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Electronic structure of Group IV-based Clathrate Compounds substituted by Al, i.e., BaAlsSizp
and BagAl,sGesp, is calculated by the first principle method, i.e., the Full-potential Linearlized
Augmented Plane Wave (FLAPW) method, based on the density functional theory. The
calculated results show that these compounds are indirect semiconductors with the band gap
0.39 eV (BaAlSiz) and 0.41 eV (BagAlGey). Using the calculated electronic structure,
thermoelectric properties such as Seebeck coefficient, electrical conductivity, electronic thermal
conductivity and the figure of merit ZT are calculated by using the constant relaxation time

approximation. The calculated result reproduces the experiment reasonably well.
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1. INTRODUCTION
The thermoclectric performance of a material at a
temperature T is characterized by the dimensionless
figure of merit ZT, which is defined as
Sto

K, +K;

7 =

T, (1)

where S, o, k;, and k, are Seebeck coefficient,

electrical conductivity, lattice thermal conductivity and
electronic thermal conductivity of the material,
respectively.

Clathrates BagG316si30 and BﬁgG’ﬁmG@gg exhibit gOOd
thermoelectric properties, i.e., reasonably large electrical
conductivities (o), large Seebeck coefficients (5) and
small thermal conductivities () [1].

The crystal structure of these clathrate systems
consists of a framework of Group-IV atoms having
several polyhedral cages, each of which can incorporate
relatively large guest atom, as shown in Fig. 1. The

“rattling” motion of guest atoms such as Ba produces
low frequency anharmonic phonon modes, which
strongly scatter the heat carrying acoustic mode. This
rattling scattering significantly reduces the thermal
conductivity to be a glass-like value without reducing
the crystalline electrical conductivity, which is mainly
determined by the framework structure atoms (such as
Ga, Ge, Si).

According to Slack’s concept, ideal thermoelectric
materials are Phonon Glass Electron Crystal (PGEC) [2].
This design concept has been achieved in the
skutterudites with success. Clafhrates may also have a
glasslike thermal conductivity and crystal-like electrical
conductivity. As a result, clathrates can also demonstrate
PGEC properties.

Until now a substitution element of Group IV-based
ctathrate compound was mainly Ga. There are a few
studies of clathrate compounds substituted by AL

BagAimSigﬁ and BagAhéGe;.;g are Cl’yStﬂ}S with iype-l
structure characterized by the space group Pre-3n, which
were synthesized by some auathors [3]. Thermoelectric

M

properties were studied experimentally in BagAli6Sis
{4,5]. However, their -eclectronic structures and
thermoelectric properties have not been studied
theoretically,

In this work, the first principle electronic
structure calculation is performed by using

FLAPW method based on the density functional
theory. Then the results are used to calculate
thermoeleetric  properties theoretically, which are
compared with the existing experiment.

- Ba

Fig. 1 Structure of clathrate BagAlisSi3 and
BagAlisGesg consist of dodecahedral cages and
tetrakeidecahedral cages of Al and 8i (Ge). Ba is
ingide the polyhedra.

2. COMPUTATIONAL DETAILS
2.1 Calculational method

The ab inito calculation has been performed using the
full potential linearlized augmented plane wave
(FLAPW) method based on the density-functional
theory [6].
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In the calculation, we have used the following set of
APW parameters: Ry, (Ba)=3.0 au., Ry (AD=2.2 au,
Ry (5L, Ge)=2.2 au., RyKuar™7 and Gpi(ae/2n)=14,
Here, R, is the muffin-tin radius, K, i the
plane-wave cutoff, and G, is the maximum Fourier
component of the electron density. In the seif-consistent
calculation 23 k-sampling poinis have been taken in an
irreducible Brillouin zone (BZ). For all the calculation
we have used the modified tetrahedron method for the
Brillouinzone integration. For the exchange-correlation
potential we have used the GGA of Perdew er gl {7].

2.2 Structure

Blake et al. determined the atomic structure of
BagGaysGesy and BagGaycSisy clathrates by minimizing
the total energy using the first principle electronic
calculation. They found the Ga sitting with no Ga-Ga
bond [8].

Here we consider Al-sitting of BagAlSizy and
BagAlisGeyo in similar way as in Blake er al. Three
likely configurations for the substituted Al atoms in the
frame structure of Si (Ge) and Al are considered (see
Table 1). Total cnergy calculation shows the
configuration with no Al-Al bond yields the lowest
energy. This corresponds to Al occupation with 3 in 6¢
site, 1 in 16i site and 12 in 24k site.

Using this configuration, we calculate the lattice
constant by the minimization of the total energy. For the
calculation of the total energy we need to calculate the
electronic structure, which has been performed by the
first principle FLAPW method, described above. The
determined lattice constants of BagAligSiz, and
BagAlGeso are shown in Table 2. The table shows the
calculated values 10.71 (A) and 10.95 (A) for the lattice
constant in BagAl;Sis, and BagAl ;Gey are close to the
experimental values 1060 (A) and 1083 (A),
respectively [3].

The atomic structure, determined above, is used to
calculate the electronic  structure and  study
thermoelectric properties in BagAl ¢Sizy and BagAl (Gesg
below.

Table 1 The energy of BagAlSiy, for
different Al configurations

6c 16i 24k Al-Al  AE (eV)
1 12 0 0.00

4 2 10 2 0.486
3 8 4 1.042

Table 2 Lattice constant

Lattice constant Calc. Exp.

[A] (Present work)  (Risenmann et al.)
BagAl;6Siso 10.71 10.60
BagAheGe:;G 10.95 10.83

2.3 Thermoelectric properties

By using the linerlized Boltzmann equation with the
relaxation  time  approximation, the  Seebeck

coefficient S, , the electric conductivity ¢, and the

electronic thermal conductivity x,; for the i-th band
are given as

S oo -2 o - ). @
o= L) b 6756 ©

and
Koy = }%j‘de(n éj—;‘gﬁ)—) pi(g)v!,(e)g(s __P)z Ti(s)’ )

where pi(s), ’t‘i(é‘) and v,,(g)are the density of
state, the relaxation time and the velocity for the i-th
band. f(&)is the Fermi distribution function, and u

is the chemical potential, 7.e., Fermi energy. Using the
above formulae thermoelectric properties are calculated.

3. RESULTS AND DISCUSSIONS
3.1 The electronic structure

Calculated band structure and the density of states
(DORB) in BagAli¢Siz, and BagAljsGeyg are shown in Fig.
2 and 3, respectively. Dotted lines denote the Fermi
level, ie., the top of the valence band. The both
clathrates BagAlieSize and BagAl(Gesy are indirect
semiconductors with the energy gap Eg=0.39 eV and
Eg=0.41 eV, respectively. The top of valence band is
relatively flat (near I'). The bottom of conduction band
is positioned at the M point and has a parabolic nature.
Fig. 4 shows partial density of states of BagAlySiz. The
following points are seen: the region from -3 to 0 in the
valence band mainly consists of s-electrons of Al, St
atoms and a small number of d-electrons of Ba atoms are
involved. The conduction band region is mainly
occupied by s- and p-electrons of Al Si atoms, and
d-electrons of Ba atoms. Thus, d-electrons of Ba flow in
the s, p electron framework of Si and Al atoms, whose
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Fig. 2 The band structure and DOS for BagAlySis,.
The energy is referred to the Fermi level.
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mobility may be large. The calthrates BagAlSiy, and
BagAl;sGeyy, may have a reasonably large electrical
conductivity.
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Fig. 3 The band structure and DOS for BagAl;:Gey.
The energy is referred to the Fermi level.
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Fig. 4 Partial DOS for (a) Ba, (b) Al and (¢) Si in the
BagAl;sSise.

3.2 Thermoelectric properties

Now we calculate thermoelectric properties in
BagAly6Sizy for which Koyanagi group has performed
the experiment [5]. Experimental Seebeck coefficient in
BagAl,sSiz shows the n-type ie., the existence of the
finite electron density, which is assumed in the present
calculation together with the rigid band approximation,
which assumes the band structure dose not change in
spite of the ¢lectron doping.

Then, from Eq. (2) and (3), we calculate the Seebeck
coefficient and electrical conductivity by choosing the
electron concentration #, and the relaxation time ¢
as parameters. Here, we have assumed the
relaxation time 7 to be constant, ie., the
energy- and temperature-independent 7 . Both
parameters are determined by the following way. Firstly
we notice that (i) Seebeck coefficient does not depend
much on 7 and is semsitive to #», and (ii)
electrical conductivity o is very sensitive to 7.

Thus we determine 7, from the best fitting of

S. Next using the determined #,, the value of
7 can be fixed by the best overcall fitting in o©.
Fig. 5 and 6 show the calculated and experimental
Seebeck coefficients and electric conductivities of
BagAl;Siy as a function of temperature, respectively.
The closed triangles are the experimental results by
Koyanagi group [5]. Solid lines denote the calculated
result corresponding to the electron concentration
n,=329% 10 cm™® and relaxation time 7 =199%
1076 5 It is seen that the calculated curve agrees well
with the experiment in the wide range of temperature.
After that, we calculate the thermal conductivity
x =k, +K,, where electronic thermal conductivity.

x,is calculated from Eq. (4) by using the above
determined electron concentration 7, and relaxation

time 7. The lattice thermal conductivity «,is treated
as a constant, which is chosen as a parameter to
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Fig.5 Temperature dependence of Seebeck coefficient

for BagAImSigo.
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reproduce the experimental thermal conductivity as
better as we can.

Then, the calculated and experimental thermal
conductivities of BagAly;Sisp are shown in Fig. 7. It is
seen that calculation with the lattice thermal
conductivity of x, =0.026 W/cmK shows the good

agreement with the experiment.

Finally, the Figure of merit ZT is calculated
from Eq.(1), using the above calculated Seebeck
coefficient &, electrical conductivity ¢ and
thermal conductivity «. In Fig. 8 the calculated
and experimental results of ZT in BagAlj¢Siz, are
shown to be in fairly good agreement.

The constant relaxation time 7 may be a
crude treatment and the consideration of the
microscopic  scattering mechanism  such  as
phonon scattering seems to be appropriate. Thus
we have performed also the calculation by using
the relaxation time 7 due to the acoustic
phonon scattering. It is found that the agreement of
the calculation and experiment becomes worse,
especially in electrical conductivity.

4 CONCLUTION

We have calculated the electronic structure of the
clathrate BagAl;sSize and BagAl;¢Gesq by using the first
principle FLAPW method with GGA. BagAlSis,
and BagAl;sGesy are found to be indirect semiconductor
of energy gap E,~0.39 (eV) and 0.41 (eV), respectively.
The top of valence band is relatively flat (near T'). The
bottom of conduction band is positioned at the M point
and has a parabolic nature. The conduction and valence
bands consist of s-, p-clectrons of Al, Si (Ge) atoms and
d-electrons of Ba atoms,

The above obtained electronic structure is used
to calculate thermoelectric properties, i.e,
Seebeck coefficient, electrical conductivity, thermal
conductivity and the figure of merit ZT in BagAl 4513,
Choosing the carrier density, the relaxation time and
the lattice thermal conductivity as parameters, the
calculation reproduces the experiment reasonably well.
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Fig.6 Temperature dependence of electrical

conductivity for BagAl,¢Sisp.
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Fig.7 Temperature dependence of thermal

conductivity for BagAlSis.
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Fig 8 Temperature dependence of ZT for BagAlL¢Sisp.
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