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Recent studies on new materials crystallized with the sp® open framework of Si and other group IV elements are reviewed. The synthesis and
predicted properties of a new allotrope of silicon, i.e., orthorhombically structured silicon Siy4, are investigated. Sizs can be formed by heating a
Na,Siy4 precursor at temperatures as low as 47 °C. The quasi-direct band-gap nature with a gap of ~1.3eV is predicted on the basis of a first-
principles calculation. We also review investigations on clathrate materials having Si, Ge or Sn framework atoms for which pressure plays an
important role. The phenomena and characteristics of clathrates under high pressures, i.e., the volume collapse phase transition and
amorphization, are discussed on the basis of a survey over various clathrates with types I, II, Ill, and VIII structures.
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1. Introduction

The importance of silicon to our contemporary technology
cannot be overemphasized as illustrated in the simple
statement ‘“‘carbon gives biology, but silicon gives geology
and semiconductor technology”." Silicon is one of the most
studied elements and its physical drawback is also well
known; silicon is a semiconductor with an indirect band gap
(1.12eV), resulting in its physical limits for integrated
transistors, and its direct band gap (3.2eV) is beyond the
visible light range, making it inefficient for photovoltaic
applications.>™

Silicon is a mainstay of contemporary semiconducting
science and technology, which rely on its abundance, high
thermodynamic stability, and existence of a compatible
dioxide, SiO,. Silicon is the second abundant element on
Earth, and diamond-structured silicon (d-Si) is the most
stable form over wide ranges of pressures and temperatures.
Establishing the phase diagram of silicon has led us to a
few metastable forms of silicon stabilized under ambient
conditions out of the existing thirteen allotropes. Two
metastable forms of silicon with sp® bonding were reported
for Si-IIT in 1964 and for Si-IV in 1963.% However, they did
not improve the required physical property beyond d-Si.

There have been many efforts over the past few decades
to overcome the indirect gap limitations of d-Si and find
alternative solutions. Silicon alloys with isoelectronic ger-
manium, Si;_,Ge,, exhibit band gaps that are tunable by
changing x;” however, these alloys generally retain on
indirect band structure. A recent computational study
involving the search for genetic algorithms suggested that
a superstructure of SiGe,Si,Ge,SiGe, presents direct and
dipole-allowed transitions.® However, the growth of this
superstructure would require extremely precise control over
the exact composition that dictates the ultimate band
structure. Ternary systems such as (Ge;),(GaAs);—, and
Culn(P/Se), show improved performance as optoelectronic
devices over silicon, but they are subject to phase sepa-
ration.” Theoretical studies of Siz_,Ge, clathrate alloys!®
have predicted a range of values for the band gap (1.2-2eV)
and direct band gap for particular values of x. These
compositions, however, have not yet been experimentally
synthesized. The structural complexity, experimental chal-
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lenges, and/or thermodynamic stability of the aforemen-
tioned materials, combined with the advantages of Si for the
electronics industry, have led to the reinvigoration of pure
silicon research.>*!1-19

The phase diagram of silicon has been extensively studied
and more than 13 allotropes of silicon have been reported.
Si-I (d-Si) has a cubic diamond structure and a thermody-
namic ground state under ambient conditions. Si-IIT (cB8 or
commonly known as “BC8”), Si-IV (lonsdaleite, hP4), and
Si-XII (hR8 or commonly known as “R8”) are all metastable
structures produced by decompressing stable phases from
high pressure.!> The BC8 structure is likely semimetallic'®
and the R8 structure was calculated to show a small indirect
gap of 0.24eV.'” Lonsdaleite is produced by heating the
BC8 structure above 470K and has an indirect gap of
~1eV.'81" Additionally, Sij3¢, which is a modified type-II
silicon clathrate that is free of “guest” atomic species,'® and
allo-Si'® may be considered as two other silicon allotropes.
However, Sij3¢ shows a wide band gap of 1.9 eV'%20 and the
crystal structure of allo-Si is not clearly resolved.?"

Among the Si allotropes and Si-related materials, clathrate
materials with guest atoms have been extensively inves-
tigated so far because of their distinct properties that address
their important thermoelectric, phonon, and glass-related
electronic issues,???¥ as well as their superconductivity.??>
These novel properties originate from the interaction between
the host framework and the guest species included in the
clathrate open structure. The host—guest interaction also
affects the structural stability, leading to unique phenomena
under high pressures, i.e., the isostructural volume collapse
phase transition and reversible amorphization.

In this article, we review high-pressure studies on Si-
related materials, namely, allo-Si and group IV clathrates.
This article is organized as follows: In Sect. 2 we describe
the synthesis and properties of the new Si allotrope Siy4 using
high pressure.?® The high-pressure behaviors of clathrates
of Si, Ge, and Sn are described in Sect. 3. A summary of
the recent research studies of allo-Si and group IV clathrates
is shown in Sect. 4.

2. Synthesis and properties of a new Si allotrope
under high pressure
Originally, we were interested in high-pressure behaviors of
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Fig. 1. (Color online) Schematic view of the crystal structure of Siyy.
(a) Siy4 framework (grey) with penetrating metal atoms and molecules,
emphasizing its porosity. (b) Conventional unit cell of Sip4 with three
different symmetric sites in different colors. (c) Part of the unit cell in Sipy
showing the bond lengths in angstrom units and the bond angles.

metal silicon clathrates to test if they are thermodynamically
stable phases under extreme compression. We pressurized the
Na/Si mixture up to 10 GPa, and we found an unprecedented
form of the Na—Si compound, namely, NaSis,?” stabilized
thermodynamically. NaSig (Na4Sip4 in the conventional unit
cell) possesses a EuyGagGe, type structure, which consists
of sp’bonded Si and interpenetrating Na atoms. An
equivalent structure was also reported in BaSig,?® SrSig,>”
CaSis,’” and EuSig.>” We report here the synthesis of a
new allo-Si and its properties predicted on the basis of first-
principles calculation. The electronic structure calcula-
tions were performed using the density functional theory
(DFT)*?3¥ with the generalized gradient approximation
(GGA)* of Perdew—Burke-Ernzerhof (PBE)* used for
the exchange—correlation functional, which was implemented
by means of the same algorithm package indicated in
Ref. 36. We used a plane-wave basis set with a cutoff at
500eV and a uniform Brillouin-zone sampling of 16 X 16 X
16 k-points for Sipy and 6 X 6 X 6 for Sijz6. To estimate
the band gap correctly, we supplemented these calculations
by employing the Bethe—Salpeter equation (BSE)*’® to
compute the Coulomb correlation between photoexcited
electrons and holes using ABINIT software.*

NaySiny exists under ambient conditions as a metastable
form and it was also observed that we can evaporate Na
atoms by raising the temperature to as low as 320 K. The
gradual release of Na atoms into other guest—host-type silicon
case structures was reported; however, it requires a much
higher temperature. For example, type-II silicon clathrate
(Na,Sij36) showed similar phenomena near 623 K2%40) and
we speculate that this difference is closely related to the
geometry of the systems because Na atoms form linear chains
in NaySiy, while Na atoms are captured in Na,Sij36. Owing
to the strong sp® covalent bond nature of Si atoms, the
framework is still maintained without Na atoms, forming an
allotrope of silicon, namely, Si.”® In Fig. 1, we show a
schematic view of the crystal structure of Sipy. The Si-Si
bond length ranges from 2.35 to 2.39 A and the bond angle
is strongly distorted, varying between the smallest angle 6,
(93.73°) and the largest angle 6, (123.17°) compared with the
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Fig. 2. (Color online) Comparison of total energies of several silicon
phases with respect to pressure.

ideal angle (109.5°). Note that Siy4 is thermodynamically
stable against temperature and pressure, comparable to d-Si
despite the distorted bonds. In our report,?® we showed that
Siy4 was observed to be stable up to ~723 K in experiments,
and harmonic phonon calculations predicted that Siyy can
exist up to 10 GPa.

Figure 2 shows a comparison of the total energies of
several Si structures with respect to d-Si. Along the
thermodynamic path, the phase transition from d-Si to f-
tin-structured Si (f-Sn Si) is predicted at ~10 GPa, which is
consistent with the well-known phase boundary of silicon.*"
At ambient pressure, the total energy of Siys is higher than
that of d-Si by ~0.09 eV /atom, while the well-known Si;34
exhibits a lower energy than Siy4. #-Sn Si appears to be much
higher in total energy at ambient pressure by ~0.29 eV /atom
and it becomes the ground state above 10 GPa. We speculate
that an energy difference within 0.1 eV /atom in sp® bonded
silicon phases can be safely stabilized regardless of bond
length/angle deviation from the ideal d-Si.

The electronic band structure of Siyy reveals a marked
change in band structure compared with that of d-Si.
Although d-Si shows a direct band gap (Ey) of ~3.2eV
and an indirect band gap (E;) of ~1.12eV, Siy4 possesses a
quasi-direct band gap nature, indicating both E4 and E; band
gaps of 0.57 and 0.53eV, respectively, in standard DFT
calculations as shown in Fig. 3. It is a well-known problem
of standard DFT calculations that the band gaps of most
semiconductors are underestimated; thus, we also performed
quasiparticle calculations (GW) to obtain the appropriate
band gap. GW calculations rigidly shift bands near the Fermi
level and E4 and E; become 1.34 and 1.30eV, respectively.
The difference between E4 and E; in d-Si is ~2 eV and now it
is reduced to <0.1 eV, forming a quasi-direct band gap.

As Siyy is a quasi-direct-band-gap semiconductor with
1.3eV, we also examined a potential application for photo-
voltaics. The imaginary dielectric function (&;) can be seen
as a good measure of the solar spectral energy absorption of
semiconductors. By solving the BSE for the allotropes of
silicon (d-Si, Sip4, and Sijsg), we could predict how Siyy
improves solar spectral absorption. As shown in Fig. 4, the &,
of three silicon allotropes has a finite amplitude in the visible
light range 1.6 (red)-3.2 (violet) eV. Owing to the lack of the
direct transition of d-Si below 3.2 eV, the amplitude remains
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Fig. 4. (Color online) Calculated solar spectral absorptions of d-Si, Siy,
Siy36, GaAs, and CulnSe,.

small, which is regarded as the fundamental limitation of d-Si
as a photovoltaic material. However, Sij3¢ and Sip4 exhibit
enhanced amplitudes and, furthermore, especially as a single
element, Sip, shows a compatible performance with GaAs,*?
which has a higher efficiency for photovoltaics. Also, note
that optical absorption in Siys starting from the absorption
edge is dipole-allowed, while dipole transition in cubic-
structured Siy3¢ is forbidden.

3. Group IV clathrates under high pressure

3.1 Structure of group IV clathrates

For clathrate materials having a polyhedron cage, several
types of structures have been well known. The typical
structures are shown in Fig. 5 and their crystal data are
summarized in Table I. Since the structures and synthesis
have been described in detail elsewhere,*>#® brief explan-
ations are presented here. The most common forms in the
clathrates are known as types I and II, which are isostructural
with hydrogen-bonded H,O clathrates.*’#®)

The type-I structure with the space group Pm3m is formed
by two highly symmetric E,y dodecahedra and six Ej,
tetrakaidecahedra in a cubic unit cell connected by face
sharing, which can be represented by the general formula of
MgE,; if host E cages are fully occupied by guest atoms M.
The host E atoms are basically of group IV elements (Si, Ge,
Sn), but the group III (Ga, Al) or group V (Sb) atoms can
partially substitute for them, leading to ternary or quaternary
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(Color online) Calculated electronic band structure of Sip4 using standard DFT. The gap energies for the DFT and GW are presented.

Type VIII

Type I (I')

Fig. 5. (Color online) Crystal structures of typical clathrates, types L, II,
III (I'), and VIIL.

clathrates such as BagGa;¢Ge s.**? The 6¢ site in the
type-I structure tends to form vacancies. The typical example
is BagGeys[--+]3, which has three defects on the 6¢ site,
making Ge atoms at the neighboring site (24k site) three-
bonded.’'¥ The type-II structure with the space group
Fd3m is formed by 16 Ey and eight Eyg cages connected by
face sharing in its cubic unit cell. The full occupation of the
guest M atoms corresponds to the formula of MpsE 36. Off-
stoichiometric M,E 3¢ (0 < x < 24) is also stable.

The type-IIl clathrate (expressed also as Type I') is
formulated as M,4E00.>**> The cubic structure with the
space group P4,32 is constructed with spirally chained Ej
cages and many three-bonded E atoms. The guest M atoms
occupy the interstitial sites and the sites inside the E;, cages,
as shown in Fig. 1.

The type-VIII clathrate with non-centrosymmetrical /43m
takes the same stoichiometry (MgE4s) as the type I. The
structure consists of only one type of polyhedral cage
centered by an M atom (8c site) in contrast to the two types
of cage in the type-I clathrate. The type-VIII host structure
has four Wyckoff positions (2a, 8c, 12d, and 24g) occupied
by the E atoms of the framework. This structure has been
observed for ternary or quaternary clathrates.

© 2017 The Japan Society of Applied Physics
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Table I. Composition and structural parameters of type-I, type-1I, type-III, and type-VIII clathrates of group IV elements.
Type I Type II Type III Type VIII

Main formulae ME4 (6 <x<8) M,E36 (0 < x < 24) Mo4E 00 MgE4¢
Examples

Binary BagSiye, KgSise Na;Sijz6 BaysSijg9, BayGejgp

Ternary BagGa;6Gesg BagGa;6Gesg

Quaternary SrgAl;GagSizg SrgAlgGagSisg

Defect BagGeys

Space group Pm3n (No. 223)

Typical M atomic positions 2a (0,0,0)
6d (0.25,0.5,0)

6c (0.25,0,0.5)
16i (0.183,0.183,0.183)
24k (0.31,0.116,0.31)

Typical E atomic positions

Fd3m (No. 227)

8b (3/8,3/8,3/8)
16¢ (0,0,0)

8a (7/8,7/8,7/8)
32e (0.782,0.782,0.782)
96g (0.817,0.817,0.6285)

P4,32 (No. 213) 143m (No. 217)

8¢ (0.19,0.19,0.19) 8c (0.186,0.186,0.186)
4b (7/8.,7/8,7/8)
12d (1/8,0.810,0.060)

8c (0.0305,0.0305,0.0305)
24e (0.203,0.043,0.00)
12d (1/8,0.169,0.419)
24e (0.240,0.935,0.874)
24e (0.416,0.853,0.083)
8c (0.325,0.325,0.325)

2a (0,0,0)
8c (0.365,0.365,0.365)
12d (0.25,0.5,0)
24g (0.416,0.416,0.144)

3.2 SrgAlGa,Siz clathrates

We present here the high-pressure X-ray diffraction (XRD)
and Raman study of the type-VIII clathrate. Quaternary
clathrates of SrgAl,Gaje_,Sizg are known to take both the
type-I and type-VIII structures depending on the composition
of Al and Ga; the Ga-rich (0 <x<7) and Al-rich (8 <
x < 13) conditions lead to types I and VIII, respectively.’®
To compare the high pressure behaviors between the type-I
and type-VIII clathrates, we have carried out the high
pressure XRD and Raman measurements of the type-VIII
(SrgAl;GagSisp) and type-I (SrgAlgGagSisg) clathrates. The
samples of SrgAl;GagSizy (type I) and SrgAlgGagSisy (type
VIII) prepared by spark plasma sintering (SPS)’® were
placed in a diamond anvil cell (DAC) with a culet of 0.3 mm
diameter for high-pressure XRD and Raman experiments.
Each sample was cut and polished into a plate of ~50 um size
and ~20um thickness. The sample was loaded into the
DAC with an Ar pressure medium. Raman spectra were
measured using a spectrometer equipped with a triple-grating
monochromator and a charge coupled-device detector. A
solid state laser with a wavelength of 532nm was used for
excitation. Pressure calibration was carried out by the ruby
method.

Figures 6(a)-6(d) show results of XRD and Raman
measurements for SrgAl;GagSisy (type I) and SrgAlgGagSis
(type VIII) clathrates under high pressures up to 30 GPa. For
the type-I clathrate, the XRD pattern [Fig. 6(b)] showed a
marked change at P ~ 18 GPa, and the pattern then gradually
became amorphous without distinct peaks, which is well
consistent with the change from a Raman spectrum to an
amorphous spectrum above 18 GPa [Fig. 6(a)]. At pressures
P < 16 GPa, all of the XRD peaks were well indexed with the
primitive cubic structure (Pm3n). At P = 18GPa, almost
all the peaks were fitted well with the cubic symmetry, but
slight deviations were found between the observed and cal-
culated peak positions of, e.g., the (400) and (410) re-
flections. Therefore, a structure transformation into a non-
cubic system occurs at 16 GPa. The same type of deviation
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from the cubic system has been reported for the high-pressure
phase of the type-I clathrate BagGa;sGesp.’” According to
the previous paper, a tetragonal or orthorhombic distortion
occurs in the quasi-cubic phase. In Fig. 7(a), the pressure
dependence of the SrgAl;GagSiz, cell volume is presented
(solid circles). The cell volume of the quasi-cubic phase was
tentatively obtained by assuming that the strongest diffraction
peak was the (321) reflection of the cubic unit cell. A jump is
observed at 14 GPa in the compression curve, which can be
assigned to the volume collapse transition.

For type VIII [Fig. 6(d)], the XRD pattern did not show a
distinct change up to P ~20GPa, but all of the peaks
gradually disappeared at P > 20 GPa, leading to an amor-
phous pattern. Raman spectra also changed to be amorphous.
XRD peak positions were well explained by the cubic system
(Pm3n) up to around 25 GPa. In Fig. 7(a) (solid squares), the
unit cell volume normalized with that at 1 atm is plotted as
a function of pressure. An abrupt jump is found at 20 GPa
in spite of the absence of structural change. Thus, we see that
the isostructural volume collapse transition occurs also for
the type-VIII clathrate.

For both type-I and type-VIII clathrates, the amorphization
is strongly suggested by the features of XRD patterns and
Raman spectra. When the pressure was released from
29.8 GPa, however, the XRD patterns were reversibly
changed, as shown in the upper panels of Figs. 6(b) and
6(d). The XRD profiles after compression have broad
backgrounds riding under the sharp peaks, implying that
there are regions of the sample where the long-range order
has not been restored. This type of reversible change, i.e.,
the reversible amorphization, has been observed also for
other clathrates.’’”® However, all the previous cases were
observed for type-I clathrates. Thus, the reversible amorph-
ization observed here for SrgAlgGagSis is the first case of the
type-VIII clathrate.

3.3 Phase transition and amorphization of clathrates
A high pressure study of group IV clathrates was performed
by San-Miguel et al. for the first time on the type-II Si

© 2017 The Japan Society of Applied Physics
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Fig. 6. Raman and XRD experimental data of SrsAl;GagSis (type I) and SrgAlgGagSis (type VIII) measured under high pressures: (a) Raman of
SrgAl;GagSisg (type I), (b) XRD of SrgAl;GagSisg (type I), (¢) Raman of SrgAlgGagSizg (type VIII), and (d) XRD of SrgAlgGagSisg (type VIII).

clathrate (Na;Si;36) that was almost free of guest Na.>? This
material transforms to a $-Sn structure at the same pressure
of 11.5 GPa as does the d-Si.°?) Since then, various clathrates
of Si,7%01-73) Ge 378.74-76) and Sn””-’® have been investigated
under high pressures. Table I shows a list of the phase
transition pressures, and Figs. 7(a) and 7(b) include the
compression curves reported for Si and Ge clathrates,
respectively. For comparison, the data of diamond-structured
Si and Ge are also indicated in Table IT and Fig. 7.6%7%-80)
Note that the type-I clathrates with full guest occupation
show different high-pressure behaviors from d-Si.%%7® For
example, the type-I BagSiy undergoes two phase transitions
at 6 and 13 GPa, and amorphization at 40 GPa. The Raman
spectra are observed to change at 6 GPa without a change in
structure.®” The 13 GPa transition causes an abrupt decrease
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in unit cell volume [see open squares in Fig. 7(a)] without a
change in XRD pattern. This isostructural-volume-collapse
transition was firstly observed by San-Miguel et al.®? Both
transitions have been explained in terms of changes in
electronic topology caused by charge transfer between the
guest Ba and the host Si.63:65-67)

The volume collapse phase transition observed for BagSiyg
has been commonly observed for other type-I clath-
rates (KgSi46,69’70) Rb6'15Si46,71) IgSi44Iz,61) SrgAl7Gagsi3Q,
BagGal6Ge30,57) Sr8G316G630,74) Eu8Gal6G630,75) and
IsSbgGess’®) and the type-VIII clathrate SrgAlgGagSis. The
transition pressures (P3) are listed in Table II. Further
pressurization often causes the amorphization. The reversi-
bility of the amorphization was identified for several
clathrates, as presented here on the type-I (SrsAl;GagSisg)

© 2017 The Japan Society of Applied Physics
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Table II.

Phase transition and amorphization pressures of group IV clathrates. P;, P3, and P4 correspond to the transition pressures of the isostructural

transition without volume change, the volume collapse transition, and the amorphization transition, respectively. P, corresponds to the phase transition to the
/-Sn structure. The right column represents reversibility. Namely, “Y” denotes a structure recovered after applying the pressure indicated in parentheses.

Isostructural

Vol. collapse Amorphization

Str type P, (GPa) P, (GPa) P (GPa) P, (GPa) Reversibility
Diamond Si 11.5
1T Na;Sij36 11.5
I NagSigge 13 N
I BagSiye 6 13 40 Y (20GPa) N (49 GPa)
I KsSise 6.5 23 32
I Rbg. 15146 13 24 30 Y (15GPa) N (36 GPa)
I BagAgsSiy 28
I IgSigl, 35 47
I (1) BayySijgo 6.5 23 N (27 GPa)
VIII SrgAlgGagSizg 20 26 Y (30GPa)
I SrgAl;GagSizg 14 22 Y (30GPa)
Diamond Ge 10.6
I BagGa;4Gesg 33 35 Y (41 GPa)
1 SrgGa,6Gesq 19 20 Y (21 GPa)
I EugGa;6Ges 13 14
I IsSbsGesg 41 36-44 N (50 GPa)
I BagGeys[-+-13 37 Y (41 GPa)
I (') BagGejgo 6 22 N (26 GPa)
Diamond Sn 0.9
I BagGa,Snsg 6.2 N (6.2 GPa)
I RbgSnua[---]> 7.9
(a)
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Fig. 7. (Color online) Pressure dependence of unit cell volume normalized by that under ambient condition: (a) Si- and (b) Ge-related materials.

and type-VIII (SrgAlgGagSis) clathrates. The amorphization
of the clathrate will be discussed later.

As noted in Fig. 7(b) and Table I, the reversible
amorphization transition, but no volume collapse transition,
was observed for BagGeys[--+]3, in which there are vacancies
on the 6¢ site of the type-I structure.”® This implies that
the 6¢ site plays an important role in the volume-collapse

05FA07-6

transition. To gain insight into the role of the 6¢ site in
the volume-collapse transition, the atomic positions of
BagGa;sGeso have been investigated under high pressures.’”)
Figure 8(a) shows the pressure dependence of the internal
coordinates of the host atoms obtained from the Rietveld
refinement of XRD data of BagGa,sGeso.>” Since the internal
atomic coordinates for the type-I clathrate are (0,0,0) for

© 2017 The Japan Society of Applied Physics
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Fig. 8. (Color online) (a) Pressure dependence of internal atomic
coordinate parameters obtained for BagGa;sGes).>” (b) Small and large cages
of BagGa;¢Geso. The unit cell is represented by a cube drawn by solid lines.
The Wyckoff sites (6¢, 16i, and 24k) of the host atoms are indicated. Arrows
show the displacements for the 24k site induced by pressurization.

Ba(2a), (0.25,0.5,0) for Ba(6d), (0.25,0,0.5) for Ge/
Ga(6¢), (x,x,x) for Ge/Ga(l6i), and (0,y,z) for Ge/
Ga(24k), there are three parameters for the atomic coor-
dinates y and z for the 24k site and x for the 16i site. As seen
in this figure, only the y coordinate of the 24k site slightly
increased with increasing pressure up to the transition, while
the others almost remained constant. This implies that some
parts of the structure are favorably shrinking when the crystal
is compressed. In Fig. 8(b), the displacements of the 24k
atoms are shown using arrows, according to the results in
Fig. 8(a). These displacements give rise to the deformation of
the hexagonal ring in the large cage. The same deformation
of the hexagonal ring was reported also for IsSbgGesg.””
The scenario of the volume collapse transition followed
by amorphization has been discussed in Ref. 57. First, the
hexagonal ring is deformed under a high pressure. The 6¢
atoms are largely displaced from the initial position
[Fig. 8(b)]. This leads to a deformation of the large cage
(Ez4). Simultaneously, the rotation and/or deformation of
the small cages (E,4) occurs because a 6¢ atom bridges the
small cages. As a result, a highly distorted cage structure
is realized. Therefore, the high-pressure phases after the
collapse transition are observed in strongly disordered

05FAQ7-7

Table lll. Bulk moduli of group IV clathrates.
Str type By (GPa) B
Diamond Si 99.9 3.8
I Sij36 90
1 BagSiyg 93
1 KsSiag 86
1 NagSigg 93
1 IgSigqlp 95
1 SrgAl,GagSisg 61.4 5.5
VI SrgAlgGagSisg 60.2 5.1
Diamond Ge 74.9 3
I BagGasGes 67.2 35
1 IgSbgGesg 64.7 4.5
1 BagGeys[ -3 52.8 34

structures, which move more easily to full amorphization
with further increase in pressure up to the amorphization
transition. From Table II, the reversibility of amorphization
seems to depend on the materials. This can be explained as
follows. The distorted structure can turn back the original
structure when the applied pressure is not markedly high.
There is a threshold pressure at which the structure does not
recover even if the pressure is released. For example, the
distorted structure for BagSiye is attained at 13 GPa, and the
threshold for reversible amorphization is between 20 and
49 GPa.

The binary type-IIl (I') clathrate BayysGejop has been
investigated by Nakano®" and Shimizu et al.”® through XRD
and Raman measurements, respectively. This clathrate is just
as compressible as the defect clathrate BagGeys[::-]5. This is
explained by the fact that there are many Ge atoms bonding
only three neighbors. The existence of three-coordinate Ge
atoms yields flexibility in the structure, leading to a higher
compressibility.

For the clathrates without defects, the compressibility or
bulk modulus (Bjy) shows variety as seen in Fig. 7 and
Table III. However, note that all of the clathrates showed
smaller B, values than the diamond structure even if the guest
atoms fully occupy the cages. The binary clathrates such as
BagSiye show a slightly smaller By, indicating that the
existence of guest atoms does not cause the structure to be
stiff. The ternary or quaternary clathrates show significantly
lower By values. This is because the covalent bond between
Si (or Ge) and the other element is more compressive than the
Si—Si (or Ge-Ge) bond. Therefore, By is independent of the
guest atom species, but is determined by the nature of the
host framework. On the other hand, the phase transition
pressure depends on the guest atom species, as noted in
Table II. The sp3 diamond structures of Si, Ge, and Sn are
transformed to the $-Sn structure at 11.5, 10.6, and 0.9 GPa,
respectively, while the sp® clathrate structure can be
maintained up to 47, 44, and 8 GPa for Si, Ge, and Sn
clathrates, respectively. The existence of the guest atoms
preserves the sp’ network of the clathrate at a very high
pressure.

4. Conclusions

In this article, we reviewed the studies on new materials
crystallized by the sp® open framework of Si and other
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group IV elements. In Sect. 2, we reported a discovery of a 3)
new allotrope of silicon. It is an orthorhombic-structured g;
silicon, namely, Siy, formed by treating a NasSiy4 precur- 6)
sor.2® By heating NaySiy, at temperatures as low as 47°C,  7)
we observed that Na ions can be released and eventually 8)
Na,Siy, becomes a sodium-free state. In our experiment, we 9)
confirmed that the sodium concentration was below our
laboratory detection limit, and more importantly, its electrical ~ 10)
behavior was semiconducting, which is in excellent agree- 1)
ment with our first-principles calculations. Surprisingly, the 2)
measured and predicted band gaps of Siy, are ~1.3eV and
the direct and indirect band gaps are almost the same, 13)
forming a quasi-direct band gap. Hence, Siy4 can be assigned
to be the fourteenth allotrope of silicon, which is a quasi- 14
direct-band-gap semiconductor with an optimal band-gap
for photovoltaic applications. Our first-principles calculations  15)
showed that it exhibits an improved solar absorption over 16)
d-Si. Moreover, its quasi-direct band-gap nature can poten- 17,
tially overcome the limitations of d-Si as light emitters® and
interband tunnel field-effect transistors.” 18)
In Sect. 3, the high-pressure studies carried out so far on 19)
group IV clathrates with types-I, II, III (I'), and VIII
structures were summarized. The volume collapse isostruc-  20)
tural phase transition firstly observed for BagSiss has been 21
commonly found in other type-I clathrates and even in the 22)
type-VIII clathrate SrgGagAlgSizg. However, there is no such
phase transition in the defect type-I clathrate BagGey; and  23)
in the type-IIl (I') clathrate having threefold-bonded Ge.
Pressure-induced amorphization is also common in the 24)
type-1, type-III, and type-VIII clathrates. For some clathrates
(types I and VIII), the crystalline phase was recovered after
releasing pressure from the amorphous state. The amorphous 25)
state was discussed on the basis of the atomic displacement 26)
under high pressures, and understood as a highly distorted
structure. Since the isostructural volume collapse and  27)
reversible amorphization are independent of the structure 28)
type in the clathrates, those transitions are likely to be g
common phenomena of the guest—host materials.
30
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