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High-pressure Raman study of the iodine-doped silicon clathrate I8Si44I 2
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Raman scattering measurements of an iodine-doped I8Si44I2 clathrate have been performed at pressures up to
28 GPa and 296 K. We found two Raman peaks at 75 and 101 cm21 associated with the vibrations of guest I
atoms inside the host Si cages, and observed some framework vibrations around 120–500 cm21. These
characteristic Raman bands and their pressure dependence are investigated in consideration of our recent
Ba8Si46 studies. The lowest-frequency framework vibration at 133 cm21 shows the softening with pressure,
which seems to be the common feature of Si clathrates. A strong and broad Raman band centered at 461 cm21

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 I 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 studies of I8Si44I2.

DOI: 10.1103/PhysRevB.68.212102 PACS number~s!: 62.50.1p, 63.20.Pw
ls

b
N
en

le

is
m
o
e
s
a

h
pe
t

-
-

re

c

P
p
b
e
tr

K,
ty of
-
k in
he
-

ral
hy-
ult
ith

tudy
8

of

ved
e
ork
con-
of
m-
nts

t 5

e
na-

ts.
g a
f

Silicon clathrates1 are covalent bonded cagelike crysta
composed of face-sharing Si20, Si24, and Si28 polyhedra.2

Doping of the guest into low-density clathrates can
achieved by filling up the cages by some metals such as
K, and Ba. These materials are isostructural with hydrog
bonded H2O clathrates~structures I and II!.3 In fact, two
types of silicon clathrates are commonly observed labe
Si-46 ~type-I! and Si-136~type-II!. The Si46 is, for example,
formed by a simple cubic arrangement of two small Si20 and
six large Si24 polyhedra per unit cell. The resulting formula
M8Si46 if host Si cages are fully occupied by guest ato
~M!. In these Si clathrates, the electron-electron, electr
phonon, and phonon-phonon coupling mechanisms betw
the encaged atoms and the framework Si are key point
understand their characteristic properties such
superconductivity,4 wide band gap,5 high thermoelectric
power,6 low compressibility,7 and pressure stability.8 These
couplings can be explored in part by the study of hig
pressure Raman scattering through their vibrational pro
ties of both guest atoms inside the cages and the hos
framework.

Recently, an iodine doped I8Si44I2 clathrate has been pre
pared by Renyet al.9 under the conditions of high tempera
ture and high pressure, which is the first case ofp-type sili-
con clathrate by doping acceptor I atoms mo
electronegative than the host Si. In the I8Si44I2, the I atoms
occupy all clathrate cages, and 11% of the Si~2! site~i.e., 16i
site in thePm3̄n space group which presents three distin
crystallographic sites; 6c, 16i, and 24k! in the Si framework
are replaced with the larger I atoms than host Si atoms.10 The
‘‘ideal’’ I 8Si46 clathrate is not still found experimentally.

For the experimental studies of I8Si44I2, Miguel et al.11

measured x-ray diffraction at high pressures up to 35 G
and room temperature, and estimated the pressure de
dence of the cell parameter and the average first-neigh
Si-Si distance. They found only the slight change in the c
parameter at 17 GPa and confirmed more stable cage s
0163-1829/2003/68~21!/212102~4!/$20.00 68 2121
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ture than Na8Si46 and Ba8Si46. Reny et al.12 measured the
inelastic neutron scattering at ambient pressure and 300
and provided the spectra responsible to the phonon densi
states~PDOS!. More importantly, they concluded the in
crease of the hybridization between guest and framewor
order of Na, K, Ba, and I guest atoms by comparing t
intensities~i.e., PDOS! of low-frequency modes, correspond
ing to the vibrations of encaged atoms.

For the theoretical study of ‘‘ideal’’ I8Si46, Connétable
et al.13 presented first-principles calculations of the structu
and electronic properties and predicted that the strong
bridizations between the iodine and Si network orbitals res
in a large opening of a 1.75 eV band gap, in contrast w
Na- and Ba-doped clathrates showing metallic behavior.

In this paper, we present the high-pressure Raman s
of the iodine-doped I8Si44I2 clathrate at pressures up to 2
GPa and 296 K. Two Raman peaks at 75 and 101 cm21 are
found to be responsible to the low-frequency vibrations
guest I atoms inside the large Si24 and small Si20 cages, re-
spectively. The framework Si vibrational bands are obser
around 120–500 cm21. The characteristic properties of th
lowest-frequency and the highest-frequency framew
bands, and their pressure dependence are investigated in
sideration of our recent high-pressure Raman study
Ba8Si46.14 The guest-host interactions are discussed by co
paring them with the previous x-ray and neutron experime
of I8Si44I2.11,12

The sample of the iodine clathrate was synthesized a
GPa and 700 °C from Si powder and iodine,9,10 and its sto-
ichiometry was determined to be I8Si44I2 by x-ray Rietveld
refinement. Our sample of pure I8Si44I2 was fine powder
with a blackish or metallic-like luster, but sometimes w
found an orange-colored one due to the impurity contami
tion. We pressed the selected pure I8Si44I2 powders into
dense polycrystalline pellets for the Raman measuremen

High-pressure experiments were carried out by usin
diamond anvil cell~DAC! with a metal gasket. The hole o
©2003 The American Physical Society02-1
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the gasket serving as the sample chamber was set to a
100 mm in diameter and 100mm in thickness. A few pieces
of the pellet samples were placed into the chamber of DA
and loaded with a ruby chip for pressure measurements.
fine measurements of I8Si44I2 Raman signals which wer
very weak due to its semiconductor property, we used
dense argon as the pressure transmitting medium that is
from Raman signals.14,15 Raman spectra were measured in
backscattering geometry with a micro-Raman spectrom
~JASCO NR 1800! equipped with a triple monochromato
and a charge-coupled-device~CCD! detector. The 514.5 nm
line of an Ar-ion laser was used for the excitation. The sp
tral resolution was about 1 cm21. In the Raman measure
ments at ambient pressure without DAC, the sample w
placed in a vacuum cell to remove undesirable Raman l
of gaseous N2 and O2 rotation below 200 cm21. In order to
avoid the stray light in high-pressure Raman measureme
we employed different laser lines of 488.0 and 532.0 nm,
carefully confirmed our Raman spectra to be intrinsic.

Raman scattering spectrum of I8Si44I2 at ambient pressure
and 296 K is shown in Fig. 1 with those of K8Si46 ~Ref. 16!
and Ba8Si46 ~Ref. 14! clathrates for comparison. It can b
clearly confirmed from K8Si46 and Ba8Si46 spectra that their
Raman frequencies are sensitive to the guest atoms.
I8Si44I2, just looking different from the others, we can fin
two sharp peaks at 75 and 101 cm21, a weak peak at
133 cm21, some broad structured bands arou
150–420 cm21, and a strong and broad band centered
461 cm21. Raman spectra at various pressures up to 28 G
and their Raman frequencies as a function of pressure
shown in Figs. 2 and 3, respectively.

Two Raman peaks at 75 and 101 cm21 can be identified
to correspond to the low-frequency vibrational modes p
duced by the motions of I atoms accommodated in large
small cages, respectively, because of their sharp peaks,
good correspondence to those of Ba8Si46, and their pressure

FIG. 1. Raman spectrum of I8Si44I2 at 1 bar and 296 K with
those of K8Si46 ~Ref. 16! and Ba8Si46 ~Ref. 14! clathrates for com-
parison.
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dependence of Raman frequencies comparable with thos
Ba8Si46

14 ~see Raman peaks at 49, 60, and 89 cm21 in Figs.
1 and 4!. However, the PDOS of I8Si44I2 measured by the
neutron scattering12 did not show a peak related to the vibr
tion of encaged I atoms, in contrast to the present Ram
spectra.

The peak at 133 cm21 can be assigned to the lowes
frequency framework vibration, because it shows the soft
ing with pressure~see Figs. 3 and 4!, similar to the following
two cases; a peak at 153 cm21 of Ba8Si46 clathrate14 ~see
Figs. 1 and 4! and a peak near 134 cm21 in a type-II Si-136
clathrate studied by the theory17 and Raman measurement.18

These mode softenings seem to be the benchmark o
clathrates and also of cubic-diamond Si,19 showing tetrahe-
dral bonds.

As seen in Fig. 1, some broad structured bands of I8Si44I2
around 120–420 cm21 are remarkable in comparison wit
the corresponding spectra of K8Si46 and Ba8Si46. This seems
to be due to the considerable framework distortion induc
by the presence of the larger I atoms on some of the hos
sites, which is mentioned later in details.

An outstanding band at 461 cm21 of I8Si44I2 in Figs. 1
and 2 can be assigned to the highest-frequency framew
vibration. Here, at the beginning we checked the poss
assignment of the iodine vibration20 due to I-I bond forma-
tion, but there was no such confirmation. Let us investig
the origin of this strong and broad band. The Raman int
sity is proportional to the square of the polarization chan

FIG. 2. Raman spectra of I8Si44I2 at various pressures up to 2
GPa and 296 K.
2-2
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with atomic displacement, and is also dominated by Ram
selection rules. Therefore, we will first consider the structu
details of the I8Si44I2 clathrate. As mentioned above, large
atoms are selectively sited at 11% of Si~2! sites in the frame-
work. Recently, Tse21 has calculated the optimized structu
of I8Si44I2 at ambient conditions. From its result the di
tances of Si-Si and Si-I of the framework were estimated
follows: the Si-Si distance ranges from 2.26 to 2.38 Å, b
the Si-I distance does from 2.68 to 3.02 Å. These Si-I bo
lengths are surprisingly large. Therefore, there should be
considerable framework distortion, which can significan
induce the electronic polarization. As a result, we can exp
the increase in Raman intensity for the framework mode
sociated with their bond stretchings between a pair of Si~I!
atoms in the framework. And, the breakdown of Raman
lection rules induced by this distortion of crystal lattice lea
possibly to the strong and broad band. At the same tim
various Si-Si~I! bond lengths ranging from 2.26 to 3.02
result in the wide-frequency distribution of stretching line

As for the pressure-induced phase transition in I8Si44I2,
we could not clearly confirm it up to 28 GPa. However,
seen in Fig. 2, Raman bands around 120 cm21 show the
broadening above 18 GPa, which may be correspondin
the slight change in the cell parameter at 17 GPa found
Miguel et al.11 The present result supports that the I8Si44I2
clathrate is more stable than Ba8Si46 at high pressures.11

Mélinon et al.22 measured the PDOS of Na8Si46 and
K8Si46 clathrates by inelastic neutron scattering, and repo
that the low-frequency acoustic mode@AM # shows a blue-

FIG. 3. Pressure dependence of Raman frequency shift
I8Si44I2 at 296 K. Solid lines show the low-frequency vibration
associated with guest I atoms inside the cages. Low- and h
frequency broken lines show the lowest- and the highest-freque
framework vibrations. This lowest framework vibration shows t
softening with pressure.
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shift, while the high-frequency optical mode@OM# indicates
a redshift with respect to the diamond silicon structure23

They also suggested that the redshift of this OM frequenc
responsible for the degree of guest-host coupling. Here, t
used the terms of acoustic and optical modes as a matte
convenience.12,22 Recently, Renyet al.12 estimated the de-
gree of guest-host coupling in Si clathrates from the follo
ing two results of their PDOS measurements:~1! Softening
of the framework stretching mode; the guest-host coupl
diminishes the restoring stretch force and reduces the vi
tional frequency.24 ~2! Intensity of the vibrations of gues
atoms inside the cages; with an increasing coupling, th
vibrational bands broaden progressively, to finally disapp
in the PDOS, i.e., the amplitude of these modes is invers
proportional to the guest-host coupling. They concluded
highest guest-host coupling in I8Si44I2 among Na-, K-, Ba-,
and I-doped Si clathrates, which is based upon no signa
the low-frequency mode12 corresponding to the vibration o
encaged I atoms.

Raman spectra do not necessarily coincide with the PD
determined by the neutron scattering, because the sele
rules exist in Raman scattering while the absence of s
rules in the neutron experiment, allowing the total view
the PDOS. Furthermore, Raman experiments probe vi
tional modes only near the Brillouin zone-centerG. The fol-
lowing three key signals as~1! the vibrational bands assoc
ated with guest atoms,~2! the lowest-frequency framewor

of

h-
cy

FIG. 4. Volume dependence of Raman frequency shifts
I8Si44I2 and Ba8Si46 ~Ref. 14! at 296 K. Solid squares and ope
circles represent the data of I8Si44I2 and Ba8Si46, respectively.
Solid lines show the low-frequency modes associated with gue
atoms inside the cages of I8Si44I2. Low- and high-frequency broken
lines show the lowest- and the highest-frequency framework vib
tions of I8Si44I2. Each scale of applied pressure is shown at
upper part in this figure.
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BRIEF REPORTS PHYSICAL REVIEW B68, 212102 ~2003!
band ~showing the softening in frequency!, and ~3! the
highest-frequency framework band are clearly observed
investigate the guest-host interactions in these Si clathr
~see Fig. 1!. As for the first case of the vibrations of gue
atoms inside the cages, their frequencies are mainly de
mined by their masses of guest atoms~K; 39.1, I; 126.9, and
Ba; 137.4!. Therefore, the iodine frequencies of I8Si44I2 ~i.e.,
75 and 101 cm21) seem to be reasonable by consideri
their frequencies of K8Si46 ~83, 94, and 119 cm21) and
Ba8Si46 ~49, 60, and 89 cm21). Furthermore, the existenc
of their sharp and strong iodine peaks in I8Si44I2 may suggest
that the motion of guest I atoms is not substantially s
pressed by the effect of guest-host interaction, that is,
likely the highest iodine-framework interaction. Next,
seen in Figs. 1 and 4, high-frequency framework vibratio
of Ba8Si46 (346–430 cm21) show the redshift with respec
to those of I8Si44I2 (410–461 cm21) but the volume depen
dences of their frequencies are almost the same, which im
that the guest-host interaction may be stronger in Ba8Si46
than in I8Si44I2. The superconductivity was found in Ba8Si46

4

and Ba8AgxSi462x (x,4)25 clathrates, but the absence
I8Si44I2 down to T52 K.9 If the strong hybridization be-
tween the guest atoms and Si framework plays an impor
role in its appearance of superconductivity,12 more detailed
studies about the guest-host interactions are required
I8Si44I2 and ‘‘ideal’’ I 8Si46 clathrates with the careful inves
tigation of the effect of stoichiometry.26
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In conclusion, we present the vibrational properties of
iodine doped I8Si44I2 up to 28 GPa and 296 K. Two shar
Raman peaks were clearly observed at 75 and 101 cm21,
which were assigned to the vibrations of encaged I ato
The lowest framework vibration at 133 cm21 shows the soft-
ening with pressure, which seems to be the common fea
of Si clathrates. The strong and broad Raman band cent
at 461 cm21 was understood as the highest-frequency fram
work mode, which was characterized by the substantial
tice distortions due to I atoms replaced in the Si framewo
No obvious pressure-induced phase transition was fou
which supports the previous conclusion of the stable ca
structured iodine clathrate. The vibrational properties im
that the guest-host interaction is likely stronger in Ba8Si46

than in I8Si44I2, which was discussed with the recent inve
tigation by the PDOS of neutron study. More studies ab
the guest-host interactions in I8Si44I2 and ‘‘ideal’’ I 8Si46

clathrates are needed to understand the appearance o
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