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Crystal structure and thermoelectric properties of type-l clathrate
compounds in the Ba—Ga—-Ge system
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The crystal structure and thermoelectric properties of type-I clathrate compounds in the Ba—Ga—Ge
system have been investigated as a function of Ga content. The solid solubility of Ga in the type-I
clathrate compounds is determined to be X=16 when expressed with the formula of BagGayGe,q_x.
As the Ga content increases, the crystal structure changes from a superlattice structure to the normal
type-I clathrate structure with the transition occurring at X=3.5-5. The density of Ge vacancies in
the type-I clathrate phase decreases as the Ga content increases. The absolute values of electrical
resistivity and Seebeck coefficient increase, while that of lattice thermal conductivity decreases with
the increase in the Ga content. The changes in electrical resistivity and Seebeck coefficient are
explained in terms of the number of excess electrons, while the change in lattice thermal
conductivity is explained in terms of the extent of the rattling motion of Ba atoms encapsulated in

the cage structure. © 2006 American Institute of Physics. [DOI: 10.1063/1.2355443]

I. INTRODUCTION

Clathrate compounds exhibit relatively low electrical re-
sistivity and high Seebeck coefficient in addition to very low
thermal conductivity.lf3 Clathrate compounds have been in-
vestigated in recent years as promising thermoelectric mate-
rials, since the thermoelectric performance is evaluated with
the dimensionless figure of merit ZT=a?T/(p\), where a, p,
N, and T stand for Seebeck coefficient, electrical resistivity,
thermal conductivity, and temperature, respectively. The
crystal structure of clathrate compounds is comprised of
polyhedral cages and guest atoms encapsulated in the cages.
The cages consist of group IV and/or III elements (Tt), while
the guest atoms (M) are typically alkali metals or alkaline-
earth metals. Clathrate compounds, to which intensive inves-
tigation as possible thermoelectric materials is recently
made, are those categorized as “type I” with the chemical
formula of MgTt,s, in which the cubic unit cell consists of
two pentagonal dodecahedra (Tt,, cage) and six tetrakaideca-
hedra (Tt,, cage) encapsulating guest atoms (M).* The space

group of type-I clathrate compounds is Pm3n and Tt atoms
constituting the cage structure are located in 6¢, 16, and 24k
sites, whereas guest atoms are in 2a and 6d sites. Tt atoms
are tetrahedrally bonded to each other, while guest atoms are
weakly bonded to the cage structure. Low thermal conduc-
tivity of type-I clathrate compounds is considered to origi-
nate from the rattling motion of guest atoms in 6d sites,
which is detected by x-ray and neutron diffractions as an
anomalously large atomic displacement parameter (ADP).’
Some binary type-lI clathrate compounds such as
BagGe43,6_9 RbSSn44,'0 KgGe44,” and ngsn44,12 have been
reported to contain vacancies in the cage structure. While
vacancies in RbgSny,,'" KgGey,,'' and CsgSnyy (Ref. 12) are
reported to randomly occupy 6¢ sites, our recent study by
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electron diffraction and synchrotron powder diffraction® has
indicated that BagGe,; possesses a superlattice structure of
cubic symmetry with a lattice parameter twice that of the
normal type-I clathrate structure due to an ordered arrange-

ment of Ge vacancies and that the space group is la3d with
Ge atoms and vacancies exclusively in 24d and 24c sites,
respectively. The 24c¢ and 24d sites in the superlattice struc-
ture correspond to 6¢ sites in the normal type-I clathrate
structure, based on which the superlattice structure is formed.
The binary type-I clathrate compound BagGeys is unstable
and decomposes into the type-III clathrate (Ba,,Ge,q,) and
Ge phases below 770 °C.” The thermoelectric properties of
BagGe,; are not particularly good, as exemplified by a rather
low ZT value of 0.057. However, once alloyed with a large
amount of Ga, the crystal structure is reported to be of the
normal type-I clathrate, for example, for BagGa,4Ge;, indi-
cating the existence of phase transformation from the super-
lattice structure for BagGey; to the normal type-I structure for
BagGa,Gesq at some composition in between. The thermo-
electric property is reported to be improved accordingly once
the crystal structure is changed to that of the normal type I so
that the ZT value of 1.0 is achieved at high temperatures for
BagGamGem.B’14 In some type-I clathrate compounds, some
ternary elements'”'® as well as vacancies'*'? are reported to
preferentially occupy 6¢ sites, as Ge vacancies in BagGeys
preferentially occupy the corresponding sites (24c¢ sites) in
the superlattice structure. Since the 6¢ sites of the normal
type-I clathrate compounds correspond to the linkage points
of four tetrakaidecahedral cages, the occupancy behavior in
6¢ sites may play an important role in determining the trans-
port properties. Upon phase transformation from the super-
lattice structure for BagGe,; to the normal type-I structure for
BagGa;Gesq, not only the concentration of vacancies in 6¢
sites but also the occupancy behavior in the sites may vary
with the Ga content.

In the present study, we investigate phase equilibria
among phases existing near the type-I clathrate phase in the
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Ba—-Ga—Ge system and crystal structures of Ba—Ga—Ge ter-
nary type-I clathrate compounds in order to determine the
solubility limit of Ga in the type-I clathrate phase and the
occupancy behavior of Ge/Ga atoms and vacancies in the 6¢
sites, respectively. We also investigate the thermoelectric
properties of Ba—Ga—Ge ternary type-I clathrate compounds
as functions of Ga content and temperature. Implication is
made on the correlation between the deduced crystallo-
graphic features and the observed thermoelectric properties.

Il. EXPERIMENTAL PROCEDURES

Specimens with nominal compositions of BagGayGe,q_x
(X=3,4.5, 6, 12, 16, and 18) were prepared by Ar arc melt-
ing. After arc melting, specimens were annealed at 790 °C in
vacuum for 12 h followed either by oil quenching or by fur-
nace cooling. Microstructures and chemical compositions of
phases present in oil-quenched and furnace-cooled speci-
mens were examined by scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS), re-
spectively. Annealed samples were ground to powder with a
particle size less than 16 um and were encapsulated into
quartz capillary with a diameter of 300 um. Synchrotron
powder diffraction experiments were carried out at room
temperature with a Debye-Scherrer camera and an imaging
plate detector installed at the BLO2B2 beamline of the
SPring-8. The wavelength of the incident x ray used was
0.050 00 nm. Crystal structure refinement was made by the
Rietveld method with the RIETAN-2000 proglram.]7 Measure-
ments of electrical resistivity and Seebeck coefficient were
made with our ULVAC ZEM-2 apparatus in the temperature
range from 50 to 670 °C. Measurements of thermal conduc-
tivity (\gy) were carried out at room temperature (RT) by the
static method. Values of thermal conductivity above room
temperature (A7) were calculated from the values of thermal
diffusivity («; and kgp; those at a given temperature and
room temperature, respectively) determined by the laser flash
method with the following equation:

>\T= )\RT X KT/KRT, (1)

on the basis that the values of specific heat for type-I clath-
rate compounds BagGayGe,s_y are constant above room
temperature.'®

Ill. RESULTS
A. Phase identification

While microstructures after oil quenching and furnace
cooling are identical to each other for specimens with X
=06, those for specimens with X=3 and 4.5 are different
from each other. SEM backscattered electron images of
specimens with X=3 and 4.5 after oil quenching and furnace
cooling are illustrated in Figs. 1(a) and 1(b) and Figs. 1(c)
and 1(d), respectively. After oil quenching, a two-phase mi-
crostructure consisting of type-I clathrate and Ge phases is
similarly observed for both specimens [Figs. 1(a) and 1(c)].
The volume fraction of the Ge phase is generally larger for
the specimen with X=3 than that with X=4.5, implying that
the density of Ge vacancies in the type-I clathrate com-
pounds decreases with the increase in the Ga content. After
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FIG. 1. SEM backscattered electron images of oil-quenched specimens with
(a) X=3 and (c) X=4.5 and furnace-cooled specimens with (b) X=3, (d)
X=4.5, (e) X=6, (f) X=12, (g) X=16, and (h) X=18.

furnace cooling, the specimen with X=3 exhibits a fine mi-
crostructure consisting of type-III (Bay,Gag sGegys) and Ge
phases in addition to type-I clathrate and Ge phases [Fig.
1(b)]. A similar microstructure is observed for the specimen
with X=4.5 after furnace cooling although the volume frac-
tion of the fine microstructure consisting of type-IIl and Ge
phases is considerably decreased. The formation of the fine
microstructure consisting of type-III and Ge phases is be-
lieved to be due to the decomposition of the type-I clathrate
phase into type-III and Ge phases during cooling, as is ob-
served in the binary type-I clathrate compound BagGe43.7
This implies that the type-I clathrate compounds in speci-
mens with X=3 and 4.5 have a superlattice structure with an
ordered arrangement of Ge vacancies and are unstable at low
temperatures, as in the case of the binary type-I clathrate
compound BagGe43.7 On the other hand, only type-I clathrate
and Ge phases are observed for specimens with X=6, 12, and
16 [Figs. 1(e)-1(g)] both after oil quenching and furnace
cooling, indicating that the thermal stability of the type-I
clathrate compounds in these specimens is increased so that
the decomposition into type-III and Ge phases no longer oc-
curs during cooling. Of interest to note is that the volume
fraction of the Ge phases decreases with the increase in the
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TABLE I. Ga and Ge contents in the type-I clathrate compounds obtained
by EDS analyses. In the analyses, the Ba sites are assumed to be fully
occupied.

Nominal
composition Ga content Ge content Ga+Ge
BagGa;Geys 3.93(11) 38.96(12) 42.35(16)
BagGa, sGey; 5 4.72(7) 36.99(8) 42.71(10)
BagGagGey, 6.66(7) 37.1409) 43.80(11)
BagGa,Geyy 13.34(8) 30.77(8) 44.11(11)
BagGa,;Ge;y 16.30(13) 28.25(11) 44.55(17)
BagGa 3Ge,g 16.47(18) 28.20(21) 44.67(27)

Ga content for specimens with X=6, 12, and 16. For the
specimen with X=18, a three-phase microstructure consist-
ing of type-I clathrate, Ba(Ga,Ge),, and Ga phases is iden-
tified [Fig. 1(h)]. EDS analysis (Table 1) has indicated that
the chemical composition of the type-I phase in the specimen
with X=18 is almost identical to that in the specimen with
X=16. This clearly indicates that the solid solubility of Ga in
the Ba—Ge type-I clathrate phase is close to X=16 but never
exceeds X=18.

The oil-quenched specimen with X=3 and furnace-
cooled specimens with X=4.5-16 were analyzed by x-ray
powder diffraction with synchrotron radiation. Figure 2(a)
shows the observed diffraction patterns in the 26 range from
3.5° to 9° for binary9 and Ga-containing ternary specimens.
Broad backgrounds are due to the quartz capillary. Some
superlattice reflections are observed in the pattern of the
specimen with X=3, as indicated with solid arrows in Fig.
2(a), and the positions of these superlattice reflections are the
same as those of BagGe43.9 On the other hand, no superlattice
reflections are observed in the patterns of specimens with
X=4.5-16. These x-ray diffraction patterns indicate that the
type-I clathrate phase in the oil-quenched specimen with X
=3 possesses a superlattice structure which is the same as

that (space group la3d) of the binary type-I clathrate com-
pound BagGe,s, while that in the furnace-cooled specimens
with X=4.5—16 possesses the normal type-I clathrate struc-

ture (space group Pm3n). For all the specimens, reflections
from the Ge phase are observed in the diffraction patterns as
indicated by open arrows in Fig. 2. When judged from the
relative intensity, the volume fraction of the Ge phase in
specimens with X=3-16 seems to decrease with the increase
in the Ga content, being consistent with the SEM observa-
tions (Fig. 1). Some reflections corresponding to the type-III
clathrate phase are observed in the pattern of the specimen
with X=4.5, as indicated by double arrows in Fig. 2(a). The
type-1II clathrate phase observed in the specimen with X
=4.5 is considered to be the product phase of the decompo-
sition reaction of the superlattice type-I clathrate phase that
coexists with the Ge and normal type-I clathrate phases at
790 °C [see the phase diagram of Fig. 3(a)].

Table I shows the Ga and Ge contents in the type-I clath-
rate compounds obtained by EDS analyses. In the analyses,
the Ba sites are assumed to be fully occupied (i.e., the Ba
content is fixed to be 8 per unit formula). Since the three-
phase microstructure consisting of type-I clathrate,
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FIG. 2. (a) X-ray powder diffraction patterns in the 26 range from 3.5° to 9°
for the oil-quenched specimen with X=3 and furnace-cooled specimens with
X=4.5, 6, 12, and 16. The pattern for the binary type-I clathrate compound
BagGey; is also shown for comparison. The solid arrows indicate superlat-
tice reflections, while open and double arrows indicate reflections from Ge
and type-III clathrate phases, respectively. (b) X-ray powder diffraction pat-
tern in the 26 range from 3.5° to 50° for the specimen with X=16.

Ba(Ga,Ge),, and Ga phases is identified for the specimen
with X=18, the chemical composition of the type-I clathrate
phase corresponds to the solid solubility of Ga in the Ba-Ge
normal type-I clathrate phase, which is estimated to be
16.47 per unit formula. The chemical composition of the
type-I clathrate phase in the furnace-cooled specimens with
X=4.5 should correspond to the lower limit for the solid
solubility of Ga in the Ba—Ge normal type-I clathrate phase,
which is estimated to be 4.72 per unit formula. It is notewor-
thy in Table I that the total content of Ga and Ge is less than
46 and increases with the increase in the Ga content. This
together with the fact that the volume fraction of the Ge
phase decreases with the increase in the Ga content (Figs. 1
and 2) imply that the type-I clathrate compound includes
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some vacancies in the Ge/Ga sites and that the density of Ge
vacancies decreases with the increase in the Ga content.

B. Crystal structure analyses

Crystal structures of phases that exist in all specimens
with X=3-16 were successfully refined with the Rietveld
method, as is evident from the small difference between the
observed and calculated intensities shown at the bottom of
Fig. 2(b) for the specimen with X=16 and from the small
values of the reliability factors of the fit (R,,,), tabulated
together with the refined structure parameters in Tables II
and IIL. In the analyses, we assumed that Ga and Ge atoms
are randomly distributed in the cage framework with the oc-
cupancy ratio given from the results of EDS analyses (Table
I) for all type-I clathrate compounds, as in the cases for
SrgGa,¢Ges, and EugGa,(,Ge_gO.lg’zo It is noted in the tables
that a fraction (~3%) of Ba atoms are deficient in both
Ba(1) and Ba(2) sites in all type-I clathrate compounds and
that the values of ADPs at the Ba(2) sites (6d sites) are
considerably large. Mass density measurements for the speci-
men with X=16 indicate that there is 0.8% deficiency when
compared to the theoretical density calculated with the nomi-
nal composition and the obtained lattice parameter. If this
deficiency is due solely to Ba vacancies, the fraction of Ba
vacancies is estimated to be 3%, which is consistent with the
value of deficiency as obtained by the Rietveld refinement.

Although the type-I clathrate phase in the oil-quenched
specimen with X=3 possesses the superstructure identical to
that of BagGe,; with the same density of Ge vacancies, the
distribution of Ge vacancies is somewhat different from that
in BagGe,;. Ge vacancies are allocated exclusively in 24c
and 24d sites in the superlattice corresponding to the 6¢ sites

of the normal type-I structure (space group Pm3m) for speci-
mens with both X=0 and 3. The 24c¢ and 24d sites are ex-
clusively occupied, respectively, by vacancies and Ge atoms
in BagGe43,8’9 whereas in the type-I compound in the speci-
men with X=3, 24 Ge vacancies (per superlattice unit cell)
are distributed in both 24¢ and 24d sites so as to give the
occupancies for Ge/Ga atoms of 0.150 and 0.850 in the 24c
and 24d sites, respectively (Table II).

The occupancies of Ge/Ga(l) atoms (6¢ sites) of the
normal type-I clathrate compounds in specimens with X
=4.5, 6, 12, and 16 are 0.657, 0.684, 0.940, and 0.995, re-
spectively (Table III), i.e., they include 2.06, 1.90, 0.36, and
0.03 Ge vacancies per unit formula, respectively. These Ge
vacancies randomly occupy the 6¢ sites to form the normal
type-I clathrate structure, in contrast to the cases of the type-I
compounds observed in specimens with both X=0 and 3.
The chemical compositions and the number of Ge vacancies
per unit formula in these type-I clathrate compounds are
tabulated in Table IV. The density of Ge vacancies in the
type-I clathrate compounds decreases with the increase in the
Ga content. This is consistent with the fact that the volume
fraction of the Ge phase in specimens with X=3-16 de-
creases with the increase in the Ga content (Figs. 1 and 2).

The lattice constant for the type-I clathrate compounds
obtained by the Rietveld analyses is plotted in Fig. 4 as a
function of Ga content. The lattice constants of the super-
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FIG. 3. Portions of the ternary phase diagram in the Ba—Ga—Ge system at
790 °C. The broken line corresponding to compositions of type-I clathrate
compounds formed without any Ge vacancies is also drawn. The open
circles correspond to the nominal compositions of the specimens used.

structure (la3d) are divided by 2 to compare with that of the
normal structure. The lattice constant increases with the in-
crease in the Ga content due to the larger atomic radius of Ga
than that of Ge.”' Of interest to note in Fig. 4 is that the
lattice constant of the normal type-I clathrate compounds
increases with the Ga content more rapidly than that of the
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TABLE II. Results of Rietveld refinement for the type-I clathrate phase in the specimen with X=3. The space

group is la3d and the lattice parameter is 2.128 91(2) nm. The residual parameters R,,, and R, are 0.0256 and

0.0185, respectively.

Atom Site Occupanay X y z ADP (pm?)
Ba(l) 16a 0.978(4) 0 0 0 90(5)
Ba(2) 48g 0.981(3) 1/8 0.247 8(1) 1/4-y 286(4)
Ge/Ga(1) 24c¢ 0.150(1) 1/8 0 1/4 121(4)
Ge/Ga(2) 24d 0.850(1) 3/8 0 1/4 121
Ge/Ga(3) 32e 1.000 0.0915(1) X X 121
Ge/Ga(4) 96h 1.000 0.4064(1) 0.0909(1) 0.0907(1) 121
Ge/Ga(5) 96h 1.000 0.0005(1) 0.1649(1) 0.0641(1) 121
Ge/Ga(6) 96h 1.000 —-0.0002(2) 0.1538(1) 0.4431(1) 121

superlattice type-1 clathrate compounds. This may result
from the fact that the density of Ge vacancies in the super-
lattice type-I clathrate compounds is constant (24 per unit
cell), while that in the normal type-I clathrate compounds
decreases with the increase in the Ga content. Ge vacancies
may relax the framework, reducing the lattice constant.

C. Ternary phase diagram

Based on the results obtained, a portion of the ternary
phase diagram in the Ba—Ga—-Ge system at 790 °C is de-
picted in Fig. 3. The extension of the solid solubility region
for the corresponding type-III clathrate compounds drawn in
Fig. 4 is from our preliminary work.” The extension of the
solid solubility region for the corresponding type-I clathrate
compounds is illustrated in Fig. 3 as the solid line that con-
nects the actual compositions of the type-I clathrate com-
pounds deduced from the crystal structure refinements (Sec.
III B). For comparison, the broken line corresponding to
compositions of type-I clathrate compounds formed without
any Ge vacancies is also drawn. Evidently, the density of Ge
vacancies in the type-I clathrate compounds decreases with
the increase in the Ga content. Two different triangles corre-
sponding to the three-phase regions (Ge+normal type-I

clathrate+superlattice type-I clathrate phases and Ga
+normal type-I clathrate + BaGa, phases) are located near the
Ge and Ga corners, respectively.

D. Thermoelectric properties

Figure 5(a) shows the temperature dependence of elec-
trical resistivity for specimens with X=0-16. BagGey; ex-
hibits a temperature dependence of semiconductor below
400 °C. The anomaly in values of electrical resistivity above
400 °C for BagGe,; as well as that above 500 °C for the
specimen with X=3 is due to the phase decomposition of the
superlattice type-I clathrate phase into type-III clathrate and
Ge phases, which is actually confirmed by SEM observations
after the measurement. The temperature where the anomaly
occurs increases from 400 °C for BagGey; to 500 °C for the
specimen with X=3. This is considered to be due to the
increased thermal stability of the superlattice type-I clathrate
compounds upon alloying with Ga. Values of electrical resis-
tivity at 50 °C are plotted in the inset of Fig. 5(a) as a func-
tion of Ga content. The values of electrical resistivity for the
normal type-I clathrate compounds are smaller than those for
the superlattice type-I clathrate compounds. The values of
electrical resistivity increase with the increase in the Ga con-

TABLE III. Results of Rietveld refinement for the type-I clathrate phase in the specimens with X=4.5-16. The
space group is Pm3n and atom positions are Ba(1) 2a 0,0,0; Ba(2) 6d 1/4,1/2,0; Ge/Ga(1) 6¢ 1/4,0,1/2;

Ge/Ga(2) 16i x,x,x; and Ge/Ga(3) 24k 0,y,z.

Nominal composition BagGay sGey 5 BagGagGey, BagGa,Gesyy BagGa,Ges
Lattice parameter (nm) 1.066 66(1) 1.068 81 1.074 06(1) 1.076 61(1)
Ry, 0.0232 0.0266 0.0354 0.0298

R, 0.0160 0.0191 0.0227 0.0211
g[Ba(1)] 0.944(3) 0.970(4) 0.942(5) 0.979(2)
ADP[Ba(1)] (pm?) 98(5) 114(4) 118(6) 121(4)
g[Ba(2)] 0.968(4) 0.977(3) 0.980(5) 0.971(2)
ADP[Ba(2)] (pm?) 323(4) 346(4) 358(6) 397(4)
g[Ge/Ga(1)] 0.657(1) 0.684(1) 0.940(2) 0.955(1)
ADP[Ge/Ga(1)] (pm?) 138(10) 156(7) 148(8) 112(3)
g[Ge/Ga(2)] 1.000 1.000 1.000 1.000
ADP[Ge/Ga(2)] (pm?) 137(2) 128(2) 127(3) 102(2)
x[Ge/Ga(2)] 0.1833(1) 0.1836 0.1844(1) 0.1845
g[Ge/Ga(3)] 1.000 1.000 1.000 1.000
ADP[Ge/Ga(3)] (pm?) 203(2) 189(2) 130(3) 106(2)
y[Ge/Ga(3)] 0.3160(1) 0.3146(1) 0.3098(1) 0.3084(1)
Z[Ge/Ga(3)] 0.1201(1) 0.1191(1) 0.1185(1) 0.1182(1)
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TABLE IV. Chemical compositions, number of Ge vacancies, and number
of excess electrons per unit formula in the type-I clathrate compounds. The
chemical compositions and number of Ge vacancies per unit formula were
obtained from EDS and Rietveld analyses, while the number of excess elec-
trons per unit formula was calculated based on the charge compensation
concept.

Nominal Composition Number of Number of
composition (Rietveld analyses) ~ Ge vacancies  excess electrons
BagGa;Gey; Ba; 34Gaj 44Gesg 56 3.00 +0.24
BagGa, sGey, 5 Bay 69Gay 36Geso 0 2.06 +2.28
BagGagGey, Ba; 39Gag 71Gess 39 1.90 +1.29
BagGa,,Gesyy Ba; ,4Gay 3 g0Ges) g4 0.36 +0.28
BagGa,¢Ge; Ba; g1Ga65.Gerg 15 0.03 -1.32

tent for the normal type-I clathrate compounds. In contrast,
the value of electrical resistivity of the superlattice type-I
clathrate compounds decreases significantly (almost by two
orders of magnitude) with the Ga content from 8.73
X 10™* Q' m for X=0 to 1.87 X 107> O m for X=3. The tem-
perature dependence of electrical resistivity for all the ter-
nary specimens is of a degenerate semiconductor, while that
for the binary specimen is of a semiconductor.

The values of Seebeck coefficient for all specimens are
negative in sign (n-type conduction) as shown in Fig. 5(b).
The absolute values of Seebeck coefficient increase mono-
tonically with the increase in temperature except for
BagGe,;, in which the anomaly arising from the decomposi-
tion reaction of the superlattice type-I clathrate phase into Ge
and type-III clathrate phases occurs above 400 °C. The ab-
solute values of Seebeck coefficient for the normal type-I
clathrate compounds increase with the increase in the Ga
content.

Figure 5(c) shows the temperature dependence of ther-
mal conductivity for specimens with X=0-16. The anomaly
in thermal conductivity above 500 °C for BagGe,; is also
due to the phase decomposition. The value of thermal
conductivity for the normal type-I clathrate compounds
decreases with the increase in the Ga content. Thermal
conductivity for the specimen with X=16 is almost tempera-

1.078 — T
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1.072 |
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1.084 /
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1.062 L~ L L

Lattice constant (nm)
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1
0 4 8 12 16

Ga content (m for Ba,Ga,,Ge, )

FIG. 4. Lattice constant of the type-I clathrate compounds plotted as a
function of Ga content. The Ga contents deduced from EDS analyses (Table
1) were used in the plot.
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ture independent and the value at room temperature is
2.1 W/mK.

Values of thermoelectric ZT are calculated with the ob-
tained values of electrical resistivity, Seebeck coefficient,
and thermal conductivity, and are plotted in Fig. 6 as a func-
tion of temperature. The ZT values of superlattice type-I
clathrate compounds (X <3) are generally smaller than those
of normal type-I clathrate compounds (X=4.5). The ZT val-
ues of normal type-I clathrate compounds increase with the
increase in the Ga content and temperature. The highest ZT
value of 0.49 is thus obtained at 670 °C for the specimen
with X=16.
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FIG. 5. (a) Electrical resistivity, (b) Seebeck coefficient, and (c) thermal
conductivity for the specimens with X=0-16 plotted as functions of tem-
perature. The inset in (a) shows the values of electrical resistivity at 50 °C
plotted as a function of Ga content.

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



073504-7 Okamoto et al.

r_\ o5l T v T T T T T T T 4 T .
§ m BagGeys /o/.
5 < X=3 /o
£ 04 ax=45 N .
5 ¥ X=6 .
b gal *X=12 e 1
= * X=16 o .
g o/ /‘/‘
0 *
» 0.2+ yd / -
o " * _ 4
5 P ‘/' X
B 01}t . v .
o /’/ A pE=

. - <
£ P i O e
a 4% _,g:} " x\‘—,_‘ﬁ’,.

0 100 200 300 400 500 600 700
Temperature (°C)

FIG. 6. Dimensionless figure of merit (ZT) for the specimens with X
=0-16 plotted as a function of temperature.

IV. DISCUSSION
A. Charge compensation concept

The concept of charge compensation is sometimes used
to describe the transport properties of type-I clathrate
compounds.7’10 In this concept, guest atoms are considered to
donate electrons that are accepted by host (cage) atoms so
that the compound can be considered to consist of positively
charged guest atoms and negatively charged host cages.
Some (or all) of the electrons donated by guest atoms can be
compensated by lone pairs formed in the cage structure
through alloying ternary elements of group IIl. Dangling
bonds formed around vacancies are expected to do the same.
Electrons that are not compensated may act as excess elec-
trons, which may play an important role in the transport
properties. According to this concept, BagGe,; is expected to
exhibit a metallic conduction behavior, since only 12 of the
16 electrons donated by eight Ba atoms (2 X 8) are compen-
sated by dangling bonds produced by three Ge vacancies
(4X3), leaving four excess electrons per unit formula. How-
ever, BagGeys is a semiconductor with a negative tempera-
ture dependence of electrical resistivity below 400 °C [Fig.
5(a)]. The semiconducting behavior of BagGe,; has been as-
cribed to the formation of the superlattice structure with the
ordered arrangement of Ge vacancies, which produces a
Fermi surface located in the energy band gap.g’23

Upon alloying with Ga, charge compensation occurs in
the existence of both vacancies and Ga (impurity) atoms.
Since Ga belongs to group III, the substitution for Ge with a
Ga atom per unit formula reduces one excess electron. For
example, BagGa,4Gesy possesses no excess electron because
16 electrons donated by eight Ba atoms are all compensated
by 16 lone pairs produced by 16 Ga atoms and thus charge
compensation is fully achieved in this compound. The num-
bers of excess electrons calculated in this way with the
chemical compositions deduced by the Rietveld analyses are
tabulated in Table IV. The number of excess electrons that
act as charge carriers in the normal type-I clathrate com-
pounds decreases with the increase in the Ga content, giving
rise to the increase in the values of electrical resistivity with
the Ga content [Fig. 5(a)]. Since the carrier mobility gener-
ally increases with the decrease in the carrier concentration,

J. Appl. Phys. 100, 073504 (2006)
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FIG. 7. ADP at the Ba(2) site plotted as functions of (a) Ga content and (b)
the average bond length between the Ba(2) atom and encapsulating Ge/Ga
atoms.

the absolute values of Seebeck coefficient for the present
normal type-I clathrate compounds are expected to increase
with the Ga content, as experimentally observed [Fig. 5(b)].

Although Anno et al.” report that the solubility limit of
Ga in the type-I clathrate phase in the Ba—Ga—Ge system is
extended to about 18 per unit formula and that Seebeck co-
efficient of specimens with the Ga content more than 16 is
positive in sign, however, the present study has revealed that
the specimen with X=18 exhibits a three-phase microstruc-
ture consisting of type-I clathrate, Ba(Ga,Ge),, and Ga
phases and that the solubility limit of Ga in the type-I clath-
rate phase is only a little larger than 16 per unit formula.
Indeed, our measurement indicates that the Seebeck coeffi-
cient of specimens with X=18 is negative in sign (from
—60 to —40 wV/K). Of interest to note is that the Seebeck
coefficient of specimens with X=20 is positive in sign
(10-20 wV/K) in our measurement. In view of the in-
creased volume fraction of Ba(Ga,Ge), and Ga phases [es-
pecially, Ba(Ga, Ge), phase] in the specimen with X=20, we
believe that the positive sign of the Seebeck coefficient in the
specimen with X=20 originates from a phase other than the
type-I clathrate phase. When referred to the charge compen-
sation concept, it is very difficult to expect the positive sign
of the Seebeck coefficient for type-I clathrate compounds in
the Ba—Ga—Ge system, since the clathrate compound is con-
sidered to stabilize its structure by attractive force between
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TABLE V. Atomic bond lengths and numbers of the corresponding atomic
bonds for the type-I clathrate phase in the specimen with X=3. The symbols
“prime” and “double prime” were used to differentiate crystallographycally
equivalent Ge/Ga sites with different bond lengths from each other.

Length (nm) n;
Ba(2)-Ge/Ga(1) 0.3731 96
Ba(2)—Ge/Ga(2) 03731 96
Ba(2)-Ge/Ga(3) 0.3898 96
Ba(2)-Ge/Ga(4) 0.3934 96
Ba(2)-Ge/Ga(4") 0.3936 96
Ba(2)-Ge/Ga(4") 0.4060 96
Ba(2)-Ge/Ga(5) 0.3444 96
Ba(2)-Ge/Ga(5") 0.3509 96
Ba(2)-Ge/Ga(5") 0.3999 96
Ba(2)-Ge/Ga(6) 0.3554 96
Ba(2)-Ge/Ga(6) 0.3614 96
Ba(2)-Ge/Ga(6") 0.4200 96
Ba(2)-Ge/Ga average 0.3801

positively charged guest atoms and negatively charged host
cages.” As described previously, charge compensation is
considered to be fully achieved in BagGa,;sGes, and the com-
pound is free from excess electrons. If BagGa;¢Ge; is fur-
ther alloyed with Ga, the cage framework would be electron
deficient and positively charged. Then, repulsive force would
arise between the positively charged guest atoms and the
cage framework, making the structure unstable. This is con-
sistent with the fact that the solubility limit of Ga in the
type-I clathrate phase is about 16 per unit formula.

B. Lattice thermal conductivity

The low thermal conductivity of clathrate compounds
has been reported to be associated with the rattling motion of
guest atoms, which can be monitored with an anomalously
large ADP by x-ray diffraction.” For the type-I clathrate com-
pounds in the Ba—Ga—Ge system, the value of ADP at the
Ba(2) site (6d site) in the tetrakaidecahedral cage is consid-
erably large (Tables II and III) and increases with the in-
crease in the Ga content except for the specimen with X=3,
as shown in Fig. 7(a). Since the lattice parameter increases
with the increase in the Ga content (Fig. 4), the value of ADP
at the Ba(2) site may be related to the size of the tetrakaid-

J. Appl. Phys. 100, 073504 (2006)

ecahedral cage that can be expressed with the average bond

length d between a Ba(2) atom and encapsulating Ge/Ga
atoms as follows:

2(n; X dy)

d= ,
2n,

(2)
where d; and n; stand for the Ba(2)—Ge/Ga bond length and
the number of the bond, respectively. The values of d; and n;
for each of the type-I clathrate compounds calculated from
the structure refinement results are tabulated in Tables V and
VI. The value of ADP at the Ba(2) site indeed increases with
the increase in the average Ba(2)—Ge/Ga bond length (i.e.,
the size of the tetrakaidecahedral cage), as shown in Fig.
7(b). Sales et al.” have reported that in MgGa,sGesy (M
=Ba, Sr,Eu), while the size of the tetrakaidecahedral cage
does not depend on guest M atom, the value of ADP at the
M(2) site increases with the decrease in the radius of the
guest M atom. This together with our result shown in Fig.
7(b) indicate that the value of ADP at the M(2) site tends to
increase with the increase in the distance between the cage
and the encapsulated guest atom and that a clathrate com-
pound with a large cage size and a small guest atom may
exhibit a large value of ADP.

We estimate the lattice component of thermal conductiv-
ity  ANagice» assuming  that the  Wiedemann-Franz
approximation™ is valid in evaluating the electronic contri-
bution of thermal conductivity A jecyon @S follows:

Mattice = Motal = Nelectron = Notat — LT7p, (3)

where A, and L stand for the total thermal conductivity and
the Lorenz number (2.44 X 1078 ) W/K?), respectively. The
calculated values of lattice thermal conductivity at room
temperature are plotted in Fig. 8(a) as a function of Ga con-
tent. The value of lattice thermal conductivity tends to de-
crease with the increase in the Ga content, except for the
specimen with X=3. The calculated values of lattice thermal
conductivity at room temperature are also plotted in Fig. 8(b)
as a function of value of ADP at the Ba(2) site. The values of
lattice thermal conductivity correlates inversely with those of
ADP at the Ba(2) sites. The relatively high value of lattice
thermal conductivity of the specimen with X=3 [Fig. 8(a)] is
obviously due to the relatively low value of ADP at the Ba(2)
site [Fig. 7(a)]. Impurity (Ga) scattering may play a role in

TABLE VI. Atomic bond lengths and numbers of the corresponding atomic bonds for the normal type-I
clathrate phase in the specimen with X=4.5-16. The symbol “prime” was used to differentiate crystallogra-
phycally equivalent Ge/Ga sites with different bond lengths from each other.

BagGa, sGey; 5 BagGagGey BagGa;,Gesy BagGa,Ge;
dBa2)-Ge/Ga(1) (D) 0.3771 0.3779 0.3798 0.3806
NBa(2)-Ge/Ga(1) 24 24 24 24
dya(2)-Ge/Ga(z) (NM) 0.3967 0.3974 0.3989 0.3998
"1Ba(2)-Ge/Ga(2) 43 48 48 48
dBa(2)-Ge/Ga(3) (D) 0.3550 0.3562 0.3606 0.3622
NBa(2)-Ge/Ga(3) 48 48 48 48
dya(2)-Ge/Ga3'y (NM) 0.4113 0.4129 0.4148 0.4158
TBa(2)-Ge/Ga(3') 24 24 24 24
dpa2)-GelGa Average (nm) 0.3820 0.3830 0.3856 0.3867
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tions of (a) Ga content and (b) ADP at the Ba(2) site.

reducing the value of lattice thermal conductivity as the Ga
content increases. However, in view of the fact that the value
of lattice thermal conductivity of the ternary specimen with
X=3 is larger than that of the binary specimen, we believe
that the rattling motion of the Ba(2) atoms rather than impu-
rity scattering is a dominant factor for the reduction of lattice
thermal conductivity in the present type-I clathrate com-
pounds. Since the value of ADP at the Ba(2) site increases
with the size of the tetrakaidecahedral cage [Fig. 7(b)], the
value of lattice thermal conductivity is expected to decrease
with the increase in the size of the tetrakaidecahedral cage.
Thus, substitution for Ge atoms with ternary elements that
effectively increase the lattice constant is expected to signifi-
cantly reduce the value of lattice thermal conductivity of the
Ba—-Ge type-I clathrate compounds

V. CONCLUSIONS

The solid solubility of Ga in the Ba—Ge type-I clathrate
compounds is determined to be X=16 when expressed with
the formula of BagGayGeyq_x-

As the Ga content increases, the crystal structure
changes from a superlattice structure with an ordered ar-
rangement of Ge vacancies (space group /a3d) to the normal

type-I clathrate structure (space group Pm3n) with Ge vacan-

J. Appl. Phys. 100, 073504 (2006)

cies randomly distributed in 6c¢ sites. The density of Ge va-
cancies in the normal type-I clathrate phase decreases with
the increase in the Ga content.

The absolute values of electrical resistivity and Seebeck
coefficient for the normal type-1 clathrate compounds in-
crease with the increase in the Ga content. The changes in
these properties are explained in terms of changes in the
number of excess electrons that can be calculated with the
concept of charge compensation.

The values of lattice thermal conductivity for the type-I
clathrate compounds decrease with the increase in the Ga
content. The changes in thermal conductivity are explained
in terms of changes in the extent of the rattling motion of Ba
atoms encapsulated in the cage structure, which increase
with the increase in the size of the tetrakaidecahedral cage.

The ZT values of the normal type-I clathrate compounds
increase with the increase in the Ga content and temperature.
The highest ZT value of 0.49 is obtained at 670 °C for the
specimen with X=16.
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