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High-pressure Raman study of the iodine-doped silicon clathrateglSiyl »
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Raman scattering measurements of an iodine-dogfighll, clathrate have been performed at pressures up to
28 GPa and 296 K. We found two Raman peaks at 75 and 101 associated with the vibrations of guest |
atoms inside the host Si cages, and observed some framework vibrations around 120=500lcese
characteristic Raman bands and their pressure dependence are investigated in consideration of our recent
BagSiyg studies. The lowest-frequency framework vibration at 133 tshows the softening with pressure,
which seems to be the common feature of Si clathrates. A strong and broad Raman band centered at 461 cm
is identified to the highest-frequency framework vibration, which is likely intensified and broadened by the
considerable framework distortion due to the replacement of framework Si with larger | atom. No obvious
pressure-induced phase transition was found up to 28 GPa. The guest-host interactions are investigated by the
present vibrational properties and are compared with those of previous neutron stugi@i,bf. |
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Silicon clathratesare covalent bonded cagelike crystals ture than NgSi,s and BaSiss. Reny et all? measured the
composed of face-sharing ;5i Si4, and Sjg polyhedra® inelastic neutron scattering at ambient pressure and 300 K,
Doping of the guest into low-density clathrates can beand provided the spectra responsible to the phonon density of
achieved by filling up the cages by some metals such as Ngtates(PDOS. More importantly, they concluded the in-

K, and Ba. These materials are isostructural with hydrogencrease of the hybridization between guest and framework in
bonded HO clathrates(structures | and )I® In fact, two  order of Na, K, Ba, and | guest atoms by comparing the
types of silicon clathrates are commonly observed labele¢htensities(i.e., PDOS of low-frequency modes, correspond-
Si-46 (type-l) and Si-136(type-ll). The Sjg is, for example, ing to the vibrations of encaged atoms.

formed by a simple cubic arrangement of two smajh&nd For the theoretical study of “ideal”gSi,s, Connéable

six large Sj, polyhedra per unit cell. The resulting formula is et al*® presented first-principles calculations of the structural
MgSiyg if host Si cages are fully occupied by guest atomsand electronic properties and predicted that the strong hy-
(M). In these Si clathrates, the electron-electron, electronbridizations between the iodine and Si network orbitals result
phonon, and phonon-phonon coupling mechanisms betwedn a large opening of a 1.75 eV band gap, in contrast with
the encaged atoms and the framework Si are key points tNa- and Ba-doped clathrates showing metallic behavior.
understand their characteristic properties such as In this paper, we present the high-pressure Raman study
superconductivity, wide band gap, high thermoelectric of the iodine-dopedgBiyl, clathrate at pressures up to 28
power?® low compressibility, and pressure stabilifyThese  GPa and 296 K. Two Raman peaks at 75 and 101 ‘care
couplings can be explored in part by the study of high-found to be responsible to the low-frequency vibrations of
pressure Raman scattering through their vibrational propeguest | atoms inside the large,$and small Sj, cages, re-
ties of both guest atoms inside the cages and the host Spectively. The framework Si vibrational bands are observed
framework. around 120-500 cimt. The characteristic properties of the

Recently, an iodine doped3iy4l, clathrate has been pre- |owest-frequency and the highest-frequency framework
pared by Renet al® under the conditions of high tempera- hands, and their pressure dependence are investigated in con-
ture and high pressure, which is the first cas@ype sili-  sideration of our recent high-pressure Raman study of
con clathrate by doping acceptor | atoms moreBagSi,.1* The guest-host interactions are discussed by com-
electronegative than the host Si. In thSihl,, the | atoms  paring them with the previous x-ray and neutron experiments
occupy all clathrate cages, and 11% of theZisite (i.e., 161 of 15Si,,l,. 112
site in thePm3n space group which presents three distinct The sample of the iodine clathrate was synthesized at 5
crystallographic sites; 6c, 16i, and 24k the Si framework GPa and 700°C from Si powder and iodi¥,and its sto-
are replaced with the larger | atoms than host Si atfiifie  ichiometry was determined to bgSiy,l, by x-ray Rietveld
“ideal” | ¢Siyg clathrate is not still found experimentally. refinement. Our sample of purgSisl, was fine powder

For the experimental studies ofSiyl,, Miguel etal!*  with a blackish or metallic-like luster, but sometimes we
measured x-ray diffraction at high pressures up to 35 GP#ound an orange-colored one due to the impurity contamina-
and room temperature, and estimated the pressure depdion. We pressed the selected pugSilyl, powders into
dence of the cell parameter and the average first-neighbatense polycrystalline pellets for the Raman measurements.
Si-Si distance. They found only the slight change in the cell High-pressure experiments were carried out by using a
parameter at 17 GPa and confirmed more stable cage strudiamond anvil cellDAC) with a metal gasket. The hole of
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FIG. 1. Raman spectrum 0f3isl, at 1 bar and 296 K with 6:5GPa
those of KSi,s (Ref. 16 and BaSi,g (Ref. 14 clathrates for com- 4.6 GPa
parison.

2.2 GPa
the gasket serving as the sample chamber was set to about 0.7 GPa
100 um in diameter and 10@m in thickness. A few pieces o GPa
of the pellet samples were placed into the chamber of DAC, 100 200 300 400 500 600 700
and loaded with a ruby chip for pressure measurements. For Raman Shift (cm™1)

fine measurements 0§3isl, Raman signals which were
very weak due to its semiconductor property, we used the FIG. 2. Raman spectra ofSiyl, at various pressures up to 28
dense argon as the pressure transmitting medium that is frégPa and 296 K.
from Raman signal¥'® Raman spectra were measured in a
backscattering geometry with a micro-Raman spectrometetependence of Raman frequencies comparable with those of
(JASCO NR 180D equipped with a triple monochromator BagSi,s* (see Raman peaks at 49, 60, and 89 &im Figs.
and a charge-coupled-devi(€CD) detector. The 514.5 nm 1 and 4. However, the PDOS of;8i,4l, measured by the
line of an Ar-ion laser was used for the excitation. The specneutron scatterir?é did not show a peak related to the vibra-
tral resolution was about 1 cm. In the Raman measure- tion of encaged | atoms, in contrast to the present Raman
ments at ambient pressure without DAC, the sample waspectra.
placed in a vacuum cell to remove undesirable Raman lines The peak at 133 cm' can be assigned to the lowest-
of gaseous Mand Q rotation below 200 cm*. In order to  frequency framework vibration, because it shows the soften-
avoid the stray light in high-pressure Raman measurementing with pressurésee Figs. 3 and)4similar to the following
we employed different laser lines of 488.0 and 532.0 nm, an@wo cases; a peak at 153 chof BagSi,g clathraté® (see
carefully confirmed our Raman spectra to be intrinsic. Figs. 1 and #and a peak near 134 ¢rhin a type-Il Si-136
Raman scattering spectrum @By, at ambient pressure clathrate studied by the thedfyand Raman measureméfit.
and 296 K is shown in Fig. 1 with those of;Biss (Ref. 16  These mode softenings seem to be the benchmark of Si
and BaSiss (Ref. 14 clathrates for comparison. It can be clathrates and also of cubic-diamond*$showing tetrahe-
clearly confirmed from KSi,s and BgSi,g Spectra that their dral bonds.
Raman frequencies are sensitive to the guest atoms. For As seen in Fig. 1, some broad structured bandg®iJl,
lgSiy4l,, just looking different from the others, we can find around 120-420 cm' are remarkable in comparison with
two sharp peaks at 75 and 101 ch a weak peak at the corresponding spectra of®i,s and BaSig. This seems
133 cm', some broad structured bands aroundto be due to the considerable framework distortion induced
150-420 cm?, and a strong and broad band centered aby the presence of the larger | atoms on some of the host Si
461 cm 1. Raman spectra at various pressures up to 28 GPsites, which is mentioned later in details.
and their Raman frequencies as a function of pressure are An outstanding band at 461 ¢rh of 1gSiyl, in Figs. 1
shown in Figs. 2 and 3, respectively. and 2 can be assigned to the highest-frequency framework
Two Raman peaks at 75 and 101 chcan be identified  vibration. Here, at the beginning we checked the possible
to correspond to the low-frequency vibrational modes pro-assignment of the iodine vibratiBhdue to I-I bond forma-
duced by the motions of | atoms accommodated in large antlon, but there was no such confirmation. Let us investigate
small cages, respectively, because of their sharp peaks, thefte origin of this strong and broad band. The Raman inten-
good correspondence to those of;Bag, and their pressure sity is proportional to the square of the polarization change
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FIG. 3. Pressure dependence of Raman frequency shifts of FIG. 4. Volume dependence of Raman frequency shifts of
lgSisl, at 296 K. Solid lines show the low-frequency vibrations |.Sij,,I, and BaSi, (Ref. 14 at 296 K. Solid squares and open
associated with guest | atoms inside the cages. Low- and highcircles represent the data ofSi,l, and BaSis, respectively.
frequency broken lines show the lowest- and the highest-frequencgolid lines show the low-frequency modes associated with guest |
framework vibrations. This lowest framework vibration shows the atoms inside the cages gSizl,. Low- and high-frequency broken
softening with pressure. lines show the lowest- and the highest-frequency framework vibra-

) o ) ] tions of kSiyl,. Each scale of applied pressure is shown at the
with atomic displacement, and is also dominated by Ramagpper part in this figure.

selection rules. Therefore, we will first consider the structural
details of the §Siy4l, clathrate. As mentioned above, large | shift, while the high-frequency optical modl@®M] indicates
atoms are selectively sited at 11% of(3) sites in the frame- a redshift with respect to the diamond silicon structtire.
work. Recently, Ts& has calculated the optimized structure They also suggested that the redshift of this OM frequency is
of IgSigl, at ambient conditions. From its result the dis- responsible for the degree of guest-host coupling. Here, they
tances of Si-Si and Si-I of the framework were estimated asised the terms of acoustic and optical modes as a matter of
follows: the Si-Si distance ranges from 2.26 to 2.38 A, butconveniencé??? Recently, Renyet al!? estimated the de-
the Si-I distance does from 2.68 to 3.02 A. These Si-I bondgree of guest-host coupling in Si clathrates from the follow-
lengths are surprisingly large. Therefore, there should be thiag two results of their PDOS measuremerts: Softening
considerable framework distortion, which can significantlyof the framework stretching mode; the guest-host coupling
induce the electronic polarization. As a result, we can expeddiminishes the restoring stretch force and reduces the vibra-
the increase in Raman intensity for the framework mode astional frequency* (2) Intensity of the vibrations of guest
sociated with their bond stretchings between a pair ofl Si  atoms inside the cages; with an increasing coupling, these
atoms in the framework. And, the breakdown of Raman sevibrational bands broaden progressively, to finally disappear
lection rules induced by this distortion of crystal lattice leadsin the PDOS, i.e., the amplitude of these modes is inversely
possibly to the strong and broad band. At the same timegroportional to the guest-host coupling. They concluded the
various Si-Si(l) bond lengths ranging from 2.26 to 3.02 A highest guest-host coupling igSis4, among Na-, K-, Ba-,
result in the wide-frequency distribution of stretching lines. and I-doped Si clathrates, which is based upon no signal of
As for the pressure-induced phase transitiong®ijl,, the low-frequency mod@é corresponding to the vibration of
we could not clearly confirm it up to 28 GPa. However, asencaged | atoms.
seen in Fig. 2, Raman bands around 120 énshow the Raman spectra do not necessarily coincide with the PDOS
broadening above 18 GPa, which may be corresponding tdetermined by the neutron scattering, because the selection
the slight change in the cell parameter at 17 GPa found byules exist in Raman scattering while the absence of such
Miguel et al* The present result supports that thSik,l, rules in the neutron experiment, allowing the total view of
clathrate is more stable than §8i,s at high pressures. the PDOS. Furthermore, Raman experiments probe vibra-
Mélinon et al??> measured the PDOS of Ngi,s and  tional modes only near the Brillouin zone-centerThe fol-
KgSiye Clathrates by inelastic neutron scattering, and reportetbwing three key signals a4) the vibrational bands associ-
that the low-frequency acoustic moflaM | shows a blue- ated with guest atomg?2) the lowest-frequency framework
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band (showing the softening in frequengyand (3) the In conclusion, we present the vibrational properties of the
highest-frequency framework band are clearly observed tindine doped ¢Siy,l, up to 28 GPa and 296 K. Two sharp
investigate the guest-host interactions in these Si clathratg@aman peaks were clearly observed at 75 and 101'cm
(see Fig. 1 As for the first case of the vibrations of guest which were assigned to the vibrations of encaged | atoms.
atoms inside the cages, their frequencies are mainly detefrhe |owest framework vibration at 133 crhshows the soft-
mined by their masses of guest atofks 39.1, I; 126.9, and  ening with pressure, which seems to be the common feature
Ba; 137.4. Ther_elfore, the iodine frequencies gBlyl, (8., of Sj clathrates. The strong and broad Raman band centered
75 and 101 cm”) seem to be reasonable by considering, 461 ¢ was understood as the highest-frequency frame-
their frequencies of KSis (83, 94, and 119 cm) and o1 mode, which was characterized by the substantial lat-

. _1 .
BagSiys (49, 60, and 89 cm). Furthermore, the existence .o gistortions due to | atoms replaced in the Si framework.

of their sharp and strong iodine peaks ¢Skl may suggest No obvious pressure-induced phase transition was found,

that the motion of guest | atoms is not substantially sup- . . : K
pressed by the effect of guest-host interaction, that is, unWhICh supports the previous conclusion of the stable cage

likely the highest iodine-framework interaction. Next, as structured iodine clathrate. The vibrational properties imply

seen in Figs. 1 and 4, high-frequency framework vibration§hat t_he ggest-ho;t mterachpn IS I|kely. stronger |n88_|a6

of BagSiss (346—430 cml) show the redshift with respect t.han. in kSiyl,, which was discussed with the recent inves-

to those of §Siyl, (410-461 cmil) but the volume depen- tigation by the RDOS o_f neutron_ study. Mo_re studles_ about
dences of their frequencies are almost the same, which impl{¢ guest-host interactions ipSisl, and “ideal” 1gSis

that the guest-host interaction may be stronger ipJg clathrates are needed to understand the appearance of the
than in kSiyl,. The superconductivity was found in §8i,s7 ~ SuPerconductivity in Si clathrates.
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