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Single-crystalline samples of type-VIII clathrate BagGa,s_,Al,Sns, (0 =x= 12) were grown from Sn
flux to characterize the structural and thermoelectric properties from 300 to 600 K. The lattice
parameter increases by 0.5% as x is increased to 10.5 whose value is the solubility limit of Al. The
Seebeck coefficients of all samples are largely negative and the absolute values increase to
approximately 300 ©V/K on heating to 600 K. This large thermopower coexists with the metallic
behavior in the electrical resistivity. The values of resistivity for I =x=6 at 300 K are in the range
3.3-3.8 m{) cm which is 70% of that for x=0. As a result, the power factor for x=4 and 6 has a
rather large maximum of 1.83X 10~ W/m K? at 480 K. The thermal conductivity stays at a low
level of 0.72 W/mK up to 480 K, and the sample with x=6 reaches a ZT value of 1.2 at 500 K.
© 2010 American Institute of Physics. [doi:10.1063/1.3490776]

I. INTRODUCTION

Over the last two decades, “caged” thermoelectric (TE)
materials such as clathrates and filled skutterudites have at-
tracted much attention due to their good combinations of
high Seebeck coefficient «, low thermal conductivity «, and
low electrical resistivity p. In fact, some of the caged mate-
rials have large TE figure of merit defined as ZT=a’T/ kp,
whose values at high temperatures are equivalent to state of
the art materials.'™ Recently, a large number of investiga-
tions have been performed on type-I clathrates with the
chemical formula of ILIII;4IV5,, where II=Ba, Sr, and Eu,
III=Al, Ga, and In, and IV=Ge, Si, and Sn.'™'5 The unit cell
of type-I clathrate consists of two kinds of cages; two
dodecahedra and six tetrakaidecahedra formed by group IV
and III elements. Alkaline-earth atoms in the cages donate
electrons to framework host atoms so that the compound can
be considered consisting of positively charged guest ions and
negatively charged host cages.9 Some (or all) of the electrons
donated by the guest atoms can be accommodated as lone
pairs formed in the cage structure through the group III ele-
ment. The low « at low temperatures is thought to be due to
the phonon scattering by the local vibration of the guest at-
oms in the anharmonic potential.l’5

The type-VIII clathrate has the same chemical formula
with the type-I clathrate, but the guest atoms are encapsu-
lated in only one kind of polyhedral cage composed of 23
framework atoms.'® The cage atoms occupy four sites as is
shown in Fig. 1. As for type-VIII clathrates, only four com-
pounds are known; SrgGa;q_Al,Gesy, for 6=x= 10,"
SryGays Al Siy for 8=x=10,"® BagGa,¢Snsp,>'"** and
EugGa16Ge30.6’23’24 In type-VIII BagGa,¢Snjs, the atomic dis-
placement parameters (ADP) of Ga/Sn are approximately
twice that for Ga/Ge in type-I clathrate SrgGa;sGes(, and the
eight Ba atoms show a relatively large ADP?! For the lattice
thermal conductivity, a small value of 1.1 W/mK was re-
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ported at room temperature.22 Moreover, the carrier type can
be tuned by slight deviation of the ratio of Ga/Sn from the
ideal value of 16/30; excess of Ga leads to p-type conduction
and excess of Sn leads to n-type conduction.'®? Previous
papers on this system reported the TE properties at tempera-
tures only below 300 K92

In the present work, we address the properties of single-
crystalline samples of BagGa,s_,Al,Sn;, (0=x=12) at tem-
peratures from 300 to 600 K. In analogy with the systems of
SrgGay6_Al,Gesq and SrgGa16_xAlei30,l7’20 it was expected
that the substitution of a light element Al for Ga of the same
IIT group may enhance the carrier mobility but not change
the carrier density.

Il. EXPERIMENTAL

Single-crystalline samples of BagGaq_,Al .Sny, were
prepared by Sn-flux method. High purity elements were
mixed in an atomic ratio of Ba:Ga:Al:Sn=8:16—x:x:50
(0=x=12) in an argon atmosphere glovebox. The mixture

12d

FIG. 1. (Color online) Unit cell of type-VIII clathrate BagGa,¢Sns, viewed
along the [100] direction. The large circles denote guest Ba atoms and small
circles denote cage atoms of Ga and Sn.
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FIG. 2. (Color online) As grown single crystal of type-VIII clathrate
BagGa,yAlgSns.

sealed in an evacuated quartz tube was heated slowly to 763
K and soaked for 10 h, and then slowly cooled over 50 h to
663 K. The quartz tube was removed from the furnace at 663
K. Well-shaped crystals were separated from the molten Sn
solvent by centrifuging. The constituent phase was character-
ized by powder x-ray diffraction (XRD, Rigaku Ultima IV),
and the elemental compositions were determined by wave-
length dispersive electron-probe microanalysis (EPMA,
JEOL JXA-8200). The melting point of the sample was de-
termined by differential thermal analysis (DTA, Bruker TG-
DTA2000SA). Electrical resistivity and Seebeck coefficient
were measured in a vacuum, respectively, by the standard dc
four-probe method and the differential method from 300 to
600 K. The Hall coefficient Ry was measured at room tem-
perature by a dc method in a magnetic field of 1 T. The
temperature dependence of thermal conductivity was calcu-
lated via the equation K=Dde, where D is the thermal dif-
fusivity measured in a vacuum by a laser-flash method, d is
the density, and C,, is the specific heat that was measured
with a differential scanning calorimeter.

lll. RESULTS AND DISCUSSION
A. Compositions and lattice parameters

Single-crystalline samples of approximately 5 mm in di-
ameter were obtained for the Al starting composition x<<10.
As for an example, the as grown crystal of x=6 has a shiny
metallic luster as shown in Fig. 2. For x=10 and 12,
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FIG. 3. (Color online) Powder XRD patterns for BagGa,s_,Al,Sny, samples
taken with Cu K« radiation at room temperature. The inset shows the lattice
parameter as a function of Al composition of the crystals.

however, the maximum crystal size was only 3 mm in diam-
eter. After the sample with x=12 was exposed to the air, the
surface easily changed from a shiny luster to an ash color.
The crystal compositions, whose values are the average
over eight regions, are close to the starting compositions in
the samples with x=10. The total content of Ga and Al is
less than the ideal composition of 16, and that of Sn is more
than their ideal composition of 30. The Al composition in the
sample with x=12 is largely reduced to 10.5, whose value is
considered to be the solubility limit of Al in this system.
Figure 3 displays the XRD patterns for selected samples
BagGa;4_,Al Snsq. All the patterns of samples with x= 10 are
indexed by the type-VIII clathrate structure with space group

143m. For the sample with x=12, however, there are addi-
tional intensities at 26=32.0° and 44.3° which are attributed
to Sn impurity. With the increase in x, the peak positions of
the major phase shift to lower angles. This indicates that the
lattice parameter increases with x due to the larger atomic
radius of Al than Ga. In fact, as shown in the inset of Fig. 3,
the lattice parameter increases almost linearly by 0.5% as the
crystal composition of Al is increased to 10.5. The crystal
compositions and lattice parameter a at room temperature are
summarized in Table I.

The melting points of samples with x=0 and 6 were
determined as 514 °C and 516 °C, respectively, from the
endothermic peak of the DTA curves. This means no

TABLE 1. Crystal compositions, lattice parameter a, Hall coefficient Ry, carrier density n, and carrier mobility uy at room temperature for BagGa,4_,Al,Sn;,

samples. Starting compositions Ba:Ga:Al:Sn are 8:(16—x):x:50.

Crystal composition

Lattice
parameter a

Carrier density n Hall coefficient Ry Carrier mobility uy

Sample x Ba Ga Al Sn Ga+Al+Sn (A) (10"/cm?) (cm?/C) (cm?/V s)

0 7.96 15.9 0 30.1 46.0 11.602(1) 4.23 —0.146 27.8
1 7.90 15.0 0.96 30.2 46.1 11.604(1)
2 7.97 13.9 1.95 30.2 46.0 11.609(1) 3.94 —0.157 45.4
4 7.97 12.0 3.83 30.2 46.0 11.612(1) s
6 8.02 10.1 5.67 30.2 46.0 11.619(1) 4.62 —0.134 40.3
8 8.00 8.19 7.57 30.2 46.0 11.639(1) 4.51 —-0.137 33.1

10 7.98 6.21 9.53 30.3 46.0 11.641(1) s

12 7.99 5.23 10.5 30.3 46.0 11.659(1)
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FIG. 4. (Color online) Temperature dependence of electrical resitivity p for
type-VIII clathrate BagGa,4_,Al, Sns,.

significant effect of Al substitution on the melting point of
this system.

B. Electrical transport properties

Figure 4 shows the temperature dependence of electrical
resistivity p for BagGa,s_,Al,Sny,. For all samples, p(7) in-
creases monotonically in parallel with each other as the tem-
perature is increased from 300 to 600 K. On going from x
=0 to x=2, p(T=300 K) decreases from 5.3 to 3.3 m{) cm,
and then gradually increases to 4.2 m{) cm with further in-
crease in x to 10. To understand this unusual x dependence of
p(T), we measured the Hall coefficient at room temperature.
As shown in Table I, all samples have negative Hall coeffi-
cient. The n-type nature of dominant carriers is related to the
composition ratio of (Ga+Al)/Sn smaller than the ideal
value of 16/30 as denoted in Table I. The carrier density is
essentially constant at 4—5 X 10'/cm? for 0=x=8, indicat-
ing that the conduction band structure is kept intact by the
substitution. The rather low carrier density in this series of
samples can be attributed to the absence of vacancy on the
framework. In fact, the actual total compositions of frame-
work atoms are nearly equal to 46 as listed in Table 1. Using
the value of p and Ry at 300 K, the carrier mobility was
calculated as uy=|Ry|/p. The carrier mobility largely in-
creases as x is increased from O to 2, which may give rise to
the initial reduction in p with x.

Figure 5 shows the Seebeck coefficient « of
BagGa;¢_, Al Snyq as a function of temperature over the range
300-600 K. For all samples, a is largely negative in
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FIG. 5. (Color online) Temperature dependence of Seebeck coefficient a of
type-VIII clathrate BagGa,s_,Al, Sns,.
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FIG. 6. (Color online) Temperature dependence of power factor P for type-
VIII clathrate BagGa,4_, Al Sns,.

consistent with the negative sign of Ry. At 600 K, |a]| first
decreases on going from x=0 to 2, then increases on going
from x=2 to 10. It is noteworthy that this sequence in |a(T
=600 K)| with x is almost the same that in p(T=600 K).
The decrease in |a| with x up to x=2 can be attributed to the
reduction in carrier effective mass, which is consistent with
the higher mobility of carriers for x=1 and 2 than for others
as discussed above.

Figure 6 displays the power factor P=a?/p. For the
samples for 2 =x =06, the power factor is enhanced distinctly
compared with that for x=0 due to the reduced value of p.
For the samples with x=4 and 6, the largest power factor is
1.83X 1073 W/m K2 at 480 K, whose value is enhanced by
41% compared with the sample with x=0.

C. Thermal properties and figure of merit ZT

The temperature dependent thermal diffusivity of the
samples with x=0, 4, 6, and 8 was measured by the laser-
flash method. The data for other samples could not be ob-
tained because the size of single crystals was smaller than the
required size of 6 mm in diameter. Figure 7 shows the data of
thermal conductivity « from 300 to 600 K. The values of «
are 0.72-0.80 W/mK at 300 K and almost invariant with
temperature up to 480 K. The marked increase in « at higher
temperatures can be attributed to the bipolar effect.”” Such an
effect becomes significant at high temperatures when ther-
mally excited p-type carriers coexist with n-type carriers.
Using the measured values of «, p, and k, the ZT was cal-

BagGa1exAlxSnso

kK (W/mK)

0'6 1 1 1 L
300 400 500 600

FIG. 7. (Color online) Temperature dependence of thermal conductivity «
for type-VIII clathrate BagGas_,Al, Sns.
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FIG. 8. (Color online) Temperature dependence of dimensionless figure of
merit ZT for type-VIII clathrate BagGa,4_, Al Sns,.

culated for the four samples. As shown in Fig. 8, the maxi-
mum value of ZT for x=6 reaches 1.2 at 500 K.

IV. CONCLUSIONS

We have grown single-crystalline samples of type-VIII
clathrate BagGa,4_,Al,Sny, (0=x=12) with n-type carriers
by Sn-flux method. The lattice parameter at room tempera-
ture increases linearly by 0.5% as the crystal composition of
Al is increased to 10.5, which is the solubility limit. The TE
properties were studied from 300 to 600 K. The Seebeck
coefficients of all samples are largely negative. Although the
carrier density hardly changes with x, the electrical resistivity
for 1=x=6 is reduced to 70% of that for x=0. The « of
samples with x=0 and 6 stays at rather low value of 0.72
W/mK up to 480 K. As a result, the highest ZT=1.2 is
achieved at 500 K for x=6. Thus, this material system with-
out toxic elements is proved to have high potential for appli-
cation at temperatures from 400 to 600 K. Further improve-
ment may be possible by controlling the starting
compositions of Al and Sn. The lower price and lighter in
weight of Al than Ga would become advantage for applica-
tion to recover waste heat at intermediate temperatures from
automobiles and industrial furnaces.
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