formed at 300K [12,13]. The result at 5.8GPa is illustrated in
Fig. 1(b). Examination of the trajectories reveals the SiH4

and H2 motions are correlated in order to reduce internal
stress. Full geometry optimization on structures selected
randomly from the MD trajectories show small distortions
from the cubic lattice. Importantly, centers of mass (c.m.) of
both species remain at their respective symmetry sites and the
Si framework remains to be F �43m. The procedure was
repeated at different lattice parameterswithin the experimen-
tal pressure range of 6–35 GPa. The calculated equation of
state is compared with experiment [6] in Fig. 1(a) and the
agreement is excellent. It is noteworthy that this result is not
affected by the choice of exchange-correlation functionals.
Apart from a small shift to lower pressure, the absolute
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agreement between the Perdew-Burke-Ernzerhof (PBE) and
Armiento-Mattsson (AM05) equation of states (the latter has
shown to perform better for predicting lattice constants [14])
is very good with the PBE results closer to the experiment
[Fig. 1(c)].

The vibrational frequencies for H2 molecules were com-
puted fromFourier transformof velocity autocorrelation func-
tions in their center-of-mass frame from theMD trajectories at
300 K [12]. The calculated vibrational frequency for an iso-
lated H2 at 300 K of 4385 cm�1 is to be compared with the
measured value of 4106 cm�1. The vibrational density of
states spans a range from 4150 to 4410 cm�1 [Fig. 2(a)].
Two groups of vibrational modes with different energies can
be distinguished. In the higher energy group, the mean fre-
quency increases slightly from 4391 cm�1 at 4.8 GPa to
4400 cm�1 at 20.1 GPa where it starts to decrease with

increasing pressure. In the lower energy group, the mean
frequency decreases monotonically with increasing pressure.
In the experiment [6], two vibrational bands were found to
increase from about 4190 cm�1 at 6 GPa reaching a maxi-
mumof 4222 cm�1 at 28GPa. On the other hand, frequencies
of a group of 5 vibrational bands were observed to decrease
with increasing pressure. Themaximumspan of the frequency
between the first and second group is 170 cm�1. This is to be
compared with the calculated value of 250 cm�1. The theo-
retical predictions reproduced the experimental trends, and the
calculated frequencies are in semiquantitative agreement with

FIG. 2 (color online). (a) Calculated H2 vibrational density of
states at different pressures. (b) The frequency of individual H2

vibron at 32.4 GPa. H2 vibrons at the tetrahedral and octahedral
sites are shaded in green (low frequency) and red (high fre-
quency) rectangular boxes, respectively.

FIG. 3 (color online). (a) Plots of the H2 vibrons for H2 in the
tetrahedral (filled black circles) and octahedral (filled red circles)
sites of ideal fcc lattice as a function of pressure are shown.
Frequency-pressure relationship of H2 vibrons due to H2 in
distorted fcc lattice is also displayed (open circles). The four
highest and the four lowest energy vibrations for the distorted
structures are assigned to H2 at the octahedral sites and tetrahe-
dral sites, respectively. Vibrational frequency calculations in
optimized (ideal or distorted fcc) structures were performed
using the direct force constant approach. (b) Pressure depen-
dence of the deviation of the H-H bond distance from a free H2

molecule for H2 in the tetrahedral (filled black circles) and
octahedral (filled red circles) sites.

FIG. 1 (color online). (a) The proposed structure of the 4SiH4 �
8H2 showing the tetrahedral [filled light gray (blue) circles] and
octahedral [filled dark gray (red) circles] sites occupied by H2.
The H2 occupation sites aligned approximately along the body
diagonal of the face-centered cubic lattice. (b) Temporal posi-
tions of SiH4 and H2 obtained from molecular dynamics calcu-
lations at 5.8 and 32 GPa. Hydrogen atoms of H2 at the
tetrahedral (white dots) and octahedral [gray (red) dots] sites
are shown. (c) A comparison of the calculated (open circle, PBE;
triangle, AM05) and experimental [filled gray (red) circles]
equation of states for a crystalline solid of SiH4 and H2 in the
stoichiometric ratio 2:1.
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measured Raman spectra [Fig. 3(a)]. The two groups of vibra-
tional modes are identified asH2 vibrons located at the T and
O sites, as demonstrated from the individual contributions at
32.4 GPa shown in Fig. 2(b), with vibron frequencies at the T
sites lower than those at theO sites. It is also noted evenwithin
the respective sites that there are small differences in the
frequencies.

Froma geometric point of view, the c.m. of theH2 in theT
site is closer to a SiH4 than in theO site. For a fcc crystal of
unit cell size a, the closest distance from the T site to a

corner atom is
ffiffiffi

3
p

=4a, which is shorter than the distance
from theO site to a face-centered atom of 12a. Therefore, the

H2 bond in the T site is expected to be more perturbed than
at theO site. This expectation is confirmed by the calculated
H2 bond lengths as a function of pressure shown in Fig. 3(b).
The calculated H2 bond lengths in compressed SiH4-2H2

deviate from that of the isolated H2 (0.751 Å) molecule.
Two distinct trends are observed. In theO sites, theH2 bond
lengths are shortened slightly with pressure and remain
relatively constant at pressures above 24 GPa. In contrast,
the H2 bonds at the T sites increase almost linearly with
increasing pressure by about 0.006 Å (0.756 Å) from the
freemolecular value at 32.4GPa. The pressure dependences
of the H2 bond length in both sites are in accord with
observed trends in the vibrational frequencies.

The H2 vibrons are sensitive to the relative orientation to
the nearest SiH4. In the fixed cubic symmetry small stress
anisotropy was found. Removing this constraint, the cubic
cells are distorted slightly, but the H2 are still in the T andO
sites. The H2 vibrons at the optimized distorted structures
calculated from thedirect force constantmethod are shown in
Fig. 3(a) (open circles). The H2 frequencies now spread
between the two bands of frequencies computed from the
cubic lattice. Small cell distortion is confirmed by variable
cell MD calculations at 32 GPa (supplementary material
[15]). The three axes of the rhombohedral cell are practically
equivalent at 5.5 Å with a mean cell angle of 86�. The
calculated bandwidth of the H2 vibrons of 300 cm�1

(4000–4300 cm�1) is comparable with the experimental
width of 240 cm�1. Extra peaks can now be identified
from the calculated vibrational density of states. Therefore,
the observed multiple Raman bands [6] can be attributed to
temporal distortion from the ideal cubic unit cell.

Since SiH4 and H2 are closed-shell nonpolar molecules,
when compressed, intermolecular interactions would in-
volve localized electron pairs of the filled orbitals (donor)
from one species to the unoccupied orbitals (acceptor)
of the other. To investigate the electronic origin underlying
the intuitive description (see below) in the crystalline envi-
ronment, natural bond orbital (NBO) analysis [16–18] was
performed on SiH4-H2 dimer model systems. In the NBO
analysis, wave functions of the subsystem are transformed
into localized forms followed by a perturbative calculation
of the nonbonded interaction. The total energy can be
decomposed into covalent and noncovalent components.

The stabilization energy (Eð2Þ) attributed to the noncovalent

(donor-acceptor) interaction is evaluated from second order

perturbation theory [13], Eð2Þ ¼ �2 hc djF̂jc ai
"a�"d

, where F̂ is

the effective orbital Hamiltonian and"d and "a are theNBO
energy for the donor and acceptor orbital, respectively, and
c d and c a are the associated NBO orbital wave functions.
Examination of MD trajectories at several pressures re-

vealed two distinctive configurations for H2 located in the
O and the T sites. H2 at the O sites rotate about the line
joining the c.m. and the Si atom bisecting the SiH4 molecule
[Fig. 4(a)]. At the T sites, the H2 prefers to locate in the
‘‘pocket’’ formed from three Si-H bonds [Fig. 4(c)]. Since
the H2 rotates about its c.m., the vibrational frequencies and

the second order noncovalent energy lowering Eð2Þ were
computed [18] at two positions representing the two extreme
conformations—head-on and side-on—at the O and T sites
(Fig. 4). For each Si to H2 c.m. distance the structure of the
SiH4-H2 complex is optimized. Representative results of the
calculations are presented in Fig. 4.
The SiH4-H2 interactions at the O site will be discussed

first. In Fig. 4(a), the vibrational frequencies and stabiliza-
tion energy are shown as a function of the Si . . . H2ðc:m:Þ
distance. When the H2 approaches SiH4 in the C2 configu-
ration, the frequency of the vibron in the side-on geometry
increases initially and then decreases when the distance is
shorter than 2.3 Å. For the head-on geometry, the vibron
frequency decreases very slightly until the H2 . . . SiH4 c.m.
distance is less than 4.0 Å. In the crystalline state, the
distances between the c.m. of H2 and SiH4 vary from

FIG. 4 (color online). (a) Plots of H2 vibrational frequency as a
function of the center-of-mass distance between SiH4 and H2

molecules in the head-on (filled blue circles) and side-on (filled
red circles) configurations along the C2 symmetry axis; the
separation range distance relevant to the experimental pressure
range is shaded in a blue rectangular box. (b) The dependence of
vibrational frequency on the Eð2Þ energy for H2 approaching
SiH4 along C2 symmetry axis is plotted. (c),(d) Similar analyses
as done in (a) and (b) for SiH4-H2 approaching each other along
the C3 symmetry axis of SiH4 are shown.
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3.2 Å at 5.8 GPa to 2.8 Å at 32.4 GPa. The frequency range
relevant to this separation is shaded in Fig. 4(a). The H2

vibron frequency decreases from 4279 cm�1 at 5.8 GPa to
4205 cm�1 at 32.4 GPa. In comparison, the frequency of
the vibron for the side-on geometry within this distance
range changes from 4338 cm�1 to 4366 cm�1, an increase
of 28 cm�1. Note that when a H2 lies at the edge of the fcc
cell pointing toward two SiH4 molecules, i.e., head-on
orientation, this molecule is also orientated in the side-on
configuration relative to the other four SiH4 groups form-
ing the octahedral site. The shift of the vibron frequency is
estimated to be �36 cm�1 from this simple model, while
the corresponding shift in the vibron frequency calculation
from MD is about �13 cm�1 [Fig. 2(a)]. Between 2.8 and

3.2 Å, the calculated stabilization energy Eð2Þ due to non-
covalent interaction for the side-on geometry is negligibly
small, but for the head-on geometry, the energy is lowered
by �1:5 to �4:4 kcal=mol [Fig. 4(b)].

In the head-on interaction along theC2 symmetry axis, the
NBO orbital energies show the strongest interaction is the
charge-transfer from occupied� bond of Si-H (�SiH, donor)
to the lowest unoccupied H-H antibonding (��

HH, acceptor)

orbital. For other configurations, charge transfer from�HH to
��

Si-H is predominant. A similar analysis was also performed

on theC3 configuration at theT site. For this site, the distance
between H2 and SiH4 is 2.78 Å at 5.8 GPa and 2.40 Å at
32.4 GPa. Within the relevant separation, the head-on inter-
action led to a decrease of H2 vibrational frequency from
4261 cm�1 to 4161 cm�1, a decrease of 100 cm�1. The
corresponding stabilization energy is about �4 kcal=mol.
There are no appreciable changes in the vibron in the side-on
geometry. Therefore, the simple dimer models reproduce
semiquantitatively the essential features observed by experi-
ment and predicted from MD calculations.

Static and dynamic calculations show the stoichiometric
SiH4:2H2 crystal at high pressure has a structure with 4 SiH4

in the fcc sites and 8 H2 equally split between the T and O
sites and aligned along the [111] directions. SiH4 andH2 are
fluxional and orientationally disordered. The observed
frequency-pressure anticorrelation was reproduced. The
H-H vibrons are found to be sensitive to the local environ-
ment withH2 in the T sites more perturbed by the surround-
ing than at the O site. The observed multiple Raman peaks
are due to temporal deviation from the fcc lattice. NBO
analysis shows that donor-acceptor interactions are enhanced
by the shortening of the SiH4-H2 separation under pressure
and contribute to the stability. The exploitation of the second
order intermolecular interaction between closed-shell mole-
cules may lead to the synthesis of new classes of otherwise
inaccessible H2-bearing molecular systems [19].
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