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Abstract

We have studied the structural, electronic and vibrational properties of the clathrates
BagAl;Gesp and BagAl;6Si3) using the local density approximation (LDA). The equilibrium
structures that we have obtained for these materials show that the Si-containing compound

BagAl;Sisg is energetically more stable than its Ge counterpart BagAl;¢Gesy by —0.38 eV per
atom. We also find that BagAl;Si3 is a narrow gap semiconductor with an indirect LDA
energy band gap of 0.37 eV along the '-M high symmetry direction in the Brillouin zone and
that BagAl;Ges is a direct band gap semiconductor with an energy gap of 0.43 eV. We have
also calculated the lattice vibrational modes of these materials and have identified the low
frequency ‘rattler’ modes produced by the motion of the Ba atoms that are loosely bound in the

cages of the Al-Ge or Si framework. These low lying Ba modes are thought to play a part in

reducing the thermal conductivities of these materials.

1. Introduction

The group IV elements Si, Ge and Sn can form novel open-
framework, cage like structures called clathrates. In these
structures, all cages are strongly bonded, with all atoms in
fourfold connected, covalently bonded configuration similar
to the fullerene families [1, 2]. These structures have large
polyhedral cages that can accommodate foreign impurities or
‘guests’. Generally, a clathrate is unstable if its cages are
partially filled with guests. These guests are mostly alkali
atoms or alkaline earth atoms. There are two common clathrate
structural phases, type I and type II. The type I structure is
simple cubic, with 46 atoms per unit cell. It has 20-atom cages
and 24-atom cages combined in a 2 to 6 ratio. The type II
structure is face-centered cubic with 136 atoms per unit cell. It
has 20-atom cages and 28-atom cages combined in a ratio 16:8.

The electronic and transport properties of these materials
can be tuned both by the choice of guests and the
choice of framework constituents [3—8]. The discovery of
superconductivity in metal atom doped clathrates [9-12] and
the potential of these materials for thermoelectric applications
have led to considerable experimental and theoretical research
in the search for better thermoelectric materials. The efficiency

0953-8984/08/415214+05$30.00

of a thermoelectric material is given by its figure of merit, Z =
Si—” where Z is in units of (K)~!, S is its Seebeck coefficient,
o is its electrical conductivity and « is its thermal conductivity.
A useful means of describing the thermoelectric efficiency of a
material system is by using the dimensionless figure of merit,
ZT, where T is the absolute temperature. The higher the ZT
value, the better the material is for thermoelectric applications.
For bulk thermoelectric materials, a carrier concentration that
provides optimum power has been identified [13]. Further
optimization is possible by altering the band structure through
variation of the framework constituents or by adjusting the
carrier concentration. Because the guests are free to rattle in the
cages of the clathrates, there is a weak interaction between the
guests and the host framework atoms. The rattling frequencies
of the guests are therefore localized and can contribute to
the lowering of the lattice thermal conductivity by resonantly
scattering the acoustic phonon modes from the framework
lattice. Theoretical investigations have shown that the host
framework modes have many flat phonon dispersion curves.
These are responsible for the reduction in the average phonon
speed, thus reducing the thermal conductivity [14].

In this paper, we report the results of ab initio calculations
of the equations of state, crystalline structural parameters, the

© 2008 IOP Publishing Ltd  Printed in the UK
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electronic band structures and the vibrational spectra for the
clathrates BagAl;¢Gesp and BagAl;¢Sizg. These properties
are important in material characterization and also vital to
obtain an understanding of the thermal conductivity of these
materials. It is worthwhile to note that the positions of
the Al atoms in the structure affect the energetics of the
material. Condron er al [15] have found that the Al atoms
preferentially fill the 6¢ sites (3 atoms) before filling the
161 (4 atoms) and 24k sites (9 atoms). We have used
this configuration in all our calculations.  Considerable
experimental [13, 16—18] and theoretical [19, 20] studies have
been done on these types of materials with Ga replacing
Al.  To our knowledge, experimenters have only recently
begun studying BagAl,Gess—, [21] and we are not aware of
any published experimental or theoretical investigations of
Ba3A116G630 and BagAhGSig().

2. Computational approach

Our calculations are based on the local density approximation
(LDA) to density functional theory and we use a plane wave
basis with ultrasoft pseudopotentials [22, 23]. The Vienna
ab initio simulation package (VASP)! [25] has been used
with the Ceperley—Alder functional [26] to approximate the
exchange correlation energy. We optimize the geometry by
relaxing the internal coordinates while keeping the lattice
constant fixed. We used a 2 x 2 x 2 Monkhorst—Pack k-point
grid [27] within the Brillouin zone and a cutoff of energy of
150 eV was employed in all the calculations. Calculations
repeated for a 4 x 4 x 4 k-point grid did not produce any
appreciable change in the structural, electronic or vibrational
properties. The total energy was converged to 1077 eV.
This process is repeated for several unit cell volumes until a
global minimum energy is found. The resulting energy versus
volume curve is fitted with the Birch-Murnaghan equation
of state [28]%. This fitting determines the minimum binding
energy Ey (the binding energy compared to that of free atoms),
the corresponding volume V|, and other parameters. The band
structures and total electronic density of states are calculated at
the optimized structure, along the high symmetry directions in
the Brillouin zone.

The dispersion relations are obtained from the dynamical
matrix D(q). A calculation of D(q) requires the computation
of second derivatives of the LDA binding energy with respect
to atomic displacements. Each atom is given a small finite
displacement U, (0.02 A) in the +U, and —U, directions
and the average force constant is obtained from the second
derivative of the energy. Within the harmonic approximation,
these forces are proportional to the displacements. Each such
small displacement generates a row of force constant matrix
elements. We obtain D(q) by taking the Fourier transform of
the force constant 3N x 3N matrix, where N is the number

! This program was developed at the Institute fiir Theoretish Physik of the
Technische Universitidt Wien [24].

2 The Birch-Murnaghan equation for the energy E as a function of volume
Vis E(V) = Eo+ 3KVl — 1P+ 4K 01 — (3)31) where E
and Ej are the energy and minimum energy, V and Vj is the volume and
volume at the minimum energy, K and K’ are the bulk modulus and its pressure
derivative.

Table 1. The parameters of the Birch—-Murnaghan equation of state
(at T = 0 K) obtained from a fit of the LDA energy versus volume
curve. Ey is the minimum binding energy, V, is the volume per atom
at E, a is the lattice constant at E, K is the bulk modulus and K" is
the pressure derivative of the bulk modulus.

Clathrate E, (eV/atom) Vj A’ /atom) a (A) K (GPa) K’
BagAlsGesg —4.72 23.20 10.78 65.9 2.7
BasAl,cSixy —5.10 21.78 1056 666 2.4

of atoms in the unit cell. D(g) is then diagonalized to
obtain the zero phonon wavevector vibrational eigenvectors
and eigenvalues.

In the second step, for non-zero phonon wavevector, we
compute the real space force constant matrix. Only the
first, second, and third nearest neighbor pairs of atom matrix
elements are included in this calculation. Reference [29] gives
the details of this method. Once the force constant matrix
is obtained, D(q) and its eigenvalues and eigenvectors are
obtained in the usual way. Computer runs were performed on
64 nodes with dual quad-core Intel 5345 processors (2.33 GHz)
and 12 GB of memory each. A typical minimization of
4 x 4 x 4 k-point grid needed 51 ionic steps and a total of
160 electronic iterations that took 2 h of CPU time to converge
when running on 8 nodes.

3. Results and discussions

The type I clathrates BagAl;sGesp and BagAl;Siso are simple
cubic structures with space group Pm3n (No. 223). The
Birch-Murnaghan parameters obtained by optimization of
the geometry are: E, is the binding energy per atom, Vj
the volume per atom, K the bulk modulus and K’ the
pressure derivative of the bulk modulus. Our results for these
parameters for BagAl;sGesp and BagAl;sSiso resulting from
the structural optimization are shown in table 1. The equation
of state curves (binding energy versus volume) at T = 0 K
are shown in figure 1. We find that the lattice constant in
BagAlj6Si3 is 10.56 A and that for BagAl;sGeso is 10.78 A
in as can be seen in table 1. The difference between the two
lattice constants is most likely caused by the fact that the size
of the Ge atom is larger than the Si atom and thus it has a
greater effect on the size of the unit cell.

We have also calculated the total formation energies (Ef)
for BagAl;sGesp and BagAl;6Si3p. This quantity determines
if it is energetically favorable for a material to form in
comparison with solid formed by its constituents (Ba, Al, Si
and Ge). This has the form:

Er (BagAl16X30) = EBagAliXs — 8EBa — 16EA1 — 30Ex

where X = (Ge, Si). Eg, is the energy per Ba atom in Ba metal
and the definition is similar for the other constituents. We find
that the formation energy for BagAl;sGeso is —22.7 eV per unit
cell and —20.6 eV per unit cell for BagAl;Sizg. These results
predict that these clathrates are more thermodynamically stable
than their isolated bulk constituents and that is energetically
favorable for them to form. Our LDA calculations also
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Figure 1. Equations of state (binding energy versus volume) for (a) BagAl;4Gesy and (b) BagAl;¢Si3p. The LDA-calculated total energy has
been fitted to the Birch-Murnaghan equation. Table 1 gives the resulting parameters.
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Figure 2. The LDA electronic band structures for (a) BagAl;sGeso and (b) BagAl;6Sizp. Only the region near the band gap is shown. In units
of 21t /a, the k points correspondto L = (1/2,1/2,1/2), "' = (0,0,0), X = (1/2,0,0) and M = (1/2, 1/2, 0). The total electronic density
of states (EDOS) of each clathrate is also shown. The Fermi level has been set at 0 eV.

predict that BagAl;6Si3p is thermodynamically more stable
than BagAl;6Geso by as much as —0.38 eV per atom.

The calculated bond angles in BagAl;cGesp and BagAljg
Sizg range from 103.1° to 124.2° thus deviating from the
tetrahedral bond angle of 109.5° as is typical in clathrates. The
spread in bond angles is similar to results obtained in pristine
Geyo and Sigg clathrate materials [30, 31].

Starting with the equilibrium structures, calculations of
the electronic band structure and the total electronic density
of states (EDOS) were carried out for BagAl;sGesp and
BagAl;6Siso. These results are shown in figures 2(a) and (b)
respectively. The EDOS are qualitatively similar to each other
in the two materials. The Fermi level has been set at 0 eV in

both materials. We find that the valence band maximum and
the conduction band minimum are located at the X symmetry
point with a direct band gap of 0.43 eV in BagAl;6Gesy. For
BagAljSiso, we find that it is on the '-M symmetry line with
an indirect energy gap of 0.37 eV. It is well known that the LDA
usually underestimates the band gap [30]. For example, the
LDA predicts that diamond phase Ge has zero band gap while,
experimentally, diamond phase Ge is a semiconductor with an
indirect band gap of 0.7 eV. The LDA thus underestimates the
band gap in diamond phase Ge by at least 0.7 eV. For this
reason, we anticipate that the true band gaps in these materials
are larger than those we have calculated. This is consistent with
results that have been found for other clathrate materials [19].
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Figure 3. Phonon dispersion relations and vibrational density of states (VDOS) for (a) BagAl;4Gesy and (b) BagAl;¢Siz0.

By using the Zintl concept [32] to explain the bonding
in the BagAl;cGe3p and BagAl;sSi3y clathrates along with
our LDA calculations, we predict that both materials are
semiconductors. The reasoning for this conclusion is as
follows. The Ba atoms donate sixteen electrons to the host so
that the valence requirements (octet rule) for the Al atoms on
the framework are satisfied. This results in covalently bonded
Al-Ge or Al-Si cage structures. Therefore, all framework
bonds are saturated, and these materials are semiconductors.
On the other hand, the bonds between the Ba atoms and the
host framework atoms have an ionic character.

The calculated vibrational dispersion curves and vi-
brational density of states (VDOS) for BagAl;cGesy and
BagAl;Sis are shown in figures 3(a) and (b) respectively.
There exist two regions of high vibrational state density in both
materials. An eigenvector analysis shows that the first region
is due to the flat Ba-related phonon bands appear in the re-
gion 35-50 cm™! for both clathrates. These bands cut through
the acoustic branches of the framework and display an avoided
crossing effect. These low rattling modes of the Ba atoms
that lie below 50 cm ™! should compress the bandwidth of the
highly dispersive heat carrying acoustic phonon modes of the
host, potentially reducing the lattice thermal conductivity of
these clathrates. These low frequency modes are also likely
responsible for the bandwidth suppression in BagAl;cGeso and
BagAl;6Sisg. The second region of high state density is at the
top of the optical bands (above 300 cm™' in figure 3(a) and
above 400 cm ™! in figure 3(b)). These flat optical modes con-
tribute negligibly to heat transport. For comparison with the
present results, phonon spectra for pristine Ge and Si clathrates
are discussed in [30] and [31].

As seen in the VDOS portions of figures 3(a) and (b), there
is a frequency up-shift by about 100 cm~! in the vibrational
spectrum of BagAlj¢Sizy compared to that of BagAljsGesp.
The bands also become flatter. This is due to the bond-
stretching modes arising from the Si—Si bonds [33]. As can
be seen in table 1, the size of the unit cell of BagAl;Sisg is

smaller than that of BagAl;¢Gesy because of the size of the
Si atom (compared to that of the Ge atom) in the framework.
The average Si—Si bond length we find for BagAl;6Si3g (2.36—
244 A) is shorter than we find for BagAlcGesy (2.43—
2.53 A). These shorter Si-Si bonds increase the stretching
force between the Si atoms leading to higher vibrational
frequencies.

4. Conclusion

We have used the LDA to study the structural, electronic,
and vibrational properties of the clathrates BagAl;sGesp and
BagAl;¢Sizp. Based on our results for their formation
energies, we predict that the formation of both clathrates are
energetically favorable. We also find that both materials are
semiconductors. Our results predict that BagAl;Geso has a
direct band gap of 0.43 eV and that BagAl;4Si3p has an indirect
band gap of 0.37 eV. The total electronic densities of states
for these materials are similar to each other. The phonon
spectra of these materials have also been calculated and we
find that the low lying Ba ‘rattler’ vibrational modes lie below
50 cm™!. We also find an up-shift in frequencies in BagAl;Sisg
by 100 cm™! when compared to BagAl;6Gesp. This is due to
shorter stronger Si—Si bonds that increase the stretching force
between the atoms.
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