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Electronic structure and metalization of a silane-hydrogen system under high pressure
investigated using density functional and GW calculations
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We have computed the electronic structure and the vibrational properties of the recently discovered
hydrogen-rich compound silane-hydrogen [SiH4(H,),] from first principles, using density-functional theory.
We have also studied the metallization under pressure of SiH,(H,), by the GW approximation, and obtained
that the metallization occurs around 164 GPa, whereas the standard GGA calculations predict a metallization
pressure around 145 GPa. Our results are compared with the recent experiment data of Strobel er al. [Phys.
Rev. Lett. 103, 065701 (2009)] and Wang et al. [Proc. Natl. Acad. Sci. USA. 106, 14763 (2009)] and it is
found that our calculated value of the metallization pressure is higher than the proposed experimental data.
Some possible reasons for such a discrepancy are discussed in the text.
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Hydrogen is a safe, environment friendly, and consistent
energy carrier,’”> and the development of an efficient and
economical hydrogen storage system is one of the main chal-
lenges of our time. Different methods have been used to find
out such a material, which can store more than 6 wt % of
hydrogen gravimetrically, together with a fast absorption and
desorption kinetics between 60—100 °C. So far, different
materials, such as metal-organic framework,? covalent-
organic  frameworks,*  amidoboranes,>®  light-metal
hydrides,” have been studied with the hope to meet these
requirements. For instance, the properties of hydrogen-
storage materials can be studied via high-pressure experi-
ments, which can reveal much more information about these
materials than standard studies. Nowadays, many researchers
have emphasized on group I'Va hydrides, because it contains
a large amount of hydrogen, but also from a more fundamen-
tal point of view, because the metallization can possibly oc-
cur at lower pressure than for pure hydrogen, and also in
view of studying superconductivity in these materials.!®-!3

Recently, Strobel et al.'* have analyzed the characteristics
under pressure of a new compound, namely, SiH,(H,),, on
the basis of x-ray diffraction experiments, and found it to
have a highly symmetrical, well-ordered structure, with 1
f.u/cell. Then, they have studied the phase diagram of
SiH,(H,),, and mentioned that the H, bond weakening oc-
curs at an unusual low pressure. They have also observed a
darkening of the sample at a pressure around 35 GPa, which
could eventually be associated with a metal-insulator transi-
tion. Roughly at the same time, Wang et al.'® reported a
study on the same compound and pointed out a strong inter-
action between the SiH, and the H, components. However, a
theoretical counterpart of these experimental studies is still
missing. In this publication, we analyze the electronic struc-
ture and insulator-metal transition of this hydrogen-rich ma-
terial using density-functional theory (DFT) and the GW ap-
proximation (GWA) and predict the pressure of
metallization.

1098-0121/2010/81(23)/233103(4)

233103-1
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We have performed DFT (Ref. 15) calculations with the
use of projector-augmented wave (PAW) method'® as imple-
mented in the Vienna ab initio simulation package
(vASP).17-1® We have used the generalized gradient approxi-
mation (GGA) (Ref. 19) to perform the ground-state calcu-
lations. A 8 X 8 X 8 k-points mesh? and a cutoff of 1200 eV
were found to be suitable to converge the calculations. In a
compound like silane-hydrogen, van der Waals interaction
should be a key ingredient, which is not correctly described
by a semilocal functional such as the GGA. However, the
distance between SiH, and H, molecules is decreased when
pressure is applied, and the correct description of this weak
interaction becomes less important, as shown below by the
good agreement of our calculated pressure with the experi-
mental value (see below). Moreover, since DFT has difficul-
ties to treat excited states, and, in particular, the band gap,
which is usually underestimated by LDA or GGA, we have
used the GWA (Refs. 21 and 22) to study the metallization of
SiH,4-H, under pressure. In this case, the following quasipar-
ticle equation is solved:

(T+ Vext + Vh) l//kn(r) + f d3r/2(r7r,’En(k))¢kn(r,)

= E,(K) i, (r),

where T is the free-electron kinetic-energy operator, V,,, the
external potential due to the ion cores, V), the Hartree poten-
tial, 2 the self-energy operator, and E,(k) and 4,(r) are,
respectively, the quasiparticle energy and wave function.
Then, the self-energy operator is approximated by the prod-
uct of the Green’s function and the screened Coulomb inter-
action W, which gives the GW approximation. Within this
framework, the computation is simplified, and the DFT ei-
genvalues €,(k) are corrected by the GW approximation to
give reliable excited-state properties®?
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FIG. 1. (Color online) Calculated total (full line) and partial
(dashed line) densities of states of SiH,(H,), for 84 GPa (upper
plot) and 145 GPa (lower plot).

Re E,(k) = €(k) + Z, (W T|Re 2[r,r’,
_ <\If |VDFT( )|\I}DFT

k)]|‘PDFT

where the QP renormalization factor Z,, is given by

-1
20T = {1 — (WDFT —Re S[r.r’, 6,(k) ] WP } :

We have used the GW approximation implemented in the
code VASP,!8 following the method described in Ref. 24. 200
bands were used for the summation over bands in the calcu-
lation of the polarizability and the self-energy, a cutoff of
150 eV was used for the size of the polarizability matrices,
together with a k-point grid of 8 X 8 X 8. The implementation
of the GW approximation within the PAW formalism is also
reported in Refs. 25-27.

We start our investigation by using the structural informa-
tion provided in Ref. 14: we setup a crystal structure with a
fce lattice containing one SiH,(H,), formula per unit cell
with a volume of 66.5 A3, After relaxation, this structure is
preserved and the calculated pressure has a value of 6.5 GPa,
in very good agreement with the experimental value (6.8
GPa), confirming our previous statement that a fully correct
model of the van der Waals interaction is not necessary for
the range of pressure that we are investigating. Then, we
repeat a similar calculation for different values of the vol-
ume, until we reach metallization via an overlap of valence
and conduction bands. Our calculated pressure is obtained
directly from the code VASP as the trace of the stress tensor.

In Fig. 1, we present our calculated total and partial (cor-
responding to the Si atom) densities of states for some values
of the volume of the cell of 30 A3 (upper plot) and 24.5 A3
(lower plot). The corresponding values of the calculated
pressure are, respectively, 84 GPa and 145 GPa, which is the
pressure of metallization (the electronic band gap is equal to
zero) with the GGA. It appears that even at the pressure of
84 GPa, the system is still insulating with a sizable GGA
band gap of 2 eV, and only a pressure of 145 GPa is able to
make SiH,(H,), to become a metal with GGA. The Si partial
density of states is widely distributed in energy, indicating a
strong hybridization of Si with its hydrogen neighbors. Also,
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FIG. 2. (Color online) Band structure of SiH,(H,), at 145 GPa
computed with the GGA (full lines) and the GW approximation (red
dots).

the Si-derived states contribute significantly to the top of the
valence band and the bottom of the conduction-band states.
A large part of the total density of states weight corresponds
to an energy range from 0 to —4 eV, a fact already observed
for silane.!?

Additionally, we have calculated the vibrational modes (at
the I" point) of SiH,(H,),, in order to compare them with the
available experimental values. For a calculated pressure of
6.5 GPa, our calculated H, vibron has a frequency of
4290 cm™!, which is in good agreement with the experimen-
tal values (around 4200 cm™' in Refs. 13 and 14). The
modes related to silane are calculated to have values around
2220 cm™! for v,(A,) and v4(F,) which corresponds to the
experimental value of 2280 cm™' (Ref. 14) and around
2200 cm™! (Ref. 13). The mode ,(E) is calculated to be
960 cm™! in good agreement with the value of 935 cm™!
(Strobel et al.'*) and 900 cm™' (Wang et al.'®). We have also
performed a similar calculation for a pressure of 84 GPa, in
order to observe how these frequencies are modified by pres-
sure. We found that while the frequencies of the modes re-
lated to silane are increased [v;(A;) and w;(F,)
~2450 cm™'; v,(E)=1370 cm™'], the frequency associated
to H, is decreased to a value of 3690 cm™'. This is also what
is observed in the experiments,'* and fully confirms the par-
ticular behavior of the H, vibron in SiH,(H,), under pres-
sure.

However, as we mentioned above, common approxima-
tions to the exchange-correlation potential used in DFT are
not able to describe correctly the band gap. This is exempli-
fied by Fig. 2, where we plot the band structure of SiH,(H,),
at 145 GPa using both the GGA (full lines) and the GW
approximation (red dots). As expected, most of the bands
show a large dispersion, indicating an important interaction
between the different components of this material. While the
top of the valence band (near the high-symmetry point K)
and the bottom of the conduction band (at the high-symmetry
point L) have the same energy with the GGA (indicating
metallization), the GW approximation still shows a sizable
band gap of roughly 1.0 eV.

This fact highlights the importance of using an adapted
tool (the GW approximation) in order to study insulator to
metal transitions. Therefore, we have performed a series of
GW calculations in order to obtain the value of the true pres-
sure of metallization, the corresponding results are presented
in Fig. 3. The band gap decreases almost linearly with the
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FIG. 3. (Color online) Pressure variation in the minimum elec-
tronic band gap computed with the GGA (black squares) and the
GWA (red circles). Using the GGA, the insulator-metal transition is
found to occur at 145 GPa while with the GWA the corresponding
pressure is 164 GPa.

pressure, and it is found that the pressure of transition is
about 164 GPa, which is almost 20 GPa more than the pres-
sure given by the GGA (145 GPa). From this study, it could
appear that the calculated pressure of metallization is much
higher than the one noticed in Ref. 14, who observed a dark-
ening of the sample around 35 GPa.

However, as mentioned in their paper, Strobel et al.'* can-
not exclude a possible interaction between silane, hydrogen,
and the gasket material to explain the darkening of the
sample (which is a general difficulty not only related to the
present study), and indeed our calculations seems to favor
such a scenario. Moreover, whether the stoichiometry of
2H,:1SiH, is exactly fulfilled or not is also a delicate ques-
tion since a different chemical composition can also change
significantly the electronic structure. To further explore this
possibility, we have performed some calculations for the
1H,: 1SiH, composition. To setup the system, we have sim-
ply removed a H, molecule in the 2H,: 1SiH, cell and then
relaxed the system for various values of the volume, reach-
ing at maximum a pressure of 53 GPa. The corresponding
density of states, obtained from DFT, are presented in Fig. 4.
Even at this relatively high pressure, the SiHg system is still
insulating, with a band gap of 2.1 eV, and therefore the dark-
ening of the sample cannot be explained by a different
chemical composition such as SiHg. An other fact that was
not mentioned in the experimental papers is the possibility to
have one or several phase transitions under pressure, as it
was observed for silane.'? This was also not considered in
our calculations because we did not notice any sign of a
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FIG. 4. (Color online) Calculated total (full line) and partial
(dashed line) densities of states of SiH,-H, at 53 GPa. The system
has a band gap of 2.1 eV.

possible destabilization of the lattice. In any case, the current
understanding of the physics behind the behavior of this ma-
terial is only at the beginning and further experiments are
needed. An other approach to be pursued as well is the study
of materials with a higher concentration of hydrogen, like
SiH;,.2® Such a study would give more valuable information
about the whole family of Si-H materials with ultimately a
better understanding of pure hydrogen.

In summary, we have studied the electronic structure of
SiH4(H,),. We have found this material to be a large band-
gap insulator, which becomes a metal only for a pressure as
high as 164 GPa when using the GW approximation. Our
calculated value being higher than the experimental one, we
have proposed several explanations to understand this differ-
ence, such as phase transitions or an interaction between the
sample and the gasket material during the experiment. Then,
the vibrational properties were calculated, and a good agree-
ment with experiments was found. In particular, the decrease
in the vibrational mode associated to H, in function of pres-
sure is confirmed by our calculations. We expect that our
work will stimulate further experimental and theoretical
work on silane-hydrogen and on related materials.
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