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Abstract

Structure and vibrational properties of Ba8GaxSi46�x (x ¼ 10 and 16) clathrates were studied by X-ray diffraction and Raman

scattering measurements. The temperature dependent electrical resistivity measurement on Ba8Ga10Si36 has shown semiconducting

nature of that clathrate with an energy band gap value of 0.31 eV. On the other hand the measurement on Ba8Ga16Si30 has shown

metallic like electrical conductivity of that clathrate. The origin of semiconductivity in Ba8Ga10Si36 was found to be due to the

vacancy disorder in the framework sites. Room temperature Raman scattering measurements resolved several Raman vibrational

modes, including low frequencies ones corresponding to the rattling motion of Ba atoms. The low frequency positions of Ba in the

respective clathrates at 49.4, 73.7 and 97.3 cm�1 for Ba8Ga10Si36 and at 43.7, 74.5 and 92.4 cm
�1 for Ba8Ga16Si30 were found to be in

agreement with the reported density functional (DF) calculated low frequency modes of Ba8Ga16Si30. The framework gallium

difference and vacancy disorders were found to influence the position and widths of frequency modes. Room temperature lattice

thermal conductivity of Ba8Ga10Si36 and Ba8Ga16Si30 were 1.128 and 1.071Wm�1K�1, respectively, and this low value was

attributed to the resonant scattering between the framework acoustic and Ba rattling modes.

r 2004 Elsevier Inc. All rights reserved.

Keywords: Si clathrates; Raman scattering; Semiconducting clathrates; Cage like structure
1. Introduction

Tetrahedral atoms silicon, germanium and tin form
cage like framework structure enclosing alkali or alka-
line metal atoms [1–3]. These cage-like materials, also
known as clathrates, were found to have a wide variety
of electronic behaviors, including superconductivity in
Ba8Si46 [4] and ferromagnetism in Ba8Mn2Ge44 [5].
Recently there has been considerable interest in these
materials due to their potential application in thermo-
electric cooling [6–8]. The unit cell of type I clathrate
consists of two dodecahedral (cages with 20 atoms;
small cage) and six tetrakaidecahedral cages (cages with
24 atoms; large cage), the center of which is occupied by
alkali or alkaline metal atoms. The crystallographic
location of the tetrahedral atoms is 6c; 16i and 24k; and
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that of the caged atoms is 2a and 6d; respectively. Fig. 1
shows the dodecahedral and tetrakaidecahedral cages of
the type I clathrate structure. The interaction between
the caged (guest) and framework atoms (host) is weak
and therefore the rattling frequency of the guest atom is
localized and this localized rattling motion is reported to
be responsible for the lowering of lattice thermal
conductivity in various clathrates, because of their
resonant scattering with the acoustic phonon modes of
the framework atoms. Experimental investigation on
various clathrates have shown low room temperature
lattice thermal conductivity, for example that of
Ba8Ga16Ge30 [9] and Sr8Ga16Ge30 [10] were 1.3 and
0.9Wm�1K�1, respectively. Though lattice thermal
conductivity of clathrate compound is lowered by Ba
rattling modes, the electrical conductivity is not much
affected and therefore it has potential application in the
field of thermoelectrics.
Reports are available on the transport and thermo-

electric properties of clathrates. The electrical resistivity
measurements on various Si and Ge clathrate have
shown that they are metallic because of their heavily
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Fig. 1. Small and large cages of type I clathrate structure (White atoms

are 6c position; light gray atoms are 16i position; dark atoms are 24k

position; the central big atoms are Ba position).
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doped nature. Very few semiconducting clathrates have
only been reported. The reduction in the carrier
concentration due to excess gallium at the framework
sites or framework vacancies was found to lead to the
semiconducting nature in those clathrates. Nolas et al.
[11] have introduced excess gallium at the framework
sites of Sr8Ga16�xGe30�y and obtained semiconducting
behavior in that clathrate. Ramachandran et al. [12] and
Hermann et al. [13] have found vacancy induced
semiconducting behavior in K8Ge46 and Ba8Ge46
clathrates, respectively.
Though various reports are available on Ba8Ga16Si30

clathrates [14,15], no report is available on the vibra-
tional properties of these clathrates. Therefore in the
present article we report a detailed investigation on
the vibrational properties of Ba8GaxSi46�x clathrates.
The effect of change in gallium concentration on the
structure, transport and vibrational properties are
studied and the results are discussed.
Fig. 2. (a, b) Rietveld analysis of the X-ray diffraction pattern of (a)

Ba8Ga10Si36 and (b) Ba8Ga16Si30 clathrates. Experimental data points

are shown as dots and theoretical fits are shown as solid curves. Tick

marks below the fit corresponds to the position of the Bragg reflections

expected for the structure. Curve shown above the fit is the difference

between the observed and theoretical patterns.
2. Experimental details

Stoichiometric amounts of constituent elements (pure
Ba, Ga and Si) were melted in an argon atmosphere by
an Ar ion gun to get Ba8Ga10Si36 and Ba8Ga16Si30
clathrates. The chemical composition of the as prepared
samples was analyzed by electron probe microanalysis
(EPMA). Powder X-ray (CuKa) diffraction data col-
lected in the range of 2y ¼ 10270�; with step of 0.02�,
showed characteristic type-I clathrate reflections of the
as prepared samples. Structure refinements were carried
out using Rietveld refinement program visual RIETAN
by Izumi [16,17]. Background coefficients, scale factors,
peak shapes (pseudo Voigt), atomic coordinates, unit
cell constants, isotropic thermal parameters and site
occupancies were all refined. Cold pressed and conse-
quently annealed samples, with a theoretical density of
94%, were used for the transport and thermal con-
ductivity measurements. The electrical resistivity (r) was
measured in the temperature range of 300–850K by van
der Pauw technique. The carrier concentration was
calculated from the measured Hall coefficient (RH) by
the relation n ¼ 1=RHe; where e is electric charge. The
heat capacity and thermal diffusivity were measured
using laser flash diffusive technique. Room temperature
thermal conductivity (k) was calculated from the
measured experimental density (d), heat capacity (CP)
and thermal diffusivity (D) by the relation (k ¼ DCPd).
Raman scattering measurements were done on bulk
samples using the 514.5 nm excitation of argon ion laser.
Due to low thermal conductivity of the sample, the power
of incident beam onto the sample was limited to 50mW.
3. Results and discussion

3.1. Structural details

Figs. 2(a) and (b) shows the XRD pattern of
Ba8Ga10Si36 and Ba8Ga16Si30 clathrates showing char-
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Table 1

Rietveld fitting parameters of Ba8Ga10Si36 and Ba8Ga16Si30 clathrates

Sample Atoms Site x y z Uiso (Å
2)

Ba8Ga10Si36 Ba1 2a 0 0 0 0.0097(1)

Ba2 6d 0.25 0.5 0 0.0278(6)

Si1 6c 0.25 0 0.5 0.0070(9)

Si2 16i 0.1848(1) 0.1848(1) 0.1848(1) 0.0096(5)

Si3 24k 0 0.3062(9) 0.1192(8) 0.0092(9)

Ba8Ga16Si30 Ba1 2a 0 0 0 0.0081(6)

Ba2 6d 0.25 0.5 0 0.0181(3)

Si1 6c 0.25 0 0.5 0.0078(2)

Si2 16i 0.1850(2) 0.1850(2) 0.1850(2) 0.0090(6)

Si3 24k 0 0.3073(6) 0.1192(6) 0.0083(4)

Reliability factors�

For Ba8Ga10Si36 Rwp ¼ 0:1114; Rp ¼ 0:0832; Sð¼ Rwp=ReÞ ¼ 1:755

For Ba8Ga16Si30 Rwp ¼ 0:1121; Rp ¼ 0:0820; Sð¼ Rwp=ReÞ ¼ 1:943

�Rwp: R weighted pattern, Re: R expected, S: goodness of fit.

Table 2

List of refined interatomic distances (Å) and angles (deg) for Ba8Ga10Si36 and Ba8Ga16Si30 clathrates

Ba8Ga10Si36 Ba8Ga16Si30 Ba8Ga10Si36 Ba8Ga16Si30

Distance (Si–Si) Si1–4Si3a 2.452 2.461 Distance (Ba–Si) Ba1–Si2 3.357 3.373

Si2–1Si2 2.368 2.369 Ba1–Si3 3.445 3.459

Si2–3Si3 2.418 2.429 Ba2–Si1 3.708 3.722

Si3–1Si3 2.502 2.510 Ba2–Si3 3.546 3.558

Si3–2Si2 2.418 2.429 Ba2–Si3 4.038 4.052

Si3–1Si1 2.452 2.261 Ba2–Si2 3.892 3.906

Angles on Si1 Si3–Si1–Si3 108.21 108.24 Angles on Si3 Si1–Si3–Si2 106.10 106.01

Si3–Si1–Si3 112.03 111.96 Si1–Si3–Si3b 123.98 124.02

Angles on Si2 Si2–Si2–Si3 108.86 108.58 Si2–Si3–Si2 106.56 106.59

Si3–Si2–Si3 110.08 110.02 Si2–Si3–Si3 106.51 106.57

Ba1, Ba2, Si1, Si2 and Si3 are crystallographic positions in type I clathrate structure respectively for 2a; 6d; 6c; 16i and 24k positions.
aThe numbers before the atomic position represents the multiplicity.
bSix ring angle.
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acteristic type-I clathrate reflections of the as prepared
samples. A detailed quantitative measure of framework
site occupancy and the thermal parameters of atoms
were obtained by Rietveld refinement of the X-ray
powder data. Table 1 shows the refined data. The refined
lattice parameters of Ba8Ga10Si36 and Ba8Ga16Si30 were
1.0474 and 1.0526 nm, respectively. The observed
difference in the lattice constant can be attributed to
the difference in the number of Si–Ga bonds in the
respective clathrates. As the Ga concentration increases
the number of Si–Ga bonds, with slightly longer bond
lengths than that of Si–Si, increases and as a result the
lattice parameter and the interatomic distance between
the guest and host framework of Ba8Ga16Si30 increases.
The lattice constant value of Ba8Si46 is 1.0192 nm, which
is lower than that of Ba8Ga10Si30 and Ba8Ga16Si36
clathrates also support the fact that the difference in the
number of Si–Si/Si–Ga bond determines the lattice
parameter. The interatomic distance between Ba and
framework atoms of the respective clathrates were
calculated from the refined data and tabulated in
Table 2.
The refined results gave the total occupancy of Ga/Si

equal to 3.492(9)/2.012(2), 0.993(2)/14.012(8), and
5.512(8)/17.986(7) for Ba8Ga10Si36 and 3.995(2)/
2.005(8), 1.994(5)/14.007(1), and 10.006(8)/13.999(2)
for Ba8Ga16Si30, respectively, for 6c; 16i; and 24k sites.
Similarly, the refined total occupancy of Ba at the 2a

and 6d sites are 1.987(9) and 5.976(9) for Ba8Ga10Si36
and 1.972(6) and 6.00 for Ba8Ga16Si30, respectively.
Therefore according to the refined occupational
factors, the calculated composition of the respective
clathrates is Ba7.96Ga10Si34.01 (Ba7.8Ga10Si34) and
Ba7.97Ga16Si30 (Ba7.9Ga16Si30) (the composition values
given in the brackets are from the experimental electron
probe microanalysis). The occupancies of Ba8Ga10Si36
indicates that there are vacancies at 6c; 16i; and
24k sites of Ba8Ga10Si36, with one vacancy at 16i

and fraction of one vacancy at 6c and 24k sites
respectively.
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Fig. 3. Six ring region of type I clathrate structure.
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In general the vacancy formation preferably occurs in
the six ring region. This is because the six ring region is
under stress due to large deviation in the tetrahedral
angle of that region, and this stress is released by the
creation of vacancies. Fig. 3 shows the six ring region of
the type I clathrate structure, in which the angle on the
atoms in 24k site is about 124�, i.e., 12% greater than
that of cubic diamond silicon structure. Though the
entire six ring region is under stress, the vacancy
formation is preferred at the 6c site rather than the
24k site of that region. This is because the 6c site is
shared by tetrakaidecahedral cages only, whereas the
24k site is shared by both dodecahedral and tetrakaide-
cahedral cages. As the deviation of tetrahedral angle in
the tetrakaidecahedral cages are relatively higher than
that in dodecahedral cages (Table 2), the 6c sites which
are shared by tetrakaidecahedral cages alone are
preferred in the vacancy formation process. The 6c site
vacancy formation was observed in binary clathrates
like Ba8Ge46 and K8Ge46 [12,13]. In contrast, silicon
binary clathrate Ba8Si46 has shown no 6c site vacancy
[18]. The reason is that Ge–Ge bonds are weak and
therefore the 6c site vacancy formation is an energeti-
cally favorable process in Ba8Ge46 and K8Ge46 clath-
rates, and not favorable in Ba8Si46 clathrate. However,
when gallium is doped, all the binary clathrates
including germanium clathrates have shown no vacan-
cies at the 6c site [15], and this is due to the preferential
occupation of gallium at these sites.
In contrast to the above discussion, Rietveld refine-

ment results on Ba8Ga10Si36 have shown vacancies at all
framework sites. As the vacancies are distributed almost
randomly at all framework sites, it is believed that the
deviation in the stoichiometric requirement of 16
gallium per unit cell of that clathrate is the reason for
the observed random distribution, which is consistent
with the recent theoretical calculations on the stability of
the type I clathrate structure [19].

3.2. Electrical properties

Fig. 4 shows the temperature dependence of electrical
resistivity (r) in the temperature range of 300–850K for
Ba8Ga10Si36 and Ba8Ga16Si30 clathrates, with room
temperature carrier concentration of 3.02� 1019 and
1.41� 1021 cm�3, respectively. The temperature depen-
dant r indicates semiconducting behavior of
Ba8Ga10Si36 clathrate, whereas that of Ba8Ga16Si30 is
like a heavily doped semiconductor. From the slope of
the graph drawn between 1000=T versus r; in the high
temperature region, the energy band gap value of
Ba8Ga10Si36 was estimated as 0.31 eV. This value is
close to the theoretical value of 0.4 eV calculated by
density functional theory on Ba8Ga16Si30 clathrate [20].
As the framework gallium doping determines the Fermi
level shift, rather than the energy band gap value, the
value of 0.31 eV could be the energy band gap value of
Ba8Ga16Si30 clathrate.
In general clathrate compounds having no vacancies

at their framework site show metallic like electrical
conductivity because of their heavily doped nature. In
contrast, the electrical resistivity of clathrate with
vacancies at the framework sites shows semiconducting
behavior due to the reduction of conduction band
population followed by the occupation of guest valence
electrons at vacancy induced defect states. Hall mea-
surements show decreasing carrier concentration of
Ba8Ga10Si36 clathrate followed by occupation of
electrons at the defect states.

3.3. Raman spectroscopy

Figs. 5(a) and (b) shows Raman scattering spectra of
Ba8Ga10Si36 and Ba8Ga16Si30 clathrates. The result of
Lorentzian curve fitting is also shown in the figure with
the experimental data represented as dots. In the present
case the experimental Raman scattering measurements
resolved 17 and 15 modes respectively for Ba8Ga10Si36
and Ba8Ga16Si30 clathrates. The high frequency mode
for the respective clathrates is at 489.2 and 512.5 cm�1.
The high frequency phonon mode of Ba8Ga16Si30 at
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Fig. 5. (a, b) Raman scattering spectra of Ba8Ga10Si36 and

Ba8Ga16Si30 clathrates at T ¼ 300K. The data are represented by

the points and the solid lines are fit to the spectrum.

Table 3

Raman frequency (o) and line width (G) details of Ba8Ga10Si36 and
Ba8Ga16Si30 clathrates

Ba8Ga10Si36 Ba8Ga16Si30

o (cm�1) G (cm�1) o (cm�1) G (cm�1)

49.4 9.1 43.7 7.1

73.7 15.5 74.5 13.0

97.3 12.9 92.4 14.2

157.4 9.7

191.1 17.5 190 7.4

213.7 21.2 208.7 21.5

232.2 8.4 224 16.1

269.2 11.3 272.2 7.9

312.8 20.9 314.6 25.2

334.9 21.8 346.5 7.8

352.7 14.9 357.3 12.8

365.5 20.7 376.9 15.5

392.7 17.9 392.9 9.8

427.5 13.2

440.5 15.2 446.4 23.3

453.1 10.0 466.3 8.6

489.2 7.5 494.5 11.6
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512.5 cm�1 corresponds to small amount of possible
silicide phase present in the sample. Similar types of
modes corresponding to the silicide phase are observed
in Ca1�xLaxSi2 silicide and in K2.9Ba4.9Si46 clathrate
[21]. Table 3 shows the frequency position and line
width information obtained from Lorentzian curve
fitting. To correlate the frequency position with the
possible vibrational modes, the experimental frequency
modes were compared with those theoretically calcu-
lated by various authors [22–24]. The comparison has
shown that the frequency positions are not in agreement
and the reason for this may be due to the fact that the
theoretical frequencies were from empty Si46 clathrate,
whereas the experimental results are from Ba containing
Si46 clathrate. Room temperature Raman scattering
spectra of silicon clathrates like Na8Si46, K7Si46,
K2.9Ba4.9Si46 and Na0.2Ba5.6Si46 were also similar to
our Raman results and not in agreement with theoretical
data [21]. Therefore, it seems that a more sophisticated
theory, including the structural relaxation, charge
transfer between Ba and framework atoms and con-
sequent interaction among themselves appear to be
necessary to quantitatively understand the experimental
data.
Most of the line widths of frequency modes of

Ba8Ga10Si36 are relatively broader than that of
Ba8Ga16Si30 and this broadening is due to vacancy
disorder distributed at the framework sites of
Ba8Ga10Si36. As the vacancy disorder terminates the
spatial extension of phonons, the q ¼ 0 condition
requiring infinite spatial extension of phonon waves,
according to q ¼ 2p=l ¼ 0; is violated and because of
this violation phonons with non-zero wave vectors are
produced and contribute to the line width broadening.
From Table 3 it can also be seen that most of the

optical phonon modes of Ba8Ga10Si36 were relatively red
shifted with respect to that of Ba8Ga16Si30, and this red
shift is due to the difference in the lattice parameter
of the respective clathrates. The lattice parameter of
Ba8Ga10Si36 has smaller magnitude than that of
Ba8Ga16Si30 and therefore the interatomic distance
between Ba and framework atoms is reduced in
Ba8Ga10Si36. As a result, there is a relatively strong
interaction between Ba and framework atoms of
Ba8Ga10Si36 and this strong interaction weakens the
framework bond strength leading to the red shift of
most of the optical phonon modes of Ba8Ga10Si36.
The frequency region below 100 cm�1 has three peaks,

centered at 49.4, 73.7 and 97.3 cm�1 for Ba8Ga10Si36 and
at 43.7, 74.5 and 92.4 cm�1 for Ba8Ga16Si30, respec-
tively. The peak positions of these low frequency modes
are comparable with the DF calculated Raman
frequency modes of Ba8Ga16Si30 at 40.82, 73.76 and
101.66 cm�1 [18]. Therefore, according to the compar-
ison, the modes of Ba8Ga10Si36 at 49.4 and 73.7 cm

�1

and that of Ba8Ga16Si30 at 43.7 and 74.5 cm�1 were
attributed to the rattling motion of Ba in large cages,
respectively, in two different directions parallel and
perpendicular to the plane of the six ring. Similarly the
other modes of the respective clathrates at 97.3 and
92.4 cm�1 were attributed to the rattling motion of Ba in
small cages.
4. Thermal property

As the Ba rattling modes, with their frequency of
vibrations in acoustic range can resonantly scatter the
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Table 4

Thermodynamic related parameters of Ba8Ga10Si36 and Ba8Ga16Si30
clathrates estimated from room temperature X-ray crystallographic

data

Sample Ba8Ga10Si36 Ba8Ga16Si30

YD (K) 352.17 346.25

us (m/S) 3311 3237

d (nm) 0.5237 0.5263

klattice (Wm
�1K�1) (calc.) 0.918 0.923

klattice (Wm
�1K�1)(exp.) 1.128 1.071
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acoustic phonons from the framework atoms, the lattice
thermal conductivity of these clathrates is low. Experi-
mental room temperature lattice thermal conductivity
(klattice) values of Ba8Ga10Si36 and Ba8Ga16Si30 clath-
rates are low with a magnitude of 1.128 and
1.071Wm�1K�1, respectively and this low value could
be an experimental support of rattling contribution.
The klattice was deduced from the experimentally
obtained total thermal conductivity (k), by the relation
klattice ¼ k� L0T=r; where L0 is Lorenz number
(L0 ¼ 2:44� 10�8 WOK�2), T is temperature and r is
resistivity.
The experimental klattice values were found to be

similar to that of the theoretical values calculated from
the room temperature X-ray data by a method described
elsewhere [25]. The calculated values were obtained from
room temperature X-ray diffraction data by the relation
klattice ¼ 1=3Cvusd; where Cv is heat capacity per unit
volume (25 J/mol/K), us is velocity of sound and d is
mean free path of the phonons. The velocity of sound
was estimated from the Debye temperature, and Debye
temperature in turn was estimated from the average
isotropic atomic displacement parameter (Uiso) of the
framework atoms of the respective clathrates as
discussed elsewhere [25] (in calculating the average Uiso,

the contribution from Ba atoms was neglected assuming

that they are localized). The mean free path of the
phonons were considered to be equal to the distance
between two nearest neighbor Ba atoms in the
tetrakaidecahedral cages, as the rattling motion of these
atoms resonantly scatters the acoustic phonons in these
clathrates. Table 4 summarizes various parameters
calculated from the room temperature atomic displace-
ment parameter values. The calculated and the experi-
mental room temperature klattice values are in agreement
and thus confirms our consideration that the framework
atoms alone contribute to the heat capacity.
5. Conclusions

In conclusion, Ba8GaxSi46�x (x ¼ 10 and 16) clath-
rates were prepared by arc melting method and
deviation in the stoichiometric requirement of 16
gallium atoms per unit cell of Ba8Ga16Si30 was found
to lead to a random framework vacancies, and
consequently to the semiconducting nature of the
clathrate. From the temperature dependent electrical
resistivity measurements, the energy band gap value of
Ba8Ga10Si36 was estimated as 0.31 eV. Room tempera-
ture Raman scattering measurements resolved 17 and 15
vibrational modes, including localized Ba rattling
modes. The line width broadening in the clathrates were
found to be due to the contribution from disorders. The
red shift of optical phonon modes of Ba8Ga10Si36 was
due to the relatively strong interaction between Ba and
the framework atoms. Agreement between experimental
and calculated lattice thermal conductivities confirmed
the localization of Ba rattling modes.
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