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Polycrystalline samples of degenerate n-type KxBa8�xZnyGe46�y (y � 8� x=2) with the type-I

clathrate structure (No. 223, Pm�3n) were prepared by powder metallurgy to obtain a high-

efficiency Ge-based clathrate. Their Zn atoms preferred to exist at the 6c site in the framework, and

consequently, the samples with x around 4, such as K4Ba4Zn6Ge40, possessed highly ordered

Zn/Ge atom frameworks whose 6c, 16i, and 24k sites were occupied almost solely by Zn, Ge, and

Ge atoms, respectively. In spite of such ordered structures and small numbers of substituting Zn

atoms, these samples exhibited carrier mobilities lower than those of Ba8Zn8Ge38 and

Ba8Ga16Ge30. Band structure calculations implied that the combination of the rattler K and Ba

atoms in the cages considerably modified the conduction band edge of the corresponding

clathrates; such a modification is considered to strengthen alloy disorder scattering, which reduces

carrier mobility. The maximum dimensionless figure-of-merit ZT was 0.51 at 1000 K for

the K2Ba6Zn7Ge39 sample, which is similar to that of 0.50 at 900 K for the Ba8Zn8Ge38 sample.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4711100]

I. INTRODUCTION

Thermoelectric materials can be used for the conversion

of waste heat to electricity, which is expected to be an

energy-saving technology. Researchers in the thermoelectric

community have therefore been developing high-efficiency

thermoelectric materials. The dimensionless figure-of-merit

ZT is expressed approximately by

ZT / m�3=2l
jL

T; (1)

where m� is the effective mass, l is the mobility, jL is the

lattice thermal conductivity, and T is the absolute tempera-

ture.1 Semiconducting clathrate compounds of group IV

elements are good thermoelectric materials because of their

very low jL value as a result of the “rattling” motion of the

atoms filling in their cages.2–6 Such clathrates also have the

advantage that they can be produced using non-toxic ele-

ments. To date,several Ge- and Si-based compounds with

the type-I clathrate structure (No. 223, Pm�3n) have been

reported to possess ZT values of approximately 1 at ele-

vated temperatures;2,3,7–9 the maximum ZT values of single-

crystal and polycrystalline samples are 1.35 at 900 K for

Ba8Ga16Ge30 (Ref. 7) and 1.2 at 1000 K for Ba8Ni0.31Zn0.52

Ga13.06Ge32.2 (Ref. 8).

Equation (1) indicates that a higher carrier mobility l
results in a larger ZT value. Carrier conduction in semicon-

ducting clathrates is considered to suffer from alloy disorder

scattering and ionized impurity scattering, as well as acoustic

phonon scattering. Figure 1 shows the crystal structure of the

type-I clathrate Ba8(X,Ge)46, where X represents an element

such as Ga or Zn which substitutes for Ge in the framework,

and the X atom compensates for excess electrons provided by

Ba. The X atoms may reduce carrier mobility by alloy disorder

scattering and/or ionized impurity scattering. So, a decrease in

the number of the X atoms may increase the carrier mobility

in the clathrate. The following room-temperature (RT) mobili-

ties larger than that of approximately 10 cm2 V�1 s�1 for

Ba8Ga16Ge30 (Refs. 3, 11, and 12) have been obtained: 21, 18,

and 17 cm2 V�1 s�1 for Ba8.11Cu4.12Ga4.06Ge37.71 (Ref. 13),

Ba8Zn7.83Ge38.17 (Ref. 14), and Ba8Ni2.97Zn3.94Ge39.09

(Ref. 8), respectively. However, these differences are associ-

ated with decreases not only in the number of substituting

atoms but also in the effective mass m�. Consequently, the cor-

responding weighted mobilities m�3=2l, as well as the resultant

ZT increased to a small degree.

The substitution of alkali metals such as K for the Ba

atoms filling in the cages can also reduce the number of X

atoms in the framework. In a previous paper, we reported that

the type-I clathrate K8Ga8Sn38 has a higher mobility and ZT
value than that of the type-I clathrate Ba8Ga16Sn30 (Ref. 15).

We also prepared sintered samples of KxBa8�xGayGe46�y in

another study.17 Xie synthesized a K8Zn4Ge42 clathrate;16 the

thermoelectric properties have not been reported.

Apart from the above-mentioned reduction in the number

of X atoms, ordering of the X/Ge atom configuration in the

framework possibly raises the carrier mobility because of the

suppression of alloy disorder scattering. Metal atoms such as

Ni, Cu, and Zn prefer to occupy the 6c sites in the framework

(Fig. 1).18–26 Ba8M6Ge40 clathrates substituted with such

metal elements M are therefore expected to have ordereda)Electronic mail: kkishi@yamaguchi-u.ac.jp.
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structures. Hokazono et al. discussed the effects of such

ordering on the mobility of some Ba8CuxGa16�3xGe30þ2x

(0� x � 5) samples,13 where the observed increases in mobil-

ity were mainly as a result of a decrease in the number of sub-

stituting atoms. Johnsen et al. characterized several Ba8Ni6�x

Ge40þx (0 � x � 0.6) samples.20 However, disappointingly,

they did not obtain increases in carrier mobility, which is pos-

sibly attributable to the existence of vacancies in their frame-

works. Melnychenko-Koblyuk et al. and Koza et al. prepared

ternary Ba-Zn-Ge clathrates.21,24 The Ba8ZnxGey (0 � x � 6)

samples contained vacancies in their frameworks, which prob-

ably scattered carrier electrons and reduced carrier mobility.

On the other hand, Nasir et al. prepared vacancy-free quater-

nary clathrates Ba8(Zn,Cu)6Ge40 and Ba8(Zn,Pd)6Ge40, whose

6c sites were occupied almost solely by Zn and Cu or Pd

atoms; unfortunately, these clathrates are not reported to have

high ZT values.25 Since the Zn and Cu or Pd atoms were pres-

ent randomly at the 6c sites in the frameworks,25 this random-

ness might suppress increases in carrier mobility.

In this study, we prepared KxBa8�xZnyGe46�y clathrates

to investigate their crystal structures, transport properties,

and thermoelectric properties. We anticipated that the

K4Ba4Zn6Ge40 clathrate would possess an ordered frame-

work with 6c, 16i, and 24 k sites occupied solely by Zn, Ge,

and Ge atoms, respectively. We were also interested in the

properties of the K8Zn4Ge42 clathrate mentioned above.

II. EXPERIMENTAL

Nominal KxBa8�xZnyGe46�y polycrystalline samples were

obtained as follows. The starting materials were K (99%), Ba

(99.9%), Zn (99.999%), and Ge (99.9999%); they were

weighed to a composition ratio of K1.1xBa1.03(8�x)ZnyGe46�y,

with excess of K and Ba of 10 and 3 wt. %, respectively, to

compensate for their mass losses during sample preparation.

K, Zn, and an arc-melted Ba-Ge alloy were placed in BN-

coated Nb crucibles, which were sealed inside stainless-steel

containers under Ar. The containers were heated and kept at

1223 K for 24 h in an Ar flow. The resulting materials were

ground to fine powders (below 100 lm), which were then

sintered by spark plasma sintering (SPS) with graphite

dies. Sintering was performed at 1058–1113 K for 30 min

under 40 MPa in standing Ar at 0.5 atm. For comparison, a

Ba8Ga16Ge30 sample was produced from a powder of arc-

melted Ba-Ga-Ge alloy using the SPS method.

The crystal structures of the samples were examined

using powder x-ray diffraction (XRD) and powder neutron

diffraction (ND) at RT; the ND measurements were per-

formed with the high-efficiency and high-resolution diffrac-

tometer, HERMES, of the Institute for Materials Research

(IMR), Tohoku University, installed at the JRR-3 reactor at

the Japan Atomic Energy Agency (JAEA).27 The Rietveld

analyses were performed using the Rietveld analysis program

RIETAN-FP,28 which provided the structural parameters as well

as the weight percentages of the secondary phases contained

in the samples. The chemical compositions of the samples

were determined using electron probe microanalysis (EPMA)

with an energy dispersive Horiba EMAX-7000. Sample den-

sities q were determined by the Archimedes method. Electri-

cal conductivities r were measured using the four-probe

method. The Seebeck coefficients S were measured using the

steady-state method. The electrical conductivities and Seebeck

coefficients were measured at 100–1000 K in a vacuum. Ther-

mal conductivities j were obtained at 300–1000 K using the

relation j ¼ aCq; the thermal diffusivities a were measured

in a vacuum using the laser flash method and specific heats C
were calculated using the Dulong-Petit law (CDP). Hall meas-

urements were carried out at 100–300 K; carrier concentra-

tions n were determined from the relation n ¼ 1=ðeRHÞ,
where e is the electronic charge and RH is the Hall coefficient.

Hall mobilities lH were calculated from the relation

lH ¼ rRH.

The RT effective masses m� were estimated using a single

parabolic band model with a scattering factor r of �1/2. In this

model, S and n are given by S ¼ �ðk=eÞf2F1ðg�Þ=F0ðg�Þ �
g�g and n ¼ 4pð2m�kT=h2Þ3=2F1=2ðg�Þ, respectively, where k
is the Boltzmann constant, g� is the reduced Fermi energy, Ft

is a Fermi integral of order t, and h is Planck’s constant.1 g�

was calculated from S, using the former equation, and then m�

was calculated from g� and n using the latter equation. The

lattice thermal conductivities jL were estimated using

jL ¼ j� LrT, where the Lorenz number L is given by

ðk=eÞ2f3F2ðg�Þ=F0ðg�Þ � 4F2
1ðg�Þ=F2

0ðg�Þg.
1

The electronic structures of K8Zn4Ge42 and Ba8Zn8Ge38

were calculated using a full-potential augmented plane-wave

method with a generalized gradient approximation.29,30

III. RESULTS AND DISCUSSION

A. Crystal structures

Figure 2 shows the powder ND pattern of the nominal

K4Ba4Zn6Ge40 sample and the powder XRD pattern of the

nominal K8Zn4Ge42 sample. The obtained KxBa8�xZnyGe46�y

samples almost exhibited a single phase of a type-I clathrate

structure (No. 223, Pm�3n); they included Ge (Fd�3m, No.

227), Ba6Ge25 (P4132, No. 213), and BaZn2Ge2 (I4/mmm,

No. 139) as secondary impurity phases, where the total weight

percentage of the impurity phases was less than 2 wt. %.

Table I lists the structural parameters for the

KxBa8�xZn8�x/2Ge38þx/2 clathrate samples, refined by the

FIG. 1. Crystal structure of the type-I clathrate Ba8(X,Ge)46. Large balls

represent Ba atoms and smaller balls represent X and Ge atoms; black, gray,

and white balls are at the 6c, 16i, and 24k sites, respectively. This figure was

drawn using the VESTA program (Ref. 10).
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Rietveld method under the condition that no vacancy existed

at each site. We used the split-site model for the rattler K/Ba

atoms in the larger (or tetradodecahedral) cages in the type-I

clathrate,31,32 where the 24j split-site model resulted in a

slightly better fit than the 24k model did.22 The obtained data

for K8Zn4Ge42 are almost equal to the data previously

reported,16 and the data for Ba8Zn8Ge38 are roughly the

same as those previously reported.21,22 As did in the previous

studies,21–24 this study revealed that the Zn atoms preferred

to exist at the 6c sites. Unfortunately, we could not synthe-

size a sample with a perfectly ordered Zn/Ge framework

whose 6c, 16i, and 24k sites were occupied solely by Zn, Ge,

and Ge atoms, respectively, although the K2Ba6Zn7Ge39 and

K4Ba4Zn6Ge40 samples seem to possess highly ordered

Zn/Ge frameworks. The Rietveld analysis also indicated that

the K atoms, being larger than Ba, preferred to exist at the

24j sites, which are wider than the 2a sites, and that the sam-

ples with higher K contents had larger equivalent atomic dis-

placement parameters Ueq, as well as smaller split distances

d ¼ jyð24jÞ � 1=2j for the rattler K/Ba atoms. We will dis-

cuss their influences on the thermal conductivity later.

B. Mobility and effective mass

Table II lists RT primary properties for the

KxBa8�xZnyGe46�y clathrate samples. The carrier concentra-

tions n were of the order 1020 cm�3. One carrier per unit cell

equals 1/a3 � 8� 1020 cm�3. Carrier compensation was

therefore roughly complete in the obtained samples. We

anticipated increases in the carrier mobility l for the

K-containing samples, but these samples, including the ones

with highly ordered frameworks, exhibited reduced carrier

mobility. Consequently, we could obtain no increase in the

materials factor b¼ðm�=meÞ3=2lH=jL, although some

increases in the weighted mobility UH¼ðm�=meÞ3=2lH were

achieved.

We think that the reductions in the carrier mobility l
may be associated with increases in the effective mass m� for

FIG. 2. (a) Powder neutron diffraction pattern of the

K4Ba4Zn6Ge40 sample and (b) powder x-ray diffraction

pattern of the K8Zn4Ge42 sample, refined by Rietveld

analysis.

TABLE I. Structural parameters for the KxBa8�xZn8�x/2Ge38þx/2 clathrate (No. 223, Pm�3n) samples, refined by the Rietveld method using powder neutron

and x-ray diffraction under the following conditions: (1) no vacancy exists; (2) K and Ba atoms occupy 2a (0, 0, 0) and 24j (1/4, y, 1/2 þ y) sites, and Zn and

Ge atoms occupy 6c (1/4, 0, 1/2), 16i (x, x, x), and 24k (0, y, z) sites; (3) both the K/Ba and Zn/Ge ratios are the same as those determined by electron probe

microanalysis; (4) equivalent atomic displacement parameters Ueq are equal at each site.

Parameter Ba8Zn8Ge38 K2Ba6Zn7Ge39 K4Ba4Zn6Ge40 K6Ba2Zn5Ge41 K8Zn4Ge42
a

EPMAb Ba8.4Zn8.0Ge37.7 K1.9Ba6.6Zn6.9Ge38.7 K4.1Ba4.2Zn5.8Ge39.9 K6.2Ba2.2Zn5.0Ge40.6 K8.0Zn3.9Ge42.1

a (nm)c 1.07670(1) 1.07653(1) 1.07663(1) 1.07658(2) 1.07488(1)

Rwp;Rp 4.48, 3.37 4.92, 3.58 5.05, 3.62 4.54, 3.29 8.62, 6.59

S ¼ Rwp=Re 1.59 1.82 1.89 1.70 1.57

g (K, 2a) 0 0.035 0.149 0.375 1

g (K, 24j) 0 0.072(1) 0.153(1) 0.215(1) 1/4

g (Zn, 6c) 0.88(1) 0.95(1) 0.93(1) 0.80(1)

g (Zn, 16i) 0.05(1) 0.04(1) 0.01(1) 0.01(1)

g (Zn, 24k) 0.09 0.03 0.00 0.00

y (24j) 0.5153(4) 0.511(1) 0.510(1) 0.509(1) 0.512(1)

x (16i) 0.18365(6) 0.18352(7) 0.18332(7) 0.18323(6) 0.18333(7)

y (24k) 0.30946(6) 0.30955(6) 0.30952(6) 0.30935(5) 0.3086(1)

z (24k) 0.11761(6) 0.11721(6) 0.11708(6) 0.11735(5) 0.1174(1)

Ueq (2a) (Å2) 0.005(1) 0.004(1) 0.002(1) 0.003(1) 0.012(3)

Ueq (24j) (Å2) 0.019(1) 0.025(1) 0.026(2) 0.030(2) 0.027(4)

Ueq (6c) (Å2) 0.0085(6) 0.0084(7) 0.0089(7) 0.0085(6) 0.009(2)

Ueq (16i) (Å2) 0.0091(2) 0.0081(3) 0.0079(3) 0.0078(2) 0.008(2)

Ueq (24k) (Å2) 0.0100(2) 0.0090(2) 0.0088(2) 0.0090(2) 0.008(2)

W (wt. %)d 0.0, 0.0, 0.0 0.4, 0.5, 0.2 0.5, 0.9, 0.1 1.0, 0.7, 0.2 1.3, 0.0, 0.0

aNeutron diffraction was not measured for the K8Zn4Ge42 sample.
bChemical composition determined by EPMA.
cLattice constant.
dWeight percentage of impurity phases. The first, second, and third values are for Ge, Ba6Ge25 and BaZn2Ge2, respectively.
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the K-containing samples because the effective mass m�

increased with the K content. Figure 3 plots the band struc-

tures and densities-of-state (DOS) for the Ba8Zn8Ge38 and

K8Zn4Ge42 clathrates. The band structure calculation was

carried out in the virtual crystal approximation using the

structural parameters listed in Table I, except that the rattler

K/Ba atoms were set to exist at the 6dð1=4; 1=2; 0Þ site

instead of the 24jð1=4; y; 1=2þ yÞ site.33 Both the conduc-

tion band minima are present at the M point. In a previous

paper,34 we demonstrated that the conduction band minimum

of Ba8Zn8Ge38 is of lower energy than that of Ba8Ga16Ge30,

which causes band gap narrowing as well as a decrease in

the effective mass. In contrast, the conduction band mini-

mum of K8Zn4Ge42 increases in energy, which results in a

band gap increase as well as an increase in the effective

mass. The difference between these conduction bands is

caused by the difference between the orbitals of the rattler K

and Ba atoms: as seen in Fig. 3, the conduction band edge of

Ba8Zn8Ge38 has a pronounced Ba orbital character,34

whereas that of K8Zn4Ge42 has virtually no K orbital charac-

ter. We therefore concluded that the measured mobilities, as

well as the effective masses mentioned above, were affected

by changes in the band structures of the K-containing

clathrates.

Figure 4 plots the RT Hall mobility lH as a function of

carrier concentration n for the Kx Ba8�xZnyGe46�y samples

and some related clathrates Ba8(Zn,Ge)46 (Ref. 14), Ba8

(Ga,Ge)46 (Ref. 11), Ba8(Ni,Ga,Ge)46 (Ref. 8), and Ba8

(Cu,Ga,Ge)46 (Ref. 13). The three lines fit lH / nt (t: con-

stant). The relation l / n�1=3 is observed for a degenerate

semiconductor whose carrier mobility is controlled by acous-

tic phonon scattering.20,35 The Ba8(Zn,Ge)46, Ba8(Ga,Ge)46,

and Ba8(Ni,Ga,Ge)46 clathrates almost obey this relation,

TABLE II. Room-temperature properties of the KxBa8�xZnyGe46�y clath-

rate samples: q (g/cm3), density; n (1020 cm�3), carrier concentration; lH

(cm2 V�1 s�1), Hall mobility; m� (me), effective mass; UH¼ðm�=meÞ3=2lH

(cm2 V�1 s�1), weighted mobility; jL (mW cm�1 K�1), lattice thermal con-

ductivity; b¼ðm�=meÞ3=2lH=jL (103 cm3 K V�1 J�1), materials factor.

Samplea q n lH m� UH jL b

Ba8Zn8Ge38 5.794 4.9 17 1.1 20 13 1.6

K2Ba6Zn7Ge39 5.542 6.9 12.4 1.3 19 16 1.2

K3Ba5Zn6Ge40 9.5 9.4 1.9 24 21 1.2

K4Ba4Zn6Ge40 5.267 2.2 7.3 1.7 16 18 0.9

K6Ba2Zn5Ge41 5.048 2.4 1.7 4.7 18 21 0.8

K8Zn4Ge42 4.676 6.0 3.0 5.0 34 29 1.2

Ba8Ga16Ge30 5.791 3.2 15.3 1.5 28 12 2.2

aThe chemical formulas indicate sample nominal composition.

FIG. 3. Band structures and densities-of-state for (a) Ba8Zn8Ge38 and (b)

K8Zn4Ge42 clathrates calculated in the virtual crystal approximation. The

solid curve in the right-hand side of the figure indicates the total DOS, and

the black, dark gray, and light gray areas indicate partial DOSs of the K/Ba

atoms at the 2a site, of the K/Ba atoms at the 6d site, and of all the Zn/Ge

atoms, respectively.

FIG. 4. Room-temperature Hall mobility lH as a function of carrier concen-

tration n for the KxBa8�xZnyGe46�y samples and some related clathrates:

Ba8(Zn,Ge)46 (Ref. 14), Ba8(Ga,Ge)46 (Ref. 11), Ba8(Ni,Ga,Ge)46 (Ref. 8),

and Ba8(Cu,Ga,Ge)46 (Ref. 13). The lines fit lH / nt (t: constant).

FIG. 5. Room-temperature weighted mobility ðm�=meÞ3=2lH as a function

of carrier concentration n for KxBa8�xZnyGe46�y and some Ba-containing

Ge clathrates (Refs. 8, 11, 13, and 14). The line lH / n�1=3 is a guide for the

eyes.
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whereas the (K,Ba)8(Zn,Ge)46 and Ba8(Cu,Ga,Ge)46 clath-

rates do not obey it, because of the substantial changes in the

effective mass.

Some of the mobilities of the KxBa8�xZnyGe46�y sam-

ples were larger than those of Ba8Ga16Ge30; however, they

did not exceed those of the related clathrates. Figure 5 plots

the RT weighted mobility ðm�=meÞ3=2lH as a function of car-

rier concentration n for the KxBa8�xZnyGe46�y samples and

some related clathrates.8,11,13,14 The weighted mobilities of

the KxBa8�xZnyGe46�y samples were not as large as those of

the related clathrates, but the K8Zn4Ge42 sample showed a

relatively large value as a result of its larger effective mass.

To sum up so far, we could not obtain increases in mobility

and in weighted mobility for KxBa8�xZnyGe46�y, including

K4 Ba4 Zn6Ge40 with a highly ordered framework.

We further examined the carrier mobilities of the

KxBa8�xZnyGe46�y samples. Figure 6(a) shows the tempera-

ture dependences of the Hall mobilities lH at low tempera-

tures for the KxBa8�xZn8�x/2Ge38þx/2 samples with x¼ 0, 2,

and 4. Since we could not determine the Hall voltage for the

samples with x¼ 6 and 8 because of electrical noise, we plot-

ted the r=ðen300K) values in Fig. 6(b), where n300K is the car-

rier concentration at 300 K. For comparison, the data for the

Ba8Ga16Ge30 sample are also plotted. As indicated by

the thick curves, the data in Fig. 6(a) can be well fitted to the

relation

1

l
¼ 1

l1

þ 1

l2

¼ 1

M1
þ T

M2
; (2)

which is based on Matthiessen’s rule, where M1 and M2 are

constants. The calculated fitting parameters are as follows:

(M1 (cm2 V�1 s�1), M2 (cm2 V�1 s�1 K))¼ (32.3, 9800),

(22.4, 7000), (12.5, 4220), and (42.9, 7560) for the

Ba8Zn8Ge38, K2Ba6Zn7Ge39, K4Ba4Zn6Ge40, and Ba8Ga16

Ge30 samples, respectively.

The temperature dependences of carrier mobilities lac,

lal, and li, dominated by acoustic phonon scattering, alloy

disorder scattering, and ionized impurity scattering, respec-

tively, are given as follows:

lac /
T�1

m�5=2
; (3)

lal /
T0

m�5=2
; (4)

li /
T0

m�1=2Ni

; (5)

where Ni is the number of ionized impurity atoms. Since the

positions of the conduction band minima in the k-space for

the clathrates examined do not differ from each other, in this

paper, we simply use the effective mass m� instead of the

DOS effective mass and conductivity effective mass. If ion-

ized impurity scattering was dominant at lower temperatures,

the K4Ba4Zn6Ge40 sample with a smaller carrier concentra-

tion would have possessed a higher mobility. However, this

was not true for our samples. We therefore believe that the

dominant scattering at lower temperatures was alloy disorder

scattering, whereas that at higher temperatures was acoustic

FIG. 6. Temperature dependences of (a) Hall mobility

lH and (b) the r=ðen300K) value for the KxBa8�xZn8�x/2

Ge38þx/2 and Ba8Ga16Ge30 samples. The thin lines in

proportion to T0 and T�1 represent the temperature

dependences of mobilities dominated by alloy disorder

scattering and acoustic phonon scattering, respectively.

The thick solid and dotted curves fit the relation

1=lH ¼ 1=M1þ T=M2 (M1, M2: constant).

FIG. 7. Band structures and densities-of-state for hypothetical (a)

Na8Zn4Ge42 and (b) Cs8Zn4Ge42 clathrates calculated in the virtual crystal

approximation. The solid curve in the right-hand side of the figure indicates

the total DOS, and the black, dark gray, and light gray areas indicate partial

DOSs of the Na/Cs atoms at the 2a site, of the Na/Cs atoms at the 6d site,

and of all the Zn/Ge atoms, respectively.
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phonon scattering. Consequently, we obtain l1 ¼ lal ¼ M1

and l2 ¼ lac ¼ M2=T.

In contrast, substantial ordering of the atomic configura-

tion and a decrease in the number of Zn atoms substituting

for Ge in the framework were obtained for the K-containing

KxBa8�xZnyGe46�y samples. Accordingly, alloy disorder

scattering in the samples was expected to be suppressed.

However, as mentioned above, the estimated mobilities lal

dominated by alloy disorder scattering were 22.4 and 12.5

cm2 V�1 s�1, respectively, for the samples with x¼ 2 and 4,

which were smaller than that of 32.3 cm2 V�1 s�1 for the

sample with x¼ 0. We thus speculate that the alloy disorder

scattering caused by the Zn/Ge atoms sitting in the frame-

work would have weakened, whereas other alloy disorder

scattering, as a result of the combination of K and Ba atoms

sitting in the clathrate cage, might have strengthened. Figure

3 implies that the conduction band minima for the

KxBa8�xZnyGe46�y samples differ in the areas around the

rattler K and Ba atoms; we believe that the difference

strengthened the scattering as a result of mixing of the K and

Ba atoms. In addition, the substitution of K for Ba increased

the effective mass, as seen before, which probably increased

the alloy disorder scattering, because it is proportional to

m�5=2 (See Eq. (4)).

We performed additional band structure calculations for

hypothetical clathrates containing other alkali metals instead of

K. Figure 7 shows the band structures and DOSs for the hypo-

thetical clathrates Na8Zn4Ge42 and Cs8Zn4Ge42 (Ref. 36). The

band gap energy for Na8Zn4Ge42 is closer to that for

Ba8Zn8Ge38 than to that for K8Zn4Ge42. Alloy disorder scatter-

ing is considered to strengthen with band edge discontinuities

or band gap differences.37 Consequently, increases in mobility

for the NaxBa8�xZnyGe46�y clathrate might be expected to be

caused by suppression of alloy disorder scattering.

The samples with higher K contents all possessed larger

effective masses and reduced mobilities, although the

K8Zn4Ge42 sample had a larger mobility than that of the

K6Ba2Zn5Ge41 sample. The reason is that the former sample

did not suffer from alloy disorder scattering caused by mix-

ing of the K and Ba atoms; its temperature-dependent mobil-

ity (Fig. 6(b)) has hardly any T0 contribution caused by alloy

disorder scattering.

FIG. 8. Temperature dependences of (a)

thermal conductivity j, (b) lattice thermal

conductivity jL, (c) Seebeck coefficient

S, (d) electrical conductivity r, (e) power

factor S2r, and (f) dimensionless figure-

of-merit ZT for the KxBa8�xZn8�x/2

Ge38þx/2 and Ba8Ga16Ge30 samples. The

curves in (a) and (f) are guides for the

eyes; the solid curves in (b) fit the relation

jL ¼ K1þ K2=T (K1, K2: constant),

and the dotted curve in (b) represents the

theoretical minimum value jmin of Ge

(Ref. 38).
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C. Thermoelectric properties

Figure 8 plots the temperature dependences of thermal

conductivities j, lattice thermal conductivities jL, the See-

beck coefficients S, electrical conductivities r, the power

factors S2r, and the dimensionless figures-of-merit ZT for

the KxBa8�xZn8�x/2Ge38þx/2 and Ba8Ga16Ge30 samples.

All the lattice thermal conductivity values decreased with

temperature below 800 K (Fig. 8(b)); some of them increased

with temperature above 800 K because of intrinsic conduction.

The solid curves fit the relation jL ¼ K1 þ K2=T, where K1

and K2 are constants. The results are as follows: (K1 (mW

cm�1 K�1), K2 (mW/cm))¼ (5.4, 2000), (7.4, 2200), (8.3,

2800), (9.5, 3400), and (9.5, 6000) for x¼ 0, 2, 4, 6, and 8,

respectively. The term K2=T represents the decrease caused

by phonon-phonon scattering. Such decreases are clearly seen

for all the samples, which indicates that rattling did not com-

pletely suppress thermal conduction in the (K,Ba)8(Zn,Ge)46

system at low temperatures. The RT jL value of 14 mW cm�1

K�1 for Ba8Zn8Ge38 was approximately equal to that previ-

ously reported.22 The dotted curve represents the theoretical

minimum value jmin for Ge.38 The value for Ba8Zn8Ge38

became close to the jmin value at high temperatures as a result

of rattling and phonon-phonon scattering.

In contrast, the K1 values for the Kx Ba8�x Zn8�x/2

Ge38þx/2 samples increased with the K content x; their jL

values were not small enough. As seen above, the samples

with higher K contents had larger equivalent atomic dis-

placement parameters Ueq as well as smaller split distances

d. A large Ueq value decreases the thermal conductivity,

whereas a small d value does not decrease it.31,32 In addition,

the samples with higher K contents had lighter average

atomic weights of the rattler K/Ba atoms; this did not pro-

mote a reduction in thermal conductivity.

The temperature dependences of the Seebeck coeffi-

cients S and electrical conductivities r (Figs. 8(c) and 8(d))

show typical behaviors of n-type degenerate semiconductors.

The power factor S2r reached 10 lW cm�1 K�2 at around

1000 K for the K2Ba6Zn7Ge39 sample. At low temperatures,

around RT, the S2r value of the K8Zn4Ge42 sample was

larger than those of the other samples, including that of the

Ba8Ga16Ge30 sample; this is a result of its larger weighted

mobility (Table II). Similar data were obtained for the Ni-

substituted Ge clathrates.8 The maximum ZT value obtained

in this study was 0.51 at 1000 K for the K2Ba6Zn7Ge39 sam-

ple; unfortunately, this is substantially lower than that of the

Ba8Ga16Ge30 sample.

IV. CONCLUSIONS

We prepared several polycrystalline samples of n-type

clathrate KxBa8�xZnyGe46�y (y � 8� x=2), whose Zn atoms

preferred to exist at the 6c sites in the framework. The clath-

rate samples with x around 4, such as K4Ba4Zn6Ge40, had

smaller numbers of substituting Zn atoms, as well as more or-

dered Zn/Ge atom frameworks, than the Ba8Zn8Ge38 sample

did. However, the former exhibited lower carrier mobilities,

contrary to expectations. This is probably associated with the

influences of mixing of the K and Ba atoms in the cages on

the conduction band edge. Band structure calculations suggest

that the mixing would have strengthened alloy disorder scat-

tering. The calculations also imply that we could possibly

obtain increased mobility for a clathrate Na4Ba4Zn6Ge40.

However, since influences on the valence band edge seem to

be almost absent, we expect that the carrier mobility might be

improved in p-type KxBa8�xZnyGe46�y clathrates.
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