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High-pressure Raman study of the Ba-doped silicon clathrate BaSi;oo up to 27 GPa
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High-pressure Raman scattering of type-Ill silicon clathratg,8igy, has been measured up to 27 GPa at
room temperature. Low-frequency vibrational modes associated with Ba atoms inside three kinds of cages were
found around 45-90 crh. The Si framework Raman bands were observed around 115—4715 which are
altogether shifted toward lower frequencies as compared to those of typgsSi,BeHigh-pressure phase
transition occurs at 6.5 GPa, which seems to be due to the structural distortion induced by the increasing
guestBa)-hos{Si) couplings. Ba,Si;oo becomes irreversibly amorphous above 23 GPa. This pressure is lower
than those of type-I Si clathrates, which suggests that type-IIl structure is less stable than type-l under high
pressures.
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I. INTRODUCTION four Si atoms are removed from a,Sicage, respectively.

Silicon (Si), germanium(Ge), and tin(Sn) form clathrate ~ There are two Bal sites, one Ba2 site, and three Bag3 sites per
structures(in) vx?hich the rgfjes)t atoms :Elre)alkali and aIkaIin%.a*SSI25 formula unit>°It is worth noting that 32 out of 100
earth metald;? showing more open structures than the dia- | atoms I the unit cell are threc'e-bon'ded and the remaining
mond type. In these materials, the host lattice is formed b8 Si atoms are four-bondésee Fig. 1, in contrast to type-|
one kind of atoms bonded by strong covalent forces, and it$! clathrates having all four-bonded Si atoms; &, oo un-
bond lengths are almost similar to those in diamond-dergoes a two-step first-order phase transition between 230
structured Si, Ge, and Sn. The most common forms of clath@"d 180 K from metallic behavior to a high-resistivity
rates are known as type-I and type-Il, which are isostructuraftate;>?° which is due to the Ge-Ge bond breaking com-
with hydrogen-bonded 0 clathrates. For silicon clath- bln_ed Wlth_the displacement of nelghborlng Ba atoms to the
rates, the type-1 structure is formed by twoSlodecahedra SPlit positions:*=2* However, BCS-like superconductivity
and six Sj, tetrakaidecahedra in a cubic unit cell connectedoccurs at low temperatuig=0.24 K. By applying pressure,
by the face-sharing manner, which can be represented by tf8€ phase transition is shifted to lower temperature, ut
general formula of MSiyg if host Si cages are fully occupied
by guest atomgM). The type-Il structure is formed by 16
Siyo dodecahedra and eight,ghexakaidecahedra also con-
nected by shared faces in its larger cubic unit cell. These
compounds continue to attract much attention as a
superconductdt;” unusual wide-band-gap semiconduc®r,
and a class of thermoelectric materild! Most recently, we
have found vibrational modes of guest ato(Bs, K, and )
in type-1 BgSiye'? KgSise® and kSiy,l,* compounds by
Raman spectroscopy, and observed some phase transitions at
pressures up to 30 GPa.

Recently, type-lll Ge and Si clathrates, JBae;o, and
Bay,Si;oo Were prepared by several authétst® Ba,,Siyq is
cubic with the room-temperature lattice constaat
=14.0685 A. Each unit cell contains four B formula
units. Figure 1 shows symbolic representation of face-
sharing Sj, dodecahedron, gidistorted cube, and sjiopen
cage as building _units of type-Ill clathrat&¥sin the_structu_re FIG. 1. Symbolic representation of face-sharing, Siodecahe-
there are three sites for the Ba atoms, each having a differegton, sj distorted cube, and §j open cage as building unit of
coordination environment. Each of the,gpolyhedra is cen-  type-|i| clathrates® There are three different sites for the Ba atoms:
tered by a Ba atonfBal sitg, and the two remaining Ba Ba1, Ba2, and Ba3 are enclosed inside,SSis, and Si, open
atoms occupy cavities in the zeolitelike channels because thgges, respectively. Black and white spheres are four- and three-
Siyo units alone cannot fill all spaces. Therefore, this struchonded Si atoms, respectively. 68 out of 100 Si atoms in the unit
ture has two interstitial sites of Ba2 and Ba3, which arecell are four-bonded and the remaining 32 Si atoms are
coordinated with eight Si atoms and 20 Si atofogen Sj,;  three-bonded.
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increases remarkably to 3.8 K at 2.8 GP=&2These unusual ' " " '
properties are understood by the density of states at the
Fermi energy?2* On the other hand, BaSi;o, showed a
metallic conductivity without the phase transition down to
2 K at atmospheric pressut®Very recently, Tanigaki and
others found the superconductivity on BSi;qq at aboutT,

=1.4 K25 However, there is only a few experiments on vi-
brational spectroscopy and high-pressure studies for type-Ili
Si and Ge clathrates.

In this paper, we present the first Raman study of type-Ill
Bay,Si;gg Clathrate at ambient pressure and high_pressure_s_up 0o 100 260 : 3(')0 200 500
to 27 GPa at room temperature. The Raman signals arising Wave number (cm™1)
from vibrations of Ba atoms inside three kinds of cages are
measured around 45—-90 chand identified by comparison ~ FIG. 2. Raman spectrum of Biiioo at 1 bar and 296 K with
with the spectra of BSise2 The Si framework vibrational —that of BaSiss clathraté? for comparison.
bands of BaSijy, are observed around 115-415¢m

Intensity (arb. units)

which are altogether shifted toward lower frequencies aerate, andr, are triply degenerate. In addition, the guest Ba
9 . q Atoms enclosed inside three distinct cages also contribute to

compared o those of type-l B8y, clathrate. We present oo an active modes of2+6E+8T, (16 peaky consisting

and discuss the pressure-induced phase transition at ab%’ftA1+2E+3T2 associated with Bal atomE+T, associated

6.5 GPa and the pressure-amorphized irreversible transitiojiin Ba2 atoms and\, +3E+4T, associated with Ba3 at-
at about 23 GPa by comparing to amorphous Si and thgms. ’

amorphization observed in type-I EBis*® KgSis*’ and Raman scattering spectrum of B3i;o, at ambient pres-
| gSigl ™8 compounds. sure and 296 K is shown in Fig. 2 with that of g
clathraté? for comparison. For BaSi; o, just looking differ-
Il. EXPERIMENTAL ent from BaSise, We can find many peaks at low-frequency

region around 45—90 cth and the Si framework vibrational

The sample of a single-phase£8i,o, was synthesized at bands distribute separately around 115—415%ifheir fre-
1.5 GPa and 800 °C from 24 Ba%ind 52 Si'® This applied  quencies of framework vibrations are altogether lower than
pressure is lower thaR=3 GPa at 800 °C previously used those of BgSi,. For these framework vibrations, we calcu-
for the synthesis of B@is.> BaysSiioo Showed a metallic |ate 74 Raman-active modes, but we cannot unambiguously
conductivity and a blackish or metalliclike Iusﬁér.High- make the mode assignments because of relatively broad
pressure experiments were carried out by using a diamongands containing more than one Raman mode. Furthermore,
anvil cell (DAC) with a metal gasket. The hole of the gasketgyr Ba,Siyo0 Specimen is not a single crystal, therefore, we
serving as the sample chamber was set to aboutd00n  cannot make the symmetry-specific polarization measure-
diameter and 10@m in thickness. Since the pressure syn-ment at present, which is necessary for mode assignments.
thesized BaSi;oo Was obtained as a single phase of 2@  Raman spectra at various pressures up to 27 GPa and their
in size, a few pieces of the samples were placed into th@aman frequencies as a function of pressure are shown in
chamber of DAC and loaded with a ruby chip for pressurerigs. 3 and 4, respectively. The peak at 115tman be
measurements. For fine Raman measurements 95B&  assigned to the lowest frequency framework vibratieae
which shows very weak Raman signals due to its metalliopen circles in Fig. B because it shows the softening with
property, we used the dense argon as the pressurgressurgFig. 4), similar to the following four cases; a peak
transmitting medium that is free from Raman sigrtéid*2° gt 153 cm? of BagSis? (Fig. 2), a peak at 177 ci of
Raman spectra were measured in a backscattering geomekySi,. 13 a peak at 133 cit of 15Siyl, and a peak near
with a micro-Raman spectrometefJASCO NR 180D 134 cmi!in Si-136 clathrate studied by the the#hand Ra-
equipped with a triple polychromator and a charge-couplegnan measureme@t. These mode softenings seem to be the
device(CCD) detector. The 532 nm line of a solid lag€lo-  benchmark of Si clathrates and also of cubic-diamong? Si,
herent Verdi2W} was used for the excitation. The spectral showing tetrahedral bonds.
resolution was about 1 crh In the Raman measurements at  As seen in Fig. 1, there are three different sites for the
ambient pressure without DAC, the sample was placed in guest Ba atoms. Hence we can expect three kinds of vibra-
cell filled with He gas to remove undesirable Raman lines otjons associated with the Ba atoms at low-frequency region.

gaseous hland G rotation below 200 ciit. Bal occupies a Sj cage, which is the same as the small
cageg Siy) of BagSi,e We can find that a peak of 87 chof
IIl. RESULTS AND DISCUSSION Bay,Siigo Shows good correspondence to the 89tpeak of

BagSise Which is due to Ba vibrations in gjsmall caged?

The type-lll Si clathrate crystallizes in the cubic spaceBa3 occupies a §jopen cage, which is closely related to the
group P4,32(0").1>18 The group theoretical analysis pre- Si,, cage in type-l structure because thg,®ipen cage can
dicts that the first-ordefone-phonoh Raman-active modes be made by removing four Si atoms from thg,Siage. Thus,
of Si framework vibrations are 12 +25E+37T, (74 peaky  the local structure surrounding the Ba3 atom can be regarded
whereA; modes are singly degenerateare doubly degen- as the same as that for,gicage in BgSise Therefore, we
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L tional frequencies in BaSi;og and BaSiyg are surprisingly
26.6 GPa close to each other, because this is reasonable by considering
3.2 GPa that _the corresponding sizes of cages in, B8y, and
. : BagSiys are very close to each oth&:Si,,; average bond
20.7 GPa lengths of Bal-Si, 3.408 A and of Ba-Si, 3.362 A, respec-
AR _....J\ A : tively, Sk, (open Sjg) average bond lengths of Ba3-Si,
. A 17.2GPa 3.748 A and of(Si,,) Ba-Si, 3.706 A, respectively. The re-
maining assignment is the vibrations at 767¢émand
ol T J\ o, 15.2 GPa 71 cnl. Let us investigate a Ba2 atom inside g @istorted
< 13.5 GPa cube. The distances between Ba2 and host Si atoms are in a
8 Mz_..J \.M..u . range of 3.429-3.928 A The space of Ba2 atoms inside
s A 12.0 GPa the channels are much ampler than those located inside the
2 - Siyg cage, and there exist only eight Si atoms enclosing a
s o 10.4 GPa guest Ba2 aton(see Fig. 1 Therefore, it seems that the
= e vibrational bands associated with Ba2 atoms are at 76 cm
AN J\ A 8.8 GPa and 71 cm'. In general, Raman intensities of guest vibra-
. ﬂ 6.5 GPa tional bands are proportional to the number of atom or mol-
9 e ecule inside each cage in the unit cell; this is the successful
M case for gas clathrate hydrafészor Si clathrates we cannot
A estimate Raman bands by this standard because of strong
1.5 GPa guest-host coupling®—1* For exact assignment of 76 cin
and 71 cm! bands, the theoretical calculation of phonon
\ AN ot e\ density of state¥ is needed in a future.
100 200 300 400 500 600 Next, we investigate pressure-induced phase transitions.
Wave number (cm!) As indicated by large and small solid circles in Fig. 3, the

FIG. 3. Raman spectra of B#i;q at various pressures up to framework vibration of 126 cit at ambient pressure, with
27 GPa and 296 K. For open and solid circles and open squares, sefcreasing pressure, splits into two peaks at ab®ut
text. =6.5 GPa and their peak frequencies show softening with
pressure(Fig. 4). This splitting is due to the resolution of
also confirm that 59 cfit and 48 cm' peaks of Ba,Sijgpare  degeneraté or T, mode. At the same time, new band ap-
associated with the vibrations of Ba3 atoms in,Spen  peared at about 260 cas indicated by open squarésg.
cages, by comparison with 60 chand 49 cm® bands in  3). Furthermore, the band intensities associated with the vi-
Si,, large cages of Bis'? Here, the corresponding vibra- prations of Ba atoms become weak above 7 GPa at low-
frequency region, particulary for the lowest band due to the
Ba in the large Spopen cage. These phenomena indicate the
4 occurrence of pressure-induced phase transition gySBg,
It is probable that the Ba displacement to off-center positions
is responsible for this phase transition combined with the
enhanced guest-host couplings. We can find the similar phe-
s nomenon for BgSi,g as follows. The pressure-induced phase
transition of BaSi,g found by Raman scattering around
7 GP&2 has been recently interpreted by the off-center dis-
placement of Ba atoms in the large,Stages, confirmed by
the x-ray absorptioR® Furthermore, we are also interested in
the phase transition of Ba#5e o, around 200 K at 1 bar,
which is due to the Ge-Ge bond breaking combined with
the displacement of neighboring Ba atoms to the split
positions?®2223 However, we cannot compare these results
to our present study because there is no phase transition for
Ba,,Sijgg at 1 bar. Therefore, we need high-pressure Raman
studies for Ba,Si;gg at low temperatures and for B&e, g
at room and low temperatures.
At pressures above 23 GPa the Raman bands disappeared
: (see Fig. 3 This is understood as the occurrence of pressure-
NP T TP IR I O T induced amorphization in BgSi;g at about 23 GPa, judging
0 s P,Lgsu,e}gpa) 2 % from the following observations. After attaining the maxi-
mum pressure of 27 GPa, this high-pressure phase was com-
FIG. 4. Pressure dependence of Raman frequency shifts ddletely decompressed to ambient pressure in order to confirm
Bay,Siigo at 296 K. Vertical dotted lines indicate phase transition whether or not the disappeared Raman spectra 9f8gg
pressures. Solid lines are drawn to guide the eye. can recover. As seen in Fig. 5, Raman spectrum did not re-

Wave number (cm-1)
8
o
1

8
S
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' ' ! ' ' sity by comparing to those of a-Si:H in Fig. 5. These results
show that the states of amorphous,f8,,, and a-Si:H are
different from each other. Ishidatet al3® measured high-
pressure Raman spectra of a-Si:H up to 2.5 GPa and reported
that the frequencies of TO- and LO-like modes increase, but
that of TA-like mode decreases with compression. Therefore,

BasSigo as seen in Fig. 5, the spectrum of the amorphous®Ba, is
M corresponding to that of expanded amorphous Si, and that of
a-Si:H is corresponding to the spectrum under compression.

The resulting point is that the Si-Si bond length in the amor-
phous Ba,Si;oo seems to be larger than that in the amor-
phous Si, which may significantly suggest that the amor-
FIG. 5. Raman spectra at 1 bar for hydrogenated amorphous $ihous Ba,Sijgg iS somewhat composed of cagelike
(a-Si:H and for amorphous BgSijo, decompressed fromP  structures enclosing Ba atoms. These investigations are
=27 GPa(an amorphous phase ambient pressure. based on that the average Si-Si bond length of,8igy is
_ _ 2.415 A6 which is longer than that of the diamond-type Si

cover to those before compareessmn and looks like the SP€G2 352 A) at room temperature. The amorphous state of Si
;t:\r’l;rpna?]f at?ar?dn;m[():ﬂglrjasctitizingltht?lgghavmvgrp?r?cs)ﬁgvegt;{]ee é:flathrates is generally interesting in view of the structural

: . : constituent of its bonding and the theoretical simulations.
Bay4Siyoo at ambient pressuréig. 5), we could not detect H’?e present work can be expected to stimulate more studies

0

these Raman signals at pressures of 23-27 GPa, i.e., in t Si clath L f th h I .
amorphous phasig. 3. This is due to its metallic property I clathrates in view of these characteristic properties.

at high pressures. This irreversible transformation to the

amorphous phase is a marked contrast to the case,Of H IV. SUMMARY

clathrates’ where the repulsive forces between the guest ) ) N

and the water host are mainly responsible for the reversible We performed the first Raman studies of type-Ill silicon

transition to the original structure under decompression. Thélathrates(Bay,Siioo) at ambient pressure and high pressures

irreversible phenomena of the pressure-induced amorphizalP to 27 GPa and assigned low-frequency vibrations associ-

tion had been commonly observed on type-l Si clathratesated with Ba atoms inside three kinds of;gScage, Si

BagSis at about 40 GPa by x-rdf, KgSi,s at 32 GPa by Pseudocubic space, and,giopen cage by comparing to

x-ray?’ and kSiyl, at 40 GPa by Raman scatteritftp8On  those of type-l BgSis. The Si framework vibrations of

a recent study of Si,s Tseet al?’ suggested that the guest- B&:sSioo around 115-415 cm shifted altogether to lower

host interaction in the amorphous phase is different from thaffequency as compared to those ofgBag. The change in

in water clathrates. We like to emphasize that the amorphizafamework vibrations of BaSi; o indicated the existence of

tion pressure of 23 GPa for type-IIl Bi;qois significantly high-pressure phase transition at 6.5 GPa, which seems to be

lower than those of type-I clathrates. This means that thélue to the lattice distortion induced by increasing gt

type-IIl structure is less stable than the type-I structure undetostSi) couplings. Ba,Siio Clathrate becomes irreversibly

high pressures. This result can be understood from the foRmorphous at pressures above 23 GPa. This pressure is com-

lowing structural feature. The type-I structure has the threePared to those of type-I clathrates, and the stability of cage

dimensional tight Si-networkall four-bonded Si atomsbut ~ Structures was investigated. By comparison of TO- and TA-

the type-Ill structure contains the channel with ample spacéke phonon spectra between an amorphous,8ig, and

(68% four-bonded and 32% three-bonded Si atoms a-Si:H, we discussed a possible local structure of the amor-
To investigate the amorphous state in, B, we mea-  Phous BaSiioo With the partial composition of the Si cage

sured the Raman spectrum of hydrogenated amorphous Siructures enclosing Ba atoms.

(a-Si;H) for the comparison. As shown in Fig. 5, we ob-

Intensity (arb. units)

100 200 300 400 500 600
Wave number (cm-1)
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