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We present the results of first principles calculations of the structural, electronic, elastic, vibrational, and
thermodynamic properties of the hypothetical silicon-based, guest containing type-VIII clathrates BagSisg
and BagAl;6Si3o. We obtained the lattice constant, formation energy, band structure, density of states,
elastic constants, sound velocity, and Debye temperature using the density functional theory with gen-
eralized gradient approximation (GGA). We calculated phonon dispersion and vibrational density of
states spectra using the density functional perturbation energy within GGA. We computed the tempera-

IT<ey ‘;V—(i;ﬁf:clathrate ture dependent specific heat, vibrational entropy, and vibrational Helmholtz free energy by utilizing
BZSSLW quasi-harmonic approximation. We found that replacing some silicon atoms in the framework with
BasAl,Siso aluminum atoms leads to the decrease of the fundamental band gap from 1.0 in BagSiss to 0.18 eV in

BagAl;6Sizo. Moreover, the guest Ba atoms produced localized phonon modes lying below 1.2, 1.8 THz
for BagSise, and BagAly6Si3g, respectively, which lead to the reduction of the acoustic bandwidth of the
host material. The effect of replacing Si atoms with Al on the properties of the interest is also discussed.
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1. Introduction

The Group IV clathrate compounds are formed by face-shared
polyhedral cages of the Group IV elements filled with alkali-metal,
alkaline-earth or rare-earth atoms [1]. They connect with each
other by covalent bonds. The guest-containing clathrates with only
Group IV atoms on the framework, and the clathrates with some
host atom substitutions are very promising from both practical
and basic physics considerations. The choices of the guest atoms
to vibrate inside the cage and the type and number of Group II or
Group III atoms substituted on the framework may both be em-
ployed to adjust the material properties and get a broad spectrum
of possible charge and thermal transport properties for them. In
case of Si-based clathrates, depending on the host composition
and on the guest atom choice, they show a range of various prop-
erties from wide-gap semiconductors [2] to materials with metallic
conduction [3], and to superconductors [1,4] (with Na, Ba or Eu
guests).

Group IV clathrates are typically promising candidates to fulfill
the phonon glass electron crystal (PGEC) criteria proposed by Slack
as an indicator of an efficient thermoelectric material due to their
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simultaneous very low lattice thermal conductivity (~1 W/m K at
room temperature) and high electrical conductivity [5]. Consider-
able experimental and theoretical effort has been focused on find-
ing better thermoelectric materials with PGEC properties over the
past several years. The clathrates, have cages containing guest
atoms which vibrate (rattle) at very low frequencies inside the
cages (rattling structures). These low-lying modes resonantly scat-
ter with the heat-carrying host acoustic phonons thus; lower the
thermal conductivity [6]. Since the bonding between guest-host
atoms is weak, the presence of the guest atoms usually has little
effect on the host conduction bands, so that these materials have
the potential to fulfill the PGEC condition.

The efficiency of energy conversion of a thermoelectric material
is obtained by its dimensionless figures-of-merit ZT = o?cT/k,
where T is the absolute temperature, « is the Seebeck coefficient,
o is the electrical conductivity, and k is the thermal conductivity.
It shows that an efficient thermoelectric should have good electri-
cal conductivity and poor thermal conductivity. Therefore, we need
to suppress transport of phonons and improve the charge carrier
transport. The Group IV clathrate compounds have been shown
to be among the good candidates for thermoelectric materials with
the highest ZT [7]. These clathrates due to their relatively large lat-
tice constants can cause short mean paths for phonon-phonon
scattering and in turn cause to a reduced lattice thermal conductiv-
ity. It is notable that both the rattling atoms in the clathrate
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framework and the open nature of the framework can lead to low
lattice thermal conductivity [8].

There are many available experimental and theoretical studies
of the Group IV clathrates with type-I and type-II structures based
on Si, Ge and Sn elements [1,9-15]. To the best of our knowledge,
only six synthesized compounds in the type-VIII clathrate family
(space group: 1-43 m), including BagGa;sGesp [12], EugGa;sGesq
[]6], Sr8Ga15,XAlXGe30 (6 <x< ]0) [1 7], BagGaie_xCu,Snsg (0 <x<
0.033) [18], SrgGas_xAl,Sizg (8 <x<10) [19], and SrgGa,Sigex [20-
22| have been reported so far.

The present study was prompted by the following facts. First,
the type-l clathrate BagAl;6Size, wWhich is already synthesized
[23,24], has a small thermal conductivity of 4.2 W/mK [25]. The
Seebeck coefficient and electrical conductivity above room temper-
ature for this material have been also reported by Kuznetsov et al.
[26]. From these values, the estimated ZT value for BagGaSi3o was
approximately 0.87 at 870 K. Also, the optimally p-type doped Eug_
Ga;Geso-VIII clathrate was predicated to have ZT ~ 1.2 at 400 K
[20]. These findings suggested that the silicon based clathrates
may have better thermoelectric performance than the germanium
based clathrates at high temperature. Second, comparing type-I
and type-VIII clathrates, the p-type type-VIII clathrates are gener-
ally more favorable for their higher Seebeck coefficient and reason-
able electrical conductivity. Therefore, they are expected to result
in a higher ZT [1,27]. Kishimoto et al. have also shown experimen-
tally that SrgAl,Gaqs_xSiso type-VIII clathrates have higher mobility
than type-I (24 cm?V~!'s~! at 300 K compared to 5cm?V~!s71)
[28]. Also, similar enhancement has been observed for type-VIII
EugGa;Geso compared to type-I [19]. Bentien et al. also showed
that the type-VIII clathrates EugGa,Ge4s_» have higher mobility
values than those of type-I clathrates [29]. Our purpose in this
work was to find out how the change of the crystal structure (from
type-I to type-VIII) would affect the basic electronic, elastic, struc-
tural, vibrational, and thermodynamic properties of these com-
pounds. The calculated material properties provide the required
parameters for further calculations of the thermoelectric transport
properties with semi-classical approaches like Boltzmann Trans-
port Equation.

We have recently calculated the electronic, vibrational, and
thermodynamic properties of the pristine Sisg-VIII clathrate [30]
and the corresponding thermoelectric transport properties [31].
The band structure of Sizs-VIII showed an interestingly large num-
ber of closely packed electron pockets near both the conduction
and valance band edges. The resulting large density of states near
the band edges is predicted to make a large thermoelectric power
factor (>0.004 W m~!K=2) [30]. Therefore, we expect that the
parental Size-VIII should provide a good starting material in search
of Si based clathrate thermoelectric materials. It is known that the
transport properties of the clathrates can be adjusted by the choice
of the guest atoms or by the choice of the framework substitutions
[32,33,14]. In fact, intercalation of clathrates by Ba and Na has been
paid much attention in the past an can be explored for this purpose
[34-37]. Such guest atoms are free to rattle in the framework due
to their weak interaction with the host. These localized rattling
processes resonantly scatter the acoustic phonon modes from the
cage and reduce the thermal conductivity, [38] which prompts
engineering of the pristine clathrates with adding guest atoms in
their cage for enhancing their thermoelectric properties.

The results of first-principles calculations of the structural, elec-
tronic, phonon, elastic and thermodynamic properties of two Si-
based type-VIII clathrate compounds are presented in this paper.
To our knowledge, this work is the first reported first principles
theoretical study of any silicon based guest containing type-VIII
clathrate materials. Also to our knowledge, these type-VIII clath-
rate materials are so far purely hypothetical and none of them
has yet been synthesized in laboratory.

All reported properties are calculated based on the density func-
tional theory in the framework of generalized gradient approxima-
tion. Initially, we have optimized the geometry of each lattice
structure. All the electronic structure, elastic constants, phonon
and density of states, and thermodynamic properties calculations
have been done using the optimized structures. By employing the
quasi-harmonic approximation we predict some of the tempera-
ture-dependent thermodynamic properties such as specific heat,
vibrational entropy and vibrational Helmholtz free energy.

2. Theoretical background
2.1. Crystal lattice structure

The guest-containing unit cell of the type-VIII clathrate contains
54 atoms and crystallizes in the BCC lattice structure. The unit cell
structure has a dodecahedral cage with small empty spaces in each
cage available. The ideal type-VIII clathrate structures are repre-
sented as a general chemical formula AgByC46_x in Which the A
atoms are the guests residing inside the cages and B or C atoms
are the host or framework atoms. The chemical formula for the bet-
ter-known type-I clathrate materials is identical to that for the
type-VIII materials discussed here. However, the type-I clathrates
crystallize on the SC lattice structure while the type-VIII materials
crystallize in the BCC structure. Although, the guest atoms in type-I
clathrates are encapsulated in two kinds of frameworks, there is
only one kind of polyhedral framework for the guest atoms in
type-VIII clathrates [1]. In both aforementioned structures, the
host atom is tightly bonded with 4 neighbor atoms by the sp?
hybridizing orbital. All chemical formulas used in the following re-
fer to type-VIII clathrates.

The type-VIII clathrate compounds have a non-centro-sym-
metric space group [-43m (No. 217). The unit cell of a typical
guest- containing type-VIII clathrate has been depicted in
Fig. 1(a). More specifics of crystal structure of the type-VIII clath-
rates may be found in the literature [1]. In BagAl;gSiso, Ba atoms
are encapsulated in cages consisting of 23 atoms of Al or Si. The
framework atoms occupy four Wyckoff sites, 2a, 12d, 8c, and 24g
and the Ba guest atoms occupy the 8c Wyckoff positions. There
are many possible unit cell configurations for the of the type-VIII
clathrate BagAl;6Siso. Each possible configuration results from the
placement of the Al atoms on the different framework lattice
sites. For the calculations on BagAl;¢Si3o presented here, we have
adopted the configuration with no Al-Al bonds. This is similar to
the lowest-energy configuration for type-VIII clathrate BagGais.
Siz found by Ross et al. [39]. In fact, we have also assumed that
the zero AI-Al bonds configuration is the most energetically
favorable one, which is similar to previous studies on Ba-Al-Ge
and Ba-Ga-Ge compounds [40,41]. Guest-guest bonds are unli-
kely in these compounds because the average distance between
the guests is ~5.5 A, which is almost five times larger than the
ionic radius of Ba; 1.35 A.
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Fig. 1. (a) Crystal structure of the guest-containing type-VIII clathrate viewed along
the x-direction. Guest atoms occupy 8c sites and host atoms occupy 2a, 12d, 8c,and 24g
sites. (b) The first Brillouin zone of a typical type-VIII clathrate and the k-point path.
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2.2. Computational methods

We used the GGA-PBE [42] exchange-correlation functional in
our density functional theory (DFT) [43,44] calculations. A linear-
response approach, [45-47] together with an iterative minimiza-
tion, norm-conserving pseudopotential plane-wave method, as
implemented in the ABINIT package has been employed [48]. The
applied Troullier-Martins pseudopotentials [49-51] are single pro-
jector, and ordinary norm-conserving potentials. We used 8, 3, and
4 valence electrons for Ba, Al, and Si atoms, respectively. To ensure
that the absolute total energies converged to 1 meV/atom, and that
the elastic constants converged to within 2 GPa we defined a
6 x 6 x 6 regular shifted k-point mesh and set the plane-wave cut-
off energy to 60 Ry. We found that employing a 8 x 8 x 8 grid does
not change appreciably the properties of interest. The smearing
method used for these calculations is the tetrahedron method. To
perform the phonon property calculations we used a 8 x 8 x 8
Monkhorst-Pack mesh and did not change the plane-wave energy
cutoff to warrant a good coverage of the dispersion relations. The
dynamical matrices were obtained from perturbation theory
[46,47]. A Fourier interpolation scheme was used to increase the
mesh sampling in order to improve the description of the phonon
density of states (Vibrational Density of States-VDOS), the heat
capacity, and the rest of properties of interest. To obtain the lattice
constants, the first step in our calculations was the optimization of
the lattice geometry of each compound utilizing Hellmann-Feyn-
man forces and Broyden-Fletcher-Goldfarb—Shanno minimization
procedure [52,53]. During the calculations, relaxations of both the
internal structural parameters and the cell shape were included.
The structural relaxation was performed until the residual forces
and stresses were less than 5 x 10~> Hartree/Bohr and 5 x 10~/
Hartree/Bohr?, respectively. For the calculated phonon frequencies
the convergence was achieved within 1 cm~". In all calculations, a
supercell which is a single unit cell was employed due to relatively
large unit cell of clathrates (lattice constant ~10.5 A in average).

2.3. Elastic constants

To obtain mechanical properties of a material a full set of single-
crystal elastic constants are needed. The three elastic stiffness con-
stants C;1, Cq2, and Cy4 can fully describe the elastic properties of a
cubic crystal. The ABINIT code can provide these three constants Cj;
by straining the lattice at fixed volumes [54]. The free energy was
calculated then as a function of the strain. The single-crystal elastic
constants of BagSisg and BagAl;gSisg are listed in Table 1. The bulk
modulus B, and tetragonal shear modulus C' can be calculated from
three independent Gj; as:

B:CH +2Cr, (1)
3
and
o G —Cip
o=t )

The shear modulus G can be obtained by the Hill modulus [55]
Gy = 1/2(Gg + Gy), where the G and Gy are determined by the fol-
lowing formulas [56]:

Table 1
The predicted values of lattice constants, formation energies and fundamental band
gaps for the clathrates of interest are summarized in Table 1.

Type-VIII clathrate BagSise BagAl;6Siso
Lattice constant (A) 10.38 10.59
Formation energy (kJ/mol) —94.05 -596.6
Fundamental band gap (eV) 1 0.18
Density (g/cm?) 3.550 3.323

1 204 3 .
Ge' =C ' +2Cy (3)
and
2., 3
Gv=§C +§C44. (4)
Young’s modulus E is expressed as:
9BG
“3B+G )

Given the bulk, and shear modulus, the longitudinal ¢, and the
transversal ¢r sound velocities were calculated using the following
relations [57]:

pﬁ:B+gG (6)
and
pri=G (7)

where p is the density. The average speed of sound was determined
by:

1/1 2
-3 _ - o il
=50 3) ®
Having the longitudinal and transversal velocities, the Debye tem-
perature was calculated as [58]:

_hUS 3 NAp %
GD*E{E (Wﬂ ®)

where h, kg, N4, and M, are Planck’s constant, Boltzmann'’s constant,
Avogadro’s number, and average molecular weight, respectively.

2.4. Phonon spectra and thermodynamic properties

For the calculation of the phonon spectra and temperature
dependent thermodynamic properties, we have employed the ABI-
NIT implementation where the density functional perturbation
theory (DFPT) was used. First, we calculated the phonon spectra
and density of states for further description of the thermal proper-
ties of the type-VIII clathrates of interest. We obtained linear
response properties such as phonon frequencies as the second-
derivatives of the total energy with respect to atomic displace-
ments within the framework of the DFPT. The linear response
method allowed the calculations of the dynamical matrix at any
arbitrary wave vectors. Fourier transform of the dynamical matri-
ces obtained for a grid in the first Brillouin zone (BZ) was employed
to extract the force constants. We then used Fourier interpolation
with specific treatment of the long-range dipole-dipole interaction
to obtain the phonon spectra based on the interatomic force con-
stants [46]. The role of spin-orbit coupling was considered for
the calculation of phonon frequencies at the I' point. By applying
a tetrahedron method and a 8 x 8 x 8 grid we also calculated the
phonon density of states [59,60]. The thermodynamic properties
of the clathrates were calculated using the quasi-harmonic approx-
imation assuming that the system is a perfect crystalline lattice
and that only the lattice vibrations contribute to the entropy. Since
all phonon eigenvalues were obtained at T=0 K, anharmonic ef-
fects were assumed to be negligible.

We calculated the vibrational Helmholtz free energy (F,p),
entropy (Syi») and specific heat at constant volume (C,) from vibra-
tional density of states (VDOS). The procedure to obtain VDOS is
outlined elsewhere [61]. In addition to the fact that we used equi-
librium volumes in all our calculations, the thermal expansion
coefficient is very small in semiconductors up to a few hundred
degrees above room temperature. To simplify the calculations,
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we calculated VDOS at 0 K and ignored temperature dependence of
the lattice constant which seem reasonable because in diamond-
structure Si as an example, the thermal expansion coefficient is
~4.68 x 1076 K~! at room temperature [62].

In the quasi-harmonic approximation, the phonon Helmholtz
free energy is determined by:

Fi(T) = ksT / N B ho + kBTln<1 _ e*%)} g(w)dw (12)
0

where kg is the Boltzmann constant. The VDOS is normalized such
that [g(w)dw = 3N, where N is the number of atoms. The zero point
phonon energy is defined by F,;, at T = 0 K. The phonon entropy and
the specific heat at constant volume are respectively given by:

SanM) = (%) (13)
and
2 .
Cv(T) =T (8; g"’) (14)
14

3. Results and discussion

Following the structural optimization and through calculation
of GGA minimum total energies as functions of volume and then
by fitting the Energy-Volume data to the third order Birch-Murna-
ghan equation of state [63], we obtained lattice constants of 10.38,
and 10.59 A for BagSiss and BagAl,¢Sisg clathrates, respectively. The
predicted lattice constants indicate that the substitution of the 16
Si atoms by Al atoms expands the framework. This is understand-
able by comparing the larger atomic radius of Al with the smaller
atomic radius of Si. Fig. 2 depicts our calculated electronic band
structures and densities of states for the two clathrates of interest.
Fig. 2(a) and (b) indicate that the band structures are complex, the
number of bands is very large due to the large number of atoms in
a unit cell.
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Fig. 2. GGA electronic band structures and scaled total density of states for (a)
BagSiss and (b) BagAl;eSizo. Each figure displays the energy bands along several
symmetry directions of the first Brillouin zone. In units of 27/a, the labeled k points
correspond to I'=(0,0,0), H=(1/2,1/2,-1/2), N=(1/2,0,0) and P=(1/4,1/4,1/4).
The Fermi level is set to 0 eV and is shown by horizontal dashed line. The dark
salmon colored rectangles show the band gaps.

Flatness of the bands makes the determination of the k-point to
k-point transition for the minimum energy gap, especially near the
Fermi level at the top of the valence band difficult in these clath-
rates. Our calculations show that the BagSise-VIII should has a band
gap between the Brillouin zone points N=(1/2,0,0) and a k point
between Gamma =(0,0,0) and H=(1/2,1/2,—1/2) points. We pre-
dict that the BagAl;6Sizo-VIII compound has a much smaller funda-
mental band gap. The valence electrons from Ba and Al atoms
contribute in conduction band and due to increment of screening
effects, result in narrowing the fundamental band gap in these me-
tal doped compounds. The valence and conduction bands almost
touch each other at the Gamma point in BagAl;gSizp-VIII com-
pound. The predicted fundamental GGA band gaps of the BagSisg
and BagAlygSi3g clathrates are approximately 1.0 and 0.18 eV,
respectively. These values of band gaps show that replacing 16 Si
atoms with Al atoms on the framework causes a significant reduc-
tion in the band gap, which can be attributed to the unpaired elec-
tron in the p-orbital of Al. The p-orbitals of Si atoms hybridize with
those of the Al atoms, which in turn reduces the band gap of Bas.
Aly6Sisp. It is also notable that, Ba guest atoms donate their elec-
trons to the anti-bonding states (conduction bands) of the host
material. The differences in the hybridized states of the framework
originate from the wave function overlap between the guest and
host atoms.

Our calculated results for the total scaled electronic density of
states (DOS) for each compound of interest are presented in
Fig. 2(a) and (b). The calculated densities of states are qualitatively
similar to each other. The Fermi level of BagSisg¢ is located closely to
the peak in conduction band which can be attributed to strong
hybridization between Ba states and Sisg conduction band. In con-
trast, in BagAl;Sizo-VIII compound the location of Fermi level is
away from the peak in conduction band. Each scaled total elec-
tronic density of states has two major regions, an s region and a
p bonding region. The electronic states of the valence electrons
are formed by sp® orbitals so the main contribution to these states
comes from p orbitals.

We also calculated the formation energies Ef for the BagSiss and
BagAly6Sisg clathrates. Energy of formation refers to the electronic
part of the formation energy with respect to the elements in their
standard state. The energies of formation were calculated from the
following relation:

Ef(BaSAIIGSiBO) = Epagatyesis, — SEpa — 16Ea — 30E;; (15)

in which EBa is the energy per Ba atom in Ba metal, and similarly for
all other atoms. Similar formula was also applied to Ba8Si46 mate-
rial. The formation energy determines if it is energetically favorable
for a material to form in comparison with the solids formed by its
constituents (Ba, Al, and Si). We find that the formation energies
for BagSise and BagAl;¢Sizg are —94.05 and —569.60 kJ/mol per unit
cell, respectively. These results predict that the guest containing
clathrates BagSiss and BagAl;6Si3g are thermodynamically more sta-
ble than their isolated bulk constituents; hence, it is energetically
favorable for them to form.

3.1. Elastic properties

The mechanical properties for the aforementioned clathrates
were calculated at their theoretical equilibrium volumes. We set
the strain values to 0.005. The eigenvalues of the elastic stiffness
matrix were found to be (13.72, 327.23, 13.72, 3.66, 3.66, 3.66),
and (80.14, 203.76, 80.14, 184.89, 184.89, 184.89) for BagSiss and
BagAly6Si3g respectively, indicating that the matrices are positive-
definite, and that the clathrate crystals are mechanically stable.
The calculated values of the elastic constants, bulk, shear, and
Young’s moduli, longitudinal, transverse, and mean sound veloci-
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Table 2

Calculated elastic constants Gj bulk B, shear G, and Young's E moduli in GPa,
longitudinal, transverse, and mean sound velocities in m/s, and Debye temperatures
in K for BagSiss, and BagAl;6Siszg.

Type-VIII clathrate BagSise BagAl;6Siso
Cyq (GPa) 125.46 121.32
Cy (GPa) 43.26 41.23
Cyq (GPa) 46.5 46.20
B (GPa) 76.66 67.93
G (GPa) 45.17 43.63
E (GPa) 109.57 107.80
v, (m/s) 6777 6160
vr (m/s) 4080 3623
vs (m/s) 4509 4016
0p (K) 468 427

ties along with Debye temperature for each compound have been
listed In Table 2.

As can be seen from Table 2, the predicted values of all listed
elastic properties are reduced by replacing Si atoms by Al atoms
in the framework.

3.2. Phonon spectra and VDOS

In theory of lattice dynamics, the collective motion of all atoms
in lattice is described by vibrational eigenvalues or phonon spectra.
Fig. 3(a) and (b) present our calculated ground state phonon dis-
persion curves at T=0K respectively for the type-VIII clathrates
BagSiss and BagAlygSizg along with their corresponding phonon
density of states (VDOS).

The phonon spectra for the two materials are very similar and
share relatively common features. The acoustic modes are located
below approximately 2, and 3 THz for the BagSiss, and BagAl;Sizg
materials, respectively, and the optical modes lie above that range.
There are two high densities of states regions in each material. One
region is above the acoustic modes in the ranges of 2-4.5 and 3-5.8
THz for BagSiss, and BagAl;6Sizg, respectively, and the other region
is near the top of the optical branch above 9, and 8.8 THz,
accordingly. We expect that the contribution of optical modes to
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Fig. 3. Calculated phonon dispersion relations and vibrational density of states for
(@) BagSise and (b) BagAl;6Siso.

650
g 300 -—=Bay Si,
2 Bag Al Si
— 50 1

: 8 16 30
= 250
&)
3

g
oz
=
=

=
w

el

£

=

9.

=

e

a0

-1000 75 200 400 600

T(K)

Fig. 4. Calculated thermodynamic properties of BagSiss (red curves), and BagAlys.
Si3p (blue curves) in the temperature range 0-700 K. (a) Specific heat at constant
volume C,, (b) vibrational entropy S,i, and (c) vibrational Helmholtz free energy
Fip. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

heat transport will be small [64]. The highest optical modes are lo-
cated at 11.4 and 12.2 THz for BagSise, and BagAl;6Sisq, respectively.

The calculated VDOS for both materials increases above both re-
gions of acoustic and optic branches. The top of the acoustic bands
are located at about 1.2 and 1.8 THz, respectively, for BagSise, and
BagAl;6Siso. It means that, in comparison to that of BagAl;6Siso, the
acoustic bandwidth in BagSisg clathrate is reduced by about 67%.
These results also show that replacing Si atoms by Al atoms in
the framework leads to a wider bandwidth for the heat-carrying
acoustic modes. In fact, suppression of the acoustic bandwidth be-
comes less effective after replacing Si atoms by Al atoms.

The weak bonding of the guest atoms in the framework as a
consequence of avoided crossing effect results in low frequency
localized guest atom phonon modes which, in heat transport the-
ory, can couple to the lattice modes by resonantly scattering the
heat-carrying acoustic modes of the host [65]. This should increase
the probability of resonant scattering of the host acoustic phonons,
and thus should lead to a lower lattice thermal conductivity. The
phonon modes near the transition region of the acoustic- to op-
tic-mode range allow thermal energy transfer from the framework
to the guest atoms due to their dual nature [61]. As can be seen in
Fig. 3, we also find gaps in both the phonon dispersion curves and
the VDOS within the optic bands. These gaps are located in the
ranges 1.75-2.05 THz for BagSiss, and 2.03-2.12, 2.55-2.6 and
2.91-3.08 THz for BagAl;6Si3o. The existence of these gaps is not
usual in covalently bonded compounds. These gaps are unique fea-
ture of clathrates which possibly are caused by the open structure
and interconnected cages of their lattices [66]. It is notable that, in
molecular solids, the high energy intramolecular modes (caused by
the cage atoms) are separated from the low energy intermolecular
modes (guest-cage modes), which results in these gaps.

3.3. Thermodynamic properties

We have also calculated the phonon contributions to the spe-
cific-heat capacity at constant volume, the entropy, and the Helm-



P. Norouzzadeh et al./Journal of Alloys and Compounds 587 (2014) 474-480 479

holtz free energy in the BagSiss, and BagAl;¢Siso type-VIII clathrate
materials in the temperature range 0-700 K. In the theory of the
lattice dynamics, the specific heat at constant volume is more eas-
ily calculated than the specific heat at constant pressure, which is
the more common experimentally measurable quantity. For solids,
the two specific heats are related by C, — C, = BTVoZ, where ay is
the volumetric coefficient of thermal expansion, B is the bulk mod-
ulus, T is the absolute temperature, and V is the volume. Our calcu-
lated temperature-dependent specific heat, vibrational entropy,
and the vibrational Helmholtz free energy for BagSiss, and BagAlys.
Sizo have been demonstrated in Fig. 4(a) and (b) respectively. The
temperature dependencies of all quantities of interest show similar
features for the two materials. In Fig. 4(a) the C, curves increase
smoothly with temperature in the range 0-700 K. At approxi-
mately 300 K, C, begins to approach the Dulong and Petit value
of 3NR, where R is the gas constant and N is the number of atoms
in the unit cell. As the temperature increases above about 300 K
the C, curves become almost flat. This indicates that the optical
and acoustic modes of these clathrates are all excited at room tem-
perature. As can be seen from Fig. 4(a), we predict that the substi-
tution of Si atoms by Al atoms in the framework will have a
negligible effect on the vibrational heat capacity. Our calculations
predict that at T=300K, C, for BagSiss, and BagAl;gSisg is 604.15,
and 626.17 J/K mol, correspondingly.

Fig. 4(b) shows the calculated temperature-dependent vibra-
tional entropies for BagSise, and BagAl;gSizg. The calculated vibra-
tional entropies at T=300K are 820.77 and 859.28 J/K mol,
respectively for the clathrates of interest. As the temperature in-
creases the entropy curves increase smoothly as well. This behav-
ior is understandable because the phonon frequencies should
increase with temperature.

The vibrational Helmholtz free energies as a function of temper-
ature for the BagSiss, and BagAl;6Si3o materials have been plotted in
Fig. 4(c). It is known that the free energy of a compound is a func-
tion of its geometrical structure. From Fig. 4(c), it can be seen that
the substitution of Si atoms by Al atoms in the framework leads to
more stable clathrate compounds.

4. Conclusions

We calculated the structural, electronic, elastic, phonon and
thermodynamic properties of two hypothetical type-VIII clathrates
BagSise, and BagAl;gSiso from the first principles methods. Several
properties of these clathrates and the results of these calculations
were presented using GGA DFT computational scheme. Primarily,
we started from the pristine type-VIII clathrate Sisg and added Ba
guest atoms to the cage to form BagSise. Later, we then constructed
the unit cell of BagAl;6Si3g by selecting a configuration with zero
Al-Al bonds. The geometries of each of the two clathrates were
then optimized. Our calculations predict that the fundamental
band gap of BagAl;gSize-VIII is much smaller than that of
BagSige-VIII. The predicted band gaps are about 1.0 and 0.18 eV,
respectively, for BagSiss, and BagAl;¢Size. In addition, the effect on
the lattice constant and on the formation energy of the substitution
of Al on the framework was investigated. The predicted elastic con-
stants show clear trends as a result of the substitution of some of
the Si atoms by Al. We also showed that replacing Si atoms by Al
atoms increased the acoustic bandwidth which leads to an incre-
ment of lattice thermal conductivity. Finally, we have calculated
the temperature-dependent vibrational specific heat, entropy,
and the Helmholtz free energy for the clathrates of interest. Our
calculations show that the temperature variations of these proper-
ties demonstrate similar features as those found for other clathrate
compounds [67-69].
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