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We studied the structural and electronic properties of some of the Ba and Sr guest-containing type-I semi-
conductor clathrate alloys Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x for three values of the Si composition x
�x=0,5 ,15�. Our calculations are based on the generalized gradient approximation to density functional theory.
Starting with the stable structures of the clathrate semiconductors Ba8Ga16Ge30 and Sr8Ga16Ge30 containing no
Ga-Ga bonds, we constructed unit cells of Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x by replacing appropriate
numbers of the framework Ge atoms with Si. For the values of the Si composition x that we considered, we
found that the fundamental band gap of Ba8Ga16SixGe30−x decreases with increasing x. However, we found that
the band gap of Sr8Ga16SixGe30−x increases with increasing x. Our results also show that several electronic
states near the top of the valence band and near the bottom of the conduction band in both materials are
modified by the Si p states. The trends in the structural and electronic properties of these materials as x is
varied are discussed, and our results are compared to experiment where possible.
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I. INTRODUCTION

Because of their rich physical properties, materials based
on the Ge and Si type-I clathrate structure1–5 have attracted
considerable scientific interest and have resulted in numerous
experimental2,6–9 and theoretical6,10–12 research studies.
These materials are also very interesting technologically be-
cause of their promising thermoelectric properties.13

The group IV clathrate phases consist of open-framework
lattices in which the framework atoms are covalently bonded
to each other in fourfold-coordinated sp3 configurations.
They are metastable, expanded volume phases of Ge and Si.
Ge and Si clathrates are divided into two types based on their
crystal structures. A type-I clathrate has a simple cubic lat-
tice containing 46 atoms per unit cell and a type-II material
has a face centered cubic lattice containing 136 atoms per
cubic unit cell. The lattices of these materials are open-
framework structures containing 20-, 24-, and 28-atom cages
in which impurity or “guest” atoms can reside. The choice of
the guest atoms can be used to tune the properties of the
material. Though the local bonding in the clathrates is similar
to that in the diamond structure, the clathrates contain pen-
tagonal rings, which make their topology very different from
that of the diamond structure.

The pure clathrates �with empty cages� are semiconduc-
tors. When the cages contain guests, the guest valence elec-
trons occupy the host conduction bands, and the material
becomes metallic. In applications for which a semiconductor
is needed, this effect is compensated for by replacing an
appropriate number of the host group IV atoms with group
III atoms. A compound material such as Ba8Ga16Ge30 is
therefore a semiconductor.

Because semiconductor materials have a technological
potential for their superior optical and electrical properties, a
study of clathrates based on Ge and Si is interesting and
potentially important. Recently, Martin et al.13 synthesized
type-I semiconductor clathrates based on Ga and Ge with Ba
and Sr guests in the cages and with Si substituted for some of

the framework atoms. Of course, the properties of these ma-
terials strongly depend on the details of their structures. The
dynamic disorder of the guest atoms in these materials is
thought to be responsible for their low thermal
conductivity.14–16 Static disorder due to the presence of ger-
manium, silicon, and gallium in the framework is also im-
portant. In fact, electronic calculations suggest that the gal-
lium distribution and placement in the lattice have a
significant effect on the material electronic properties.11

In this paper, we present the results of first principles
calculations of the structural and electronic properties of the
type-I clathrate based materials Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x, where x is the silicon concentration; focus-
ing only on studying the basic structural and electronic prop-
erties. Our calculations assumed an ideal Pm3n symmetry
for the structure. Among other properties, we present the
results of calculations of the fundamental band gap of these
clathrates as a function of silicon concentration. For all clath-
rates considered, except for Sr8Ga16Ge30, we found that the
material has an indirect band gap between the Brillouin zone
points � �0, 0, 0� and M �1/2, 1/2, 1/2� and that it ranges
from 0.42 to 0.55 eV in Ba8Ga16SixGe30−x and from 0.16 to
0.48 eV in Sr8Ga16SixGe30−x. The Sr8Ga16Ge30 material also
has an indirect band gap, but it is between the Brillouin zone
points L �1/2, 0, 0� and X �1/2, 1/2, 0�.

The primary reasons for our interest in Ba8Ga16SixGe30−x
and Sr8Ga16SixGe30−x are that some of them have been syn-
thesized in the laboratory and have also been shown to have
promising thermoelectric properties.13 In order to thoroughly
understand the thermoelectric and other transport properties
of these materials, calculations of the electrical conductivity,
the thermal conductivity, and the thermal power are needed.
Such calculations would present very challenging problems.
Thus, in the present study, we only focused on calculations
of some of the structural and electronic properties of these
materials. Calculations of the mentioned transport properties
of these very interesting materials are beyond the scope of
the present study.
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II. COMPUTATIONAL APPROACH

Our calculations are based on the density functional
theory and use a plane-wave basis with ultrasoft pseudopo-
tentials. The implementation that we use is the Vienna ab
initio simulation package �VASP�.17 We used the generalized
gradient approximation �GGA� to the exchange correlation
functional.18 The energy cutoff for the plane-wave basis was
set to 150 eV and the Brillouin zone integrations were per-
formed over a 4�4�4 Monkhorst–Pack k-space grid.19 To
minimize errors in the calculation of the Hellmann–Feynman
forces, the total energy was converged to better than
10−6 eV. In view of the large clathrate unit cell ��11 Å�,
only a single crystallographic unit cell was employed in the
calculations.

Structural optimization was performed by relaxing the in-
ternal coordinates to determine the forces and the energies in
the lattice. To optimize a structure, a fixed unit cell volume
was chosen, and the atomic positions were optimized
through a conjugate gradient algorithm by using atomic
forces. This process was repeated for several unit cell vol-
umes, from which an equation of state and a global minimum
energy were determined. The type-I clathrates have simple
cubic lattices, so optimizing the external lattice constant is
straightforward. The equilibrium structural parameters, the
electronic band structures, and the densities of states were
evaluated at the minimum energy configurations.

III. CLATHRATE STRUCTURE

The type-I clathrate alloys Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x are simple cubic. These materials are
formed by tetrahedral bonding of the Ge, Si, and Ga atoms.
Six of the eight Ba or Sr atom guests are located inside the
24-atom cages and the other guests are inside the 20-atom
cages. As is well known, the 24-atom cage size is larger than
that of the 20-atom cage.

Blake et al.20 showed that the placement of the Ga atoms
in the clathrate framework affects the stability of the com-
pound. Since each substitutional Ga has one fewer valence
electron than Ge or Si, the Ga concentration and its spatial
correlation affect the energetics and the structure of the ma-
terial. Experimentally, it is known that the Ga occupy non-
random framework sites.21 The guests �Sr and Ba� in these
materials are electron donors. Each guest contributes two
electrons to the unoccupied conduction bands of Ga16Ge30.
In the local orbital picture, this process leads to an sp3 bond-
ing structure of the framework atoms. Guest-guest bonding is
highly unlikely in these materials because the average dis-
tance between guests is about 5.3 Å, which is about five
times larger than the ionic radii of Sr �1.13 Å� and Ba
�1.35 Å�.

A. Ba8Ga16Ge30 compound

To form the clathrate structures of interest, we begin with
the clathrate semiconductor compound A8Ga16Ge30 �A
=Sr,Ba�. For this material, the number of possible structures
that can be generated by placing 16 Ga atoms on the 46
framework sites is huge. Thus, in order to find the most

likely, low energy stable configuration, we performed GGA
calculations for various placements of the Ga atoms in the
framework. To clearly represent the site occupancies of Ga
on the three crystallographic sites of the unit cell, we use
Wyckoff’s symmetry notations 6c, 16i, and 24k for the lat-
tice sites. The details of the symmetries of each of these sites
are described in detail in Ref. 20. For each calculation, we
searched for a low total energy configuration by placing dif-
ferent numbers of the 16 Ga atoms on each symmetry site,
by optimizing the geometry, and then by calculating the
GGA total energy. These total energies were then compared
to each other to find the lowest energy configuration. Of
course, for practical reasons, it was possible to consider only
a limited number of configurations.

The results of this approach are summarized in Table I. As
is shown in Table I, of the structures considered, we find that
the configuration with the least number of Ga-Ga bonds and
with the fewest Ga atoms on the 16i sites is energetically the
most stable. The 16i sites, with tetrahedral symmetry, are
preferentially occupied by group IV atoms and the Ga atoms
preferentially occupy either the 6c or the 24k sites. Obvi-
ously, a complete understanding of the energetics of all pos-
sible Ga configurations in A8Ga16Ge30 �A=Sr,Ba� cannot be
obtained from the limited number of configurations we con-
sidered. It is also possible that the total binding energy of the
material is a function of both the number of Ga-Ga bonds
and of the spatial correlation of the Ga-Ga bonds in the struc-
ture. In fact, this trend was observed experimentally.5 In the
first row of Table I, we show that, within the GGA, the
energetically most stable Ga configuration for A8Ga16Ge30
�A=Sr,Ba� we found is the one with no Ga-Ga bonds and
with 12 Ga atoms on 24k sites, with 1 Ga on 16i site, and
with 3 Ga on 6c sites. In each of the calculations for
Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x, which are discussed
in Sec. IIB, we assumed that the Ga atoms remain on the
same lattice sites as they are in the lowest energy configura-
tion of the compound A8Ga16Ge30 �A=Sr,Ba� just discussed.

In this and subsequent calculations, we used the same
formalism as that of Blake et al.20 In particular, we pseudo-
potentials for the guest atoms that include both s and p va-
lence electrons. As is shown in Table I, the energy differ-
ences ��E� between our results and those of Ref. 20 are 9%
or less. We note that the cutoff energies and other simulation
parameters may also play a role in producing small energy
differences between our results and those of Ref. 20. We also
note that all subsequent calculations discussed below for the
Si-containing clathrate materials were carried out starting
with the lowest energy configurations for Ba8Ga16Ge30 and
Sr8Ga16Ge30. Therefore, the higher energy configurations in
Table I are not relevant to our primary results. In all the cases
discussed in this paper, the total energy was converged to
better than 10−6 eV.

B. Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x alloys

Starting with the lowest GGA total energy configuration
of AB8Ga16Ge30 �A=Sr,Ba�, which was just described, we
calculated the electronic and structural properties of the
clathrate alloys Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x by
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placing varying numbers of Si atoms on the 6c and 16i sites,
as proposed by Martin et al.13 Our calculations show that, for
a given Ga distribution, the resulting cell symmetry is re-
duced from cubic to C1. Despite this, we retained the cubic
symmetry in all of our calculations since crystallography
“sees” an average cubic unit cell. Reasons for similar as-
sumptions were been justified elsewhere.20 Further, we found
that a cubic distribution of Ga atoms, such as placing all of
them on 16i sites, results in a higher GGA total energy. We
also note that x-ray crystallography for Sr8Ga16Ge30 has
shown no detectable distortion in the lattice strains in the
framework.8

IV. RESULTS AND DISCUSSION

A. Structural properties

For a given Si concentration x and for a given placement
of the Si atoms on the host framework, we calculated the
GGA minimum total energies for Ba8Ga16SixGe30−x and

Sr8Ga16SixGe30−x as a function of volume. The calculated
total energy vs unit cell volume data were then fitted to the
Birch–Murnaghan equation of state.22 The parameters result-
ing from this fitting are the minimum binding energy with
respect to the free atoms �E0�, the corresponding unit cell
volume �V0�, the bulk modulus �K�, and the pressure deriva-
tive of the bulk modulus, K�=dK /dP. As stated above, we
assumed that the Ga atoms in these structures remain on the
most energetically favorable sites shown in the first row of
Table I.

Table II contains our results for the Birch–Murnaghan
equation of state parameters at the minimum GGA total
energy configuration for Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x. We calculated these parameters for several
different Si concentrations x �x is an integer between 0 and
15�. However, the results in Table II are shown only for x
=0, 5, and 15. As is shown in Table II, the predicted unit cell
volume significantly depends on x. Our results predict that
this volume decreases as x is changed through the sequence
Ba8Ga16Ge30, Ba8Ga16Si5Ge25, and Ba8Ga16Si5Ge15. We find

TABLE I. The GGA total energy for Ba8Ga16Ge30 and Sr8Ga16Ge30 for several different Ga atom loca-
tions in the lattice. The first, second, and third columns, respectively, show the number of Ga atoms on the 6c,
16i, and 24k symmetry sites. We find that the configuration represented by the first row in the table has the
lowest GGA total energy. The fifth column shows the differences between our calculated GGA minimum total
energies per unit cell and the GGA total energy of the configuration of the first row for the cases. The sixth
column shows the total energy differences calculated by others �Ref. 20� for these same configurations.

6c 16i 24k Ga-Ga bonds
�E, present study

�meV�
�E, previous studya

�meV�

Ba8Ga16Ge30

3 1 12 0 0 0

3 3 10 0 77.5 85

4 2 10 2 259 274

4 2 10 4 590 544

5 3 8 4 700 674

Sr8Ga16Ge30

3 1 12 0 0 0

3 3 10 0 100

4 2 10 2 220 241

aReference 20.

TABLE II. Parameters obtained from fitting the calculated GGA total energy at different unit cell volumes
to the Birch–Murnaghan equation of state for the clathrate compounds listed. The calculated and the experi-
mental �Refs. 13 and 23� values of the lattice constants are also listed.

Clathrate
E0

�eV/atom�
V0

�Å3 /atom�

Lattice constant
�Å� K

�GPa� K�=dK /dPTheor. Expt.

Ba8Ga16Ge30 −3.98 24.41 10.97 10.76 49.12 5.3

Ba8Ga16Si5Ge25 −4.07 23.95 10.86 10.74 55.11 5.4

Ba8Ga16Si15Ge1 −4.19 23.47 10.79 59.40 4.9

Sr8Ga16Ge30 −3.89 23.78 10.87 10.74 47.0 5.5

Sr8Ga16Si5Ge25 −3.96 23.47 10.79 48.20 5.5

Sr8Ga16Si15Ge15 −4.11 22.79 10.71 53.16 4.3
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a similar trend for the Sr-containing clathrates. This is ex-
pected because the bonds between group III atoms and group
IV atoms are longer than those between group IV atoms.
This might also be a reason for the predicted increased sta-
bility of the clathrates as the Si concentration increases. The
total binding energies of Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x are lowered by about 5.6% and 5.7%, re-
spectively, as x is changed from 0 to 15 in each optimized
structure.

In these materials, our results also predict that the bulk
modulus K is an increasing function of x. That is, the larger
the Si concentration, the “harder” the material becomes. A
qualitative explanation of this phenomenon was proposed by
Moriguchi et al.,24 who found that the bulk modulus of a
material strongly depends on the number of chemical bonds
subjected to a compressive state in a unit volume. Further,
the number of such chemical bonds is proportional to the
material density. On the other hand, however, we note that
San-Miguel et al.25 suggested that, because of charge transfer
to the host framework, the relationship between the bulk
modulus and the material density is not as simple as this in
the case of clathrate structures. Our results further predict
that the clathrate materials with Sr guests have smaller lattice
constants than those in the corresponding material with Ba
guests. This result is consistent with fact that the Sr atom is
smaller than the Ba atom.

Table II also shows some of our predictions for the lattice
constant for the materials we studied. Where available, ex-
perimental results for the lattice constant are also shown in
Table II. To our knowledge, those compounds for which no
experimental results are listed in Table II have not yet been
synthesized in the laboratory. It can be seen in Table II that,
where data are available, the predicted and experimental lat-
tice constants are within about 2% of each other.

B. Electronic properties

Starting with the optimized lattice structure for a fixed Si
composition x, we calculated the electronic band structures
and densities of states for Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x. Figures 1�a�–1�c� and 2�a�–2�c� display
our results for the band structures for some of the x values
we studied. In those figures, the zero of energy was taken at
the top of the valence band. Due to the large number of
atoms in the unit cell, the electronic structure is complex, as
shown by the large number of bands in the figures.

All of the materials studied here are semiconductors. The
total number of valence electrons of the guests in the cages is
compensated for by the framework substitutional Ga atoms,
which have one fewer electrons than Si and Ge. The precise
k-point to k-point transition for the minimum energy gap in
these materials is difficult to accurately determine because
the bands are fairly flat, especially around the Fermi level �at
the top of the valence band�. In all of the structures we con-
sidered, except for Sr8Ga16Ge30, the smallest energy gap lies
along the � to M line. We thus conclude that these materials
all have indirect band gaps. In Sr8Ga16Ge30, the smallest
band gap lies along the L to X line. Our results also show that
the band gap is smaller in the compounds with Sr guests than

it is in the comparable materials with Ba guests. This is
consistent with experiments by Blake et al.26 on these types
of clathrate compounds.

Our results predict that the fundamental GGA band gap of
Ba8Ga16Ge30 is about 0.55 eV and that it is reduced to about
0.42 eV for Ba8Ga16Si15Ge15. For comparison, Moriguchi
et al.24 found that the local density approximation fundamen-
tal band gap of the pristine clathrate Si46 is 1.11 eV and that
for Ge46 is 1.31 eV. For the Ba guest-containing materials,
we note that, in addition to the results shown for x=0, 5, and
15 in Figs. 1�a�–1�c�, we also calculated �but not shown� the
band structures for x=3, 8, and 12. For all values of x that we
considered we find that, as the Si concentration x increases,
the fundamental band gap slowly decreases. This is in con-
trast to type-II Si-Ge clathrate alloys, for which others found
that the band gap increases with the increasing silicon
concentration.24

In contrast to the case for Ba8Ga16SixGe30−x, our results
predict that the band gap for Sr8Ga16SixGe30−x increases with

FIG. 1. GGA electronic band structures for �a� Ba8Ga16Ge30, �b�
Ba8Ga16Si5Ge25, and �c� Ba8Ga16Si15Ge15. Each figure displays the
predicted energy bands along several symmetry directions of the
first Brillouin zone. The Fermi level is set to 0 eV, which is the top
of the valence band.

FIG. 2. GGA electronic band structures for �a� Sr8Ga16Ge30, �b�
Sr8Ga16Si5Ge25, and �c� Sr8Ga16Si15Ge15. Each figure displays the
predicted energy bands along several symmetry directions of the
first Brillouin zone. The Fermi level is set to 0 eV, which is the top
of the valence band.
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increasing x, We find that the gap in Sr8Ga16SixGe30−x
changes from about 0.18 eV in Sr8Ga16Ge30 to about 0.48 eV
in Sr8Ga16Si15Ge15. Because of the few x values we consid-
ered, a definitive conclusion cannot be drawn about the x
dependence of the band gap in this material.

A qualitative comparison of the calculated band structures
for Ba8Ga16SixGe30−x �Figs. 1�a�–1�c�� and Sr8Ga16SixGe30−x
�Figs. 2�a�–2�c�� can, however, be made.

In studies by others26 on Sr- and Ba-containing Ge-based
clathrates without Si in the framework, several reasons were
proposed to explain the different behaviors of the fundamen-
tal band gaps in the materials with the two types of guests.
First, the Sr atom is smaller than the Ba atom and thus can
move further away from the cage center. This leads to more
anisotropic guest-framework interactions in the Sr-
containing clathrates than in the Ba-containing materials.

The calculations of Dong et al.12 for Ga-containing ger-
manium clathrates also confirm this result. They calculated
potential energy curves for a single guest atom as a function
of small finite displacements of both the Ba and the Sr guest
atoms. In these calculations, all other atoms were held fixed
in their positions. Within their symmetry assumptions, they
found identical potential energy curves for displacements in
the x and y directions and a very different curve for displace-
ments in the z direction. A very strong anisotropic behavior
of the guests as a function of displacement was found12 in
the z direction, where the metal-host interaction is strongest.
This anharmonicity was found to be more pronounced in the
Sr compound than in the Ba compound. In the x direction,
the potential function for Ba was found to be more harmonic
than that for Sr. This is likely because Ba is more massive
than Sr. This anisotropic behavior of the guests as a function
of displacements was shown to mainly affect the valence
bands.26 These guests vibrate inside the cages with very
small energy loss.

Our results also show that the dependence of the lower
conduction bands on x is different in Ba8Ga16SixGe30−x than
it is in Sr8Ga16SixGe30−x. In the Sr-containing materials, the
lower conduction bands are much flatter in the X-M region
of the Brillouin zone than they are in the Ba-containing ma-
terials. This difference can be attributed to the role of the
metal guests. These guests donate their electrons to the anti-
bonding states of the host. Since Ba is larger than Sr, it can
more easily donate its electrons to the host. For x=0, the
charge density of the lower conduction was shown26 to have
major contributions from electrons donated from guests in
the large host cages. Thus, there is a wave function overlap
between the metal guest and the host atoms. This overlap is
larger if the guest is close to the host atoms and small if it is
further away. This can lead to differences in the hybridized
bonding states of the host framework �Ga, Si, and Ge�. Ref-
erence 26 contains detailed results for the associated charge
transfer and its effect on the band structures.

In Table III, we summarize our predicted fundamental
band gaps for Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x for x
=0, 5, and 15. It is well known that the GGA underestimates
fundamental gaps.27 Previous work within the GGA by Blake
et al.26 predicted that Ba8Ga16Ge30 is a semiconductor while
showing that Sr8Ga16Ge30 should be semimetallic.

Of course, the effects of the substitutional Si and Ga at-
oms in the host Ge framework and the presence of Ba or Sr

guests in the cages each will cause modifications in the band
structures. Specifically, the effect of each of these atoms in
the material is to modify several states near the valence band
maxima and the conduction band minima. These effects are
illustrated for Ba8Ga16Si5Ge25 in Fig. 3, which shows the
projected electronic state densities for the Si s and Si p or-
bital states. We found a similar effect for Si in
Sr8Ga16Si5Ge25 �our results for this case are not shown�. The
contributions of the Ba s �or Sr s� electrons to each of these
states is negligible and is thus not shown in the figure. As the
figure shows, the contributions to the total density of states
of the s orbitals near the bottom of the conduction band are
very small compared to the contributions of the p orbitals. Of
course, the electronic states of the valence electrons are com-
posed of hybrid sp3 orbitals. Therefore, the dominant contri-
butions to these states come from the p orbitals.

Figures 4�a� and 4�b� show our calculated results for the
total electronic density of states �DOS� in Ba8Ga16SixGe30−x
and Sr8Ga16SixGe30−x. In Figs. 4�a� and 4�b�, only results for
x=0 and 5 are shown. Each total density of states has three
major regions, an s region, an sp hybrid region, and a p
bonding region. As observed in Figs. 4�a� and 4�b�, as Si
atoms are added to the framework, the Si electronic states
couple to the electronic states of A8Ga16Ge30 �A=Sr,Ba�,
modifying the band structure. As expected, we found a simi-
lar result for x=15.

Figures 4�a� and 4�b� clearly show a small gap in the
valence band region at energies of about −0.7 eV. Work by
others on the bands in clathrate materials24 found a similar

TABLE III. Predicted fundamental energy band gaps for the
clathrate materials Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x for vari-
ous concentrations �x� of silicon atoms. The values in parentheses
are the predicted energy band gaps from previous work �Ref. 26�.

GGA fundamental energy band gap
�eV�

x Ba8Ga16SixGe30−x Sr8Ga16SixGe30−x

0 0.55 �0.52�a 0.18 �0.2�a

5 0.49 0.47

15 0.42 0.48

aReference 26.

FIG. 3. Projected electronic densities of states for s and p orbit-
als for Si orbitals in Ba8Ga16Si5Ge25.
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valence band gap. This gap has been associated with five-
ring patterns of the Ge or Si atoms. We note, however, that
there were some criticisms on this idea.28 According to Ref.
29, the small angular distortion of the tetrahedrally bonded
framework atoms may also play an important role in produc-
ing this gap. In a self-consistent plane-wave calculation, it is
impossible to have a value for the valence band maximum on
an absolute scale. In the compounds that we studied, the total
electronic DOS for each clathrate is qualitatively similar to
each of the others.

V. CONCLUSIONS

We used the GGA to investigate the structural and elec-
tronic properties of some of the type-I clathrates of the forms
Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x. We presented de-
tailed results for x=0, 5, and 15. Where the experimental
data exist, the calculated lattice constants are within 2% of
the experimental values. By comparing the GGA total ener-
gies of various configurations with differing numbers of
Ga-Ga bonds in A8Ga16Ge30 �A=Sr,Ba�, we found that
structures with smaller numbers of Ga-Ga bonds yield the
lowest total energies. To construct the unit cells for the Ge-Si
clathrates, we started with the lowest energy structure for

A8Ga16Ge30 �A=Sr,Ba� and replaced varying numbers of Ge
atoms with Si. The band structures and the electronic densi-
ties of states were calculated for several values of x in
Ba8Ga16SixGe30−x and Sr8Ga16SixGe30−x. We find that, for all
x we considered, these clathrates should have an indirect
band gap. The predicted fundamental gaps are in the range
0.42–0.55 eV for Ba8Ga16SixGe30−x and 0.16–0.48 eV in
Sr8Ga16SixGe30−x. Energy versus displacement curves for the
guests, which were obtained by others, are known to predict
a large anisotropic behavior for the Sr guests. This is found
to severely affect the valence bands. The wave function over-
lap between the metal guests and host accounts for the dif-
ferences found in the conduction bands. An analysis of the
projected state densities shows that the p states of Si hybrid-
ize with those of the framework, which reduces the funda-
mental band gap of the Ba containing clathrates only.

We hope that our predicted structural and electronic prop-
erties for the clathrate alloys Ba8Ga16SixGe30−x and
Sr8Ga16SixGe30−x will lead to investigations of the thermo-
electric properties of these interesting materials. We further
hope that these investigations will provide information about
which of these materials will be useful in the search for
better thermoelectric materials. Because of the promising
thermoelectric properties of these clathrate materials, there is
still a need for future calculations of quantities such as the
thermal power, the electrical conductivity, and the thermal
conductivity. Such calculations are beyond the scope of our
work.
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