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Phase transformations of silicon clathrate Sij3¢ under high hydrogen pressure up to 11.5 GPa were studied by in
situ Raman spectroscopy and X-ray diffraction at room temperature in a diamond anvil cell. The pressure de-
pendencies of the vibrational mode frequencies of Sij3¢ agree well with the ab initio calculation results. In
addition to the “rigid” one-phonon modes a series of “soft” modes was found in the 300 + 400 cm™* frequency
range, which results from the two-phonon Raman scattering. At the pressure of 10 GPa the silicon clathrate Sij3¢
transformed into a mixture of the Si-II (f-Sn-type) and Si-III (BC8-type) phases. During the subsequent decom-

pression down to 9 GPa the Si-II phase transformed to Si-III, which was then recovered to ambient pressure. No
interaction between hydrogen and silicon was observed for Sij3s upon compression and for the Si-II and Si-III

phases upon decompression.

1. Introduction

New clathrate allotropes of silicon and germanium were synthesized
in 1970 by thermal decomposition of sodium silicide (germanide) NaSi
(NaGe) under high vacuum [1]. Two clathrate phases were obtained by
this process - sI clathrate NagSisg and sII clathrate Na,Sijzg (0< x < 24).
It is not possible to remove sodium atoms from the cage-like silicon host
structure of the sI phase, because the increase of annealing temperature
or prolonged vacuum annealing results in its total decomposition into a
stable diamond-like (Si-I) phase of silicon and sodium. In contrast, a
prolonged annealing of the sII phase at the moderate temperatures of
380-400 °C allows to reduce the sodium content in the clathrate to x =
1. Further treatment of the powder sample by the elemental iodine vapor
in the sealed glass tubes produces nearly sodium-free Si; 36 structure [2].
The atomic structure of both phases was thoroughly refined using the
Rietveld method for the X-ray diffraction data by Reny et al. in Ref. [3].

The space group of Na,Sijs¢ is Fd3 m with the lattice parameter of a ~
14.63 A. The cubic unit cell is formed by 16 “small” dodecahedral cages
and 8 “large” hexakaidecahedral cages. The sII phase has an expanded
structure with the specific volume per silicon atom exceeding that of
diamond-like Si by 15%. Resistivity and optical experiments reported in
Ref. [4] demonstrated that pure Sij3e structure has a band gap of
1.9-2.0 eV, which is about twice than that for diamond-like Si-I. The
increase of x in the Na,Sijze structure results in a gradual
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semiconductor-to-metal transition for x > 8 [1,5-7]. This effect man-
ifested itself by the weaker Raman signal for Na;(Si; 34 comparing to that
for Na;Sij3¢ and NagSiyse [8]. Moreover, the silicon and germanium
clathrates CsgNaigSiijze and CsgNajeGeise with fully occupied cages
demonstrated metallic conductivity [9].

The clathrate phase sII is metastable at normal conditions. According
to differential calorimetric studies reported in Ref. [10] it transforms
irreversibly to the stable diamond-type silicon (Si-I) when heated above
~ 600 °C. The compression at room temperature up to 8-10 GPa [11] or
11 GPa [12] results in an irreversible transition of the sII phase into a
high pressure Si-II allotrope with the f-tin type structure. According to
the ab initio predictions the Si;3¢ clathrate phase is thermodynamically
stable at negative pressures of about —3 GPa [13,14].

The sII phase of silicon is isostructural to the inclusion compounds
with the host structure formed by HyO molecules and stabilized by
various “guest” atoms or molecules, occupying the cages of the “host”
crystalline network [15]. The H,O clathrate with the sII structure, also
called ice XVI [16], can take up sufficient amounts of noble gases or
hydrogen [17,18]. However, these materials do not have high thermal
stability — at ambient pressure the hydrogen desorption from the
quenched slI clathrate hydrate starts at liquid nitrogen temperature and
finishes at 220 K by the collapse of the clathrate structure into a mixture
of cubic ice I. and stable hexagonal ice I, [19]. This fact rules out the
extensive technological applications of the clathrate hydrates as
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hydrogen storage materials. The silicon Sij3g clathrate is free of that
drawback because of its high thermal and mechanical stability. The
interaction of the gases with silicon sII clathrate has not been reported so
far. In the present work we explored the interaction of hydrogen with
silicon framework of the clathrate phase by in situ Raman spectroscopy,
X-ray diffraction in diamond anvil cell (DAC), and by ab initio calcula-
tions within the entire stability range of the clathrate phase up to 11
GPa.

2. Methods

The clathrate sample used in the present work was synthesized using
the method described elsewhere [1,3,14]. A lump of sodium silicide
NaSi was annealed for 22 days under high vacuum conditions
(10’6+10’9 mbar) at the temperature of 400 °C. The resulting material
contained 94 wt % Na,Si; 36, 2 Wt % NagSise and 4 wt % Si-I according to
the Rietveld analysis of its X-ray powder diffraction pattern. The total
sodium and silicon content in the sample was determined by the energy
dispersion X-ray spectroscopy microanalysis system EDS-Oxford Inca
Energy 450 in the scanning electron microscope Supra 50VP. The
calculated sodium content x of the main clathrate phase NaSij3¢ was
2.6.

Ultra-low fluorescent diamonds of the modified brilliant cut type
with flat culets of about 400 pm in diameter were used in the high-
pressure experiment. Rhenium gasket was preindented at pressure of
about 12 GPa to about 50 pm thickness, and laser drilling was used to
make a hole 200 pm in diameter. Ruby luminescence pressure scale for
quasi-hydrostatic condition [20] was used. Ruby lines were sharp and
well resolved during all experiment, indicating absence of
non-hydrostatic stresses. Pressure determination accuracy was about
0.3 GPa. Ruby fluorescence and Raman spectra were recorded with the
THR1000 spectrometer, equipped with a Peltier-cooled CCD detector
and a grating of 1200 grooves/mm. The samples were irradiated with a
632.8 nm He-Ne laser line (max laser power ~20 mW at sample) at
room temperature using a back-scattering geometry. A 20x Mitutoyo
objective was used to focus the laser beam to a spot of approximately 5
pm in size and collect the scattered light. Tilted holographic
SuperNotch-Plus filter from Kaiser Optical Systems allowed spectrum
recordings for Raman shifts higher than 90 cm ™.

Hydrogen was loaded into the gasket hole at room temperature and
pressure of about 0.3 GPa by the technique described elsewhere [21].
Hydrogen served both as a reagent and as a pressure transmitting me-
dium. Hydrogen was always in excess, and its presence in the cell was
monitored both visually and by Raman spectroscopy.

After initial clamping of hydrogen in a DAC the compression force
was increased in steps by a lever mechanism. After pressure relaxation of
about half an hour the Raman spectra were recorded from several points
from the sample surface. Three spectral ranges were recorded for each
point: 0-4500 em™!, 50-890 cm ! and 4080-4310 cm L. Exposition time
for the first range was 100 s per frame, for the last two 500 s per frame.
Frames for each spectral range were glued together using standard
procedures.

The pressure was measured before and after each X-ray diffraction
measurement, and the difference between these values was typically
about 1 GPa at pressures of ~10 GPa. The pressures referred further are
the pressures after the corresponding X-ray or Raman measurements.

X-ray powder diffraction patterns were measured by the energy-
dispersive method with a polychromatic radiation from a conventional
tungsten target tube and a 100 pm homemade collimator. The X-ray
technique is described in more details elsewhere [22]. Each X-ray
powder diffraction pattern was collected with an exposition time of ~24
h.

The vibrational properties of pure Si; 3¢ were calculated by a density-
functional theory implemented in the CASTEP code [23].
Norm-conserving pseudopotentials with a plane-wave cutoff of 350 eV
were used. Calculations were performed under the LDA functional with
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exchange and correlation approximation from Ref. [24] as parameter-
ized by Ref. [25]. Brillouin-zone integration was performed according to
the Monkhorst-Pack scheme [26] with a 2 x 2 x 2 sampling. Density
functional perturbation theory was used to calculate the dynamical
matrices [27]. Our calculations at ambient pressure demonstrated that
the vibrational frequencies of the Sij 35 were well-converged with respect
to the plane-wave cutoff energy and k-point mesh. Particularly, a cutoff
increase up to 390 eV in a test calculation shifted each vibrational fre-
quency by less than 0.7 cm™!, which is well below spectroscopic
experimental error. Raman intensities were calculated using the method
described in Ref. [28].

3. Results and discussion
3.1. X-ray diffraction

The energy-dispersive X-ray powder diffraction spectra, collected
upon compression-decompression cycle are shown in the Figure S1 in
the Supplementary Materials. During the compression cycle the Sijzg
peaks were observed up to 10 GPa, and then disappeared. At the same
pressure a phase transformation of Si; 3¢ to a p-tin high pressure phase of
silicon (Si-II) was reported earlier during Si;3¢ compression in an inert
medium [11,12]. In our case the peak positions for Si-II substantially
overlapped with the rhenium gasket peaks, and could not be resolved. At
the same pressure the Raman signal disappeared from nearly whole
sample surface (see next section), thus, it was decided to finish the
compression at that moment and start decompression.

When decompressed in an inert medium, Si-II transforms into Si-III
with a BC8-type structure at about 10 GPa [29]. During the decom-
pression cycle in our experiment only one sample peak could be clearly
seen in the diffraction patterns, which is a (211) peak of Si-IIL. This Si-III
is retained at ambient pressure. The Sij3¢ and Si-III phases have cubic
crystal structures, and their lattice parameters and volumes can be
calculated reliably even from low resolution diffraction data. The
resulting volumes as a function of hydrogen pressure are shown in Fig. 1
together with available literature data for Sij3¢ compression in an inert
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Fig. 1. Atomic volumes of various silicon phases plotted as a function of
pressure. The solid and open red triangles show the results of the present work
for the compression of the Sij3¢ sample and decompression, respectively. The
solid squares denote the atomic volume of the silicon clathrate Sij3¢ from
Ref. [11], the circles and upstanding open triangles stand for the volumes of Si
II (B-tin silicon phase) and Si III phases reported in Ref. [29]. In present study,
the sample was compressed in a hydrogen atmosphere, whereas a meth-
anol-ethanol mixture was used as a pressure transmitting medium in Refs. [11,
29]. The lines drawn through the data points are the guides for the eye. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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medium.

Our results within the experimental error coincide with the literature
data for Siy3¢ and Si-IIl. No volume difference was observed for Siysg
compressed in hydrogen and in an inert media, in contrast to our pre-
vious studies of various metal-hydrogen systems (see e.g. Refs. [30-32],
where hydrogen incorporation always resulted in a dramatic volume
expansion of solid phase.

It is known that an addition of a new component to a system expands
the stability field of a phase with a larger (comparing to the other
phases) solubility of this component. Consider, for example, ice-Il,
which is the stable phase of H,O at T < —40 °C and 0.2 GPa < P <
0.6 GPa. In a hydrogen atmosphere its stability field is dramatically
shifted and expanded up to 2.5 GPa in pressure and 100 °C in temper-
ature [33]. This is because the solubility of hydrogen in this phase
Hy/H20 ~ 1/6 is much larger than that for the hexagonal ice, liquid
water, ice III, ice V and ice VI, which are adjacent phases to ice II in the
P-T phase diagram of HyO. Even more dramatic effect is observed for
cubic ice Ic, which does not have any stability field at positive pressures.
When hydrogen pressure is applied, this form of ice becomes stable in
the pressure range 2 GPa < P < 30 GPa (at least) because of the high
Hy/H0 ~ 1 content in this phase. Similar behavior is observed for the
clathrate forms of Hy0, such as ice XVI (slI clathrate hydrate) [17,18].

One would expect similar behavior for Sijge, which is structurally
isomorphic to ice XVI. If there would be high hydrogen solubility in this
phase, then its decomposition conditions should be considerably shifted
to higher pressures, because the equilibrium hydrogen solubility in all
other silicon phases is zero.

We did not observe any change in the pressure of the Sij3¢ to Si-II
transformation when hydrogen was used instead of inert pressure
transmitting medium. Thus, despite the X-ray scattering by the hydrogen
atoms is negligible, we firmly established the absence of any hydrogen
solubility in Si; 3¢ from the absence of any hydrogen-induced side effects.

3.2. Raman spectroscopy

The Raman spectrum of the initial sample was measured at ambient
conditions in air (black curve in Fig. 2). It was necessary to decrease the
laser power to ~2 mW, otherwise new unidentified peaks developed in
the spectrum, indicating thermally induced structural decomposition of
Siize. At full laser power (~20 mW) the sample converted to pure
diamond-like silicon (Si-I).

After loading the sample in the DAC with H; the spectral profiles no
longer showed any dependence on applied laser power, which is a result
of high thermal conductivity of hydrogen and diamond. From that
moment full laser power was applied. The Raman spectra were
measured at several points on the sample surface at each pressure, and,
particularly, one spectrum was always measured at the point above pure
hydrogen to compare its spectrum with that for the sample.

Apart from the Raman signal from the Sij3¢ phase, the following
extra features were present in the spectra — a peak from the Si-I impu-
rity, the rotons and a vibron from Hy, and a Ne plasma line. The weak
peak from the silicon Si-I (diamond-like) impurity phase was located at
the Raman shift range of 520-550 cm ™ '. The sharp Ne plasma line was
located at about 133 cm’l, close to the literature value of 136.1 cm ™!
(6328.99 A) [34], and was independent of pressure. Two H; roton bands
were observed at 300-400 and 550-650 cm ™. These bands were shifted
and strongly broadened with pressure increase. The peak from the Hy
vibron was observed at about 4200 cm ™}, and this peak was shifted and
sharpened with pressure increase. The representative spectra of the
silicon clathrate sample are shown for the compression and decom-
pression runs in Figs. 2 and 3, respectively.

At the wavenumbers higher than the diamond Raman line at 1330
cm™! the spectra measured during compression and decompression
above the sample and above pure Hy were identical. Particularly, no
peaks were observed in any measured spectrum in the interval of
2100-2400 cm ™}, which is the characteristic range of a covalent Si-H
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Fig. 2. Raman spectra of the silicon clathrate sample measured in the course of
increasing pressure. The broad and featureless background caused by the
fluorescence from the sample and diamond anvils was subtracted manually
from each spectrum. The intensity was normalized by the amplitude of the 1Eg
mode peak of the Si;3¢ clathrate (133 cm ™! at zero pressure). The black ticks
below each spectrum denote the frequencies of hydrogen rotons and vibron
modes, obtained by the linear fit of the data reported in Ref. [35] for pure
hydrogen. The black ticks above the spectrum at 11.5 GPa denote the positions
of the Raman peaks from Si-II (B-tin silicon phase) determined by the fit of the
data reported in Ref. [36]. The vertical dashed line denotes the position of the
He-Ne laser plasma line. The broad and weak peaks due to multiphonon
scattering at ~1000 cm™* and hydrogen vibron at ~4200 cm™! are given in
enlarged intensity scale above the original spectra. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Raman spectra of silicon sample measured in the course of decreasing
pressure. The broad and featureless background caused by the fluorescence
from the sample and diamond anvils was subtracted manually from each
spectrum. The intensity was normalized by the amplitude of the A; mode peak
of the Si III phase (351 cm ! at 0.6 GPa). The black ticks above and below each
spectrum denote the frequencies of hydrogen rotons and vibron modes, ob-
tained by the linear fit of the data reported for pure hydrogen [35]. The other
ticks below each spectrum denote the positions of the Raman active modes of
the Si-III phase, obtained by the linear fit of the data presented in Ref. [37]. The
vertical dashed line denotes the position of the He-Ne laser plasma line. The
peak from hydrogen vibron is given in enlarged intensity scale above the
original spectra. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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bond stretching. Presence of a silane SiH4 would unavoidably result in a
presence of such peaks [38].

With one exception, all peaks observed in the 600-1330 cm ™! range
were assigned either to the Hy rotons or to the two-phonon Raman
scattering from Si;3. We observed one unidentified peak at ~980 em™!
at one sample point at 8.9 GPa during decompression (orange curve in
Fig. 3). In principle the bending modes of a covalent Si-H bond can be
expected at this wavenumber, but the absence of a stretching band in the
spectrum, which should be~20 times stronger in intensity, dismisses
such interpretation. The peak at ~980 cm ~! was not observed in other
spectra.

During the compression a considerable Raman signal decrease was
observed at 9.6 GPa and above. The sample became inhomogenous at
these pressures, and new peaks developed at few sample points. These
peaks, assigned to the Si-III phase, persisted during the rest of the
experiment, and, particularly, they were observed at each point on the
sample surface during subsequent decompression. At 10.9 GPa and
above the peaks from Siy3¢ disappeared completely, and virtually no
useful signal, except for the Si-IIl peaks discussed above, can be seen
from most sample surface. The broad features at 120 and 380 cm ™,
observed in the orange and red spectra in Fig. 2, are characteristic of Si-II
[36].

During decompression the sample transformed to Si-IIl and became
homogenous again. The decompression spectra are presented in Fig. 3,
and all major peaks in these spectra can be assigned to Si-III [37] and Hj.
In addition, a weak Si-I peak can be seen in the 0.6 GPa spectrum at 520
cm ! (blue curve in Fig. 3). Similar evolution of Raman spectrum upon
decompression was reported in Ref. [39]. Note that the authors of this
reference incorrectly interpreted the two-phase state Sij3¢+Si-III at 9.7
GPa as a new unidentified phase.

The spectral region of the Hy vibron is presented in Fig. 4 in more
details. The positions of the Hy vibron peak observed on the sample
surface and in the pure Hy phase are shown in Fig. 5 as a function of
pressure by triangles and circles, respectively. The literature data for
pure Hj phase from Ref. [35] is shown by the red curves in Fig. 5.

Previously, a considerable shift and a splitting of Hy vibron were
reported for molecular hydrogen filling the clathrate structures.
Particularly, for ice XVI filled with Hy (hydrogen hydrate sII) a system of
peaks is observed with shifts ranging from —40 to —5 cm ™, counted
from the vibron position in the pure hydrogen phase [18,40,41]. In

P, GPa
bettnbsmes ™ S - - ] 06

<
3 o
o @
O r - o
N o
=T £
g 8
I A Tioo 8
o) 109 ©
= AN
2 96 _
28 o
7]
£[ 100 8
= W g
; ot A 36 £
T ¥ Mﬂ " kel Bt A 1.3 8
v B 2 bt b A 0

4100 4150 4200 4250

Raman shift, cm’”

Fig. 4. Raman spectra in the frequency region of hydrogen molecule vibron
observed from the surface of the silicon sample in the course of increasing and
decreasing pressure. A linear background was manually subtracted from each
spectrum, and each spectrum was normalized by the peak intensity. The
spectrum at 0 GPa was measured from the sample before loading hydrogen.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. The position of the hydrogen Q;(1) vibrational mode plotted as a
function of pressure. The solid and open symbols correspond to the compression
and decompression, respectively. The circles represent the data obtained from
the area in the gasket hole free from the clathrate sample, while the triangles
represent the data obtained directly above the Si;3¢ sample. The solid lines are
polynomial least-square fits for pure hydrogen reported in Ref. [35]. The
crystallization of fluid H, at 5.5 GPa is shown by the dash-dotted line.

Ref. [18] these peaks were assigned to Hp molecules occupying large and
small cages respectively. Because the cages in the Sij3¢ clathrate are
smaller by 14% than that for the sII clathrate hydrate, one should expect
stronger perturbation of the Hj vibron by the host crystal field of Si;3.

In other hydrogen-filled ices - ice XVII (CO phase), ice II (C1) and ice
Ic (C2) - the vibron splitting is not observed because Hy molecules
occupy only one crystallographic site [40]. The vibron shift, however, is
observed for all of the hydrogen-filled clathrate ices. This shift can be
positive, e.g. for the G2 hydrate it is about +30 cm ™! [40], or negative,
like in the sII hydrate discussed above.

In the present work, no shift and no splitting of the Hy vibron were
observed on the surface of the Sij3¢ sample (olive triangles in Fig. 5)
comparing to the Hy vibron in pure hydrogen phase (blue circles in
Fig. 5) within experimental accuracy. The absence of Hy vibron shift and
splitting suggests the absence of hydrogen interaction with the silicon
sample, which most likely indicates zero hydrogen solubility in it.

Another indication of the absence of hydrogen interaction with the
silicon sample comes from the analysis of the pressure evolution of the
host Sij3¢ lattice modes, discussed in the next section.

3.3. Ab-initio calculations

Standard factor-group analysis shows the following phonon modes at
the I'-point of the Brillouin zone of Sij3¢:

F:(Tlu)acouslic+(7Tlu)IR+(3A lg+4Eg+8T2g)Raman+(A un+
Aog+3 A0 +4E +5T (g 4+5T2u)sitent

The E modes are doubly degenerate, and the T modes are triply
degenerate. Thus, there should be 15 peaks in the Raman spectrum of
Siy36. The crystal structure has an inversion center, thus, each mode has
definite parity (either even “g” or odd “u”) with respect to this inversion
center, and could be either Raman active, IR active, or silent. The
comparison of the present calculations, the calculations of [42], and
presently observed peak positions at normal pressure is presented in
Table 1.

The difference between the peak positions in our calculations and
that of [42] typically does not exceed 2-3 cm™'. A comparison of the
calculated and experimental Raman spectra at 0 GPa is shown in Fig. 6.

The pressure dependencies of the experimental and calculated peak
positions are presented in Fig. 7 by the symbols and solid curves,
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Fig. 6. Experimental (black) and calculated (red) Raman spectra of the silicon
clathrate Sij3 at normal pressure. The ticks with labels show the calculated
mode frequencies (see Table 1). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

respectively. Four frequency ranges should be considered separately to
make peak assignment. Below 200 cm ™ the assignment is obvious (see
Table 1 and Fig. 6). In the 250-450 cm ™! range there are 8 peaks in the 0
GPa spectrum but 6 in the calculations. In the 450-500 cm ! range there
are 6 modes with closely spaced frequencies in our calculations but only
4 peaks in the experimental spectrum (Fig. 6), thus, the assignment for
this region can be arbitrary. The positions of the peaks at 900-1100 cm ™
are in a good agreement with the doubled calculated frequencies of the
maxima at the phonon densities of states, thus indicating the two-
phonon origin of these peaks.

In the 300 + 400 cm ! interval six peaks were observed at ambient
pressure, whereas only four peaks were predicted by calculations (see
Table 1). Previously, only three peaks were observed in this range at
325, 360 and 387 cm ! in Ref. [1 4], whose frequencies decreased with
pressure increase. These peaks were incorrectly assigned to the
first-order Raman scattering by the Tag, E; and Ajg clathrate modes
despite the prediction of the positive Grueneisen parameters for these
modes [14]. Presently, we assign the soft modes, observed at 335, 352
and 388 cm ™! at 0 GPa (open red circles in Fig. 7) to the two-phonon
processes involving the soft modes of Si;3¢ below 200 cm™! (Fig. 7).

Taking this into account, the rest of the peaks can be easily assigned
to the Sij3¢ modes (see Table 1). There is a good overall agreement
between our experiment and calculations. The difference of the calcu-
lated mode frequencies and corresponding experimental peak positions
does not exceed 10 cm™! at all pressures. No anomalies, such as
nonlinearity or discontinuities, can be seen in the pressure evolution of
the experimental peak positions and the pressure dependencies of all
modes are well explained by the calculations for pure Si;se. Thus, the
effect of hydrogen on the host Si; 3¢ lattice modes is negligible.

To elaborate the effect of Hy incorporation into the Si;3g structure,
we performed ab initio calculations for the hypothetical Sij3q(Ha)g
structure, in which one hydrogen molecule is placed into each large cage
of the host Siy3¢ lattice. The calculated value of the enthalpy H for the
reaction Sij3¢ + 8Hy = Sij36(Ha)g is H= —1.65 eV per Hy molecule at 10
GPa and 0 K, which seems to favor such incorporation. This result
should, however, be taken with caution, because presently available ab
initio calculation methods dramatically underestimate the enthalpies of
hydrides.

Our calculations predict only a minor effect of hydrogen incorpora-
tion on the volume and vibrational properties of the host Sij 3¢ structure.
Particularly, the shift of the vibrational frequency is from —1 to +3 cm™*
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imental peak positions from Ref. [14], the symbols of other colors stand for the
experimental data of the present work, and the solid lines are the results of
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diamond-type silicon Si-I from the present work and from Ref. [14], respec-
tively. The peak positions at ambient pressure are listed in Table 1. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

for each Raman-active mode. On the other hand, the changes of the
vibrational properties of Hy upon entering the Sij3q structure are dra-
matic - the vibron frequency shift by about +200 em L. Presumably, in
the small cage the shift should be even stronger because of stronger
interaction between the Hy and its environment. The absence of any
peaks which can be associated with the shifted vibron in experiment (see
Section 3.2) indicates the absence of hydrogen in our silicon sample.

4. Conclusions

We studied the behavior of silicon clathrate Sij3s under high
hydrogen pressure up to 11.5 GPa by X-ray powder diffraction and
Raman spectroscopy at room temperature. During compression, silicon
clathrate irreversibly transformed into a mixture of Si-II and Si-III at
about 10 GPa. During decompression Si-II transformed into Si-III at
about 9 GPa.
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Table 1
Calculated and experimental Raman frequencies for the silicon clathrate Sij3¢ at
ambient pressure.

Mode Wavenumber, cm ™!
Calculation, present Calculation Experiment, present
work [42] work

1Toq 117 121 119
1Eg 129 128 133
2T 174 176 181
3Tag 271 267 272
1A 317 316 321
4Ty 324 325 unresolved from 1A
two- - - 335

phonon
two- - - 352

phonon
2Eg 361 360 363
two- - - 388

phonon
2A1g 395 397 397
5Tag 406 406 407
3A1q 457 458 459
3Eg 463 463 468
6T 467 466 unresolved from 3E,
7Tag 473 473 475
4E, 484 483 487
8Ty 484 487 unresolved from 4Eg

No indications of the interaction of molecular hydrogen with the host
lattice of the silicon clathrate Sij3¢ were observed within the pressure
range covered in our experiments. Thus, the Hy molecules did not
penetrate into the cages of the Si; 36 crystal structure. In addition, we did
not observe hydrogen absorption by the Si-II and Si-III phases. Our
experimental pressure dependencies of the Si;ss Raman mode fre-
quencies are in a good agreement with the data reported in Ref. [14] for
Sij36¢ compressed in an inert medium. Our ab initio calculations describe
the observed pressure dependencies of peak positions with satisfactory
accuracy, which allowed us to unambiguously assign all observed
Raman peaks.

Particularly, three additional “soft” modes, whose frequencies
decrease with pressure increase, were found in the 300 + 400 cm?
frequency range. These “soft” modes were the only ones recorded
experimentally in Ref. [14] in this range, and they were incorrectly
assigned to the Ty, E; and Az modes of the Sij3¢ lattice. However, all
single-phonon modes in the 300 ~ 400 ecm ™! range should be “rigid”
according to the calculations in Ref. [14] and present ones. Therefore,
we assign these modes to the two-phonon scattering processes involving
the soft modes in the 150 + 200 cm ™! range.
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