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Polycrystalline samples of degenerate n-type K,Bag_,Zn,Gess_, (y ~ 8 — x/2) with the type-I
clathrate structure (No. 223, Pm3n) 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 K, Ba,;ZnsGe,y, possessed highly ordered
Zn/Ge atom frameworks whose 6¢, 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 BagZngGesg and
BagGa4Geso. 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 1000K for
the K,BagZn;Ges9 sample, which is similar to that of 0.50 at 900K for the BagZngGesg sample.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4711100]

. 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

m*3 /2

7T a

T, (1)
KL

where m* is the effective mass, u is the mobility, . is the
lattice thermal conductivity, and T is the absolute tempera-
ture.' Semiconducting clathrate compounds of group IV
elements are good thermoelectric materials because of their
very low x value as a result of the “rattling” motion of the
atoms filling in their cages.”® 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, Pm3n) have been
reported to possess ZT values of approximately 1 at ele-
vated temperatures;>>’~ the maximum ZT values of single-
crystal and polycrystalline samples are 1.35 at 900K for
BagGa16Ge30 (Ref 7) and 1.2 at 1000K for BagNi0.31Zn0_52
Gay3,06Gesz.2 (Ref. 8).

Equation (1) indicates that a higher carrier mobility u
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
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phonon scattering. Figure 1 shows the crystal structure of the
type-1 clathrate Bag(X,Ge)s6, 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 cm® V™' s™' for
BagGa4Gesq (Refs. 3, 11, and 12) have been obtained: 21, 18,
and 17 cm? V! s7! for Bag ;;Cuy 12Gay 0sGesr 7y (Ref. 13),
BagZn; 33Gess ;7 (Ref. 14), and BagNij97Zn304Ge30.09
(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 n*>/2, 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 KgGagSnsg has a higher mobility and ZT
value than that of the type-I clathrate BagGa,sSnso (Ref. 15).
We also prepared sintered samples of K, Bag_,Ga,Geys—, in
another study.17 Xie synthesized a KgZn,Gey, clathrate;'® 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 6¢ sites in the framework
(Fig. 1).18’_26 BagMgGey clathrates substituted with such
metal elements M are therefore expected to have ordered

© 2012 American Institute of Physics
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FIG. 1. Crystal structure of the type-I clathrate Bag(X,Ge)ss. Large balls
represent Ba atoms and smaller balls represent X and Ge atoms; black, gray,
and white balls are at the 6¢, 167, and 24k sites, respectively. This figure was
drawn using the VESTA program (Ref. 10).

structures. Hokazono et al. discussed the effects of such
ordering on the mobility of some BagCu,Gaq_3,Ges012x
0<x<)) 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 BagNig_
Gegop (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 ef al. and Koza et al. prepared
ternary Ba-Zn-Ge clathrates.>'** The BagZn,Ge, (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 Bag(Zn,Cu)sGe4o and Bag(Zn,Pd)sGe,o, whose
6¢ sites were occupied almost solely by Zn and Cu or Pd
atoms; unfortunately, these clathrates are not reported to have
high ZT values.” Since the Zn and Cu or Pd atoms were pres-
ent randomly at the 6¢ sites in the frameworks,> this random-
ness might suppress increases in carrier mobility.

In this study, we prepared K,Bag_,Zn,Geys_, clathrates
to investigate their crystal structures, transport properties,
and thermoelectric properties. We anticipated that the
K4BasZngGey 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 KgZn,Ge,, clathrate mentioned above.

Il. EXPERIMENTAL

Nominal K,Bag_,Zn,Geye_, 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 K; 1,Ba; 33— xZn,Gesey,
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 24h in an Ar flow. The resulting materials were
ground to fine powders (below 100 um), which were then
sintered by spark plasma sintering (SPS) with graphite
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dies. Sintering was performed at 1058-1113K for 30 min
under 40 MPa in standing Ar at 0.5 atm. For comparison, a
BagGa,sGe;o 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).?” The Rietveld
analyses were performed using the Rietveld analysis program
RIETAN-FP,”® 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 p were determined by the Archimedes method. Electri-
cal conductivities ¢ 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—1000K in a vacuum. Ther-
mal conductivities x were obtained at 300—1000K using the
relation xk = aCp; the thermal diffusivities o were measured
in a vacuum using the laser flash method and specific heats C
were calculated using the Dulong-Petit law (Cpp). Hall meas-
urements were carried out at 100-300K; carrier concentra-
tions n were determined from the relation n = 1/(eRy),
where e is the electronic charge and Ry is the Hall coefficient.
Hall mobilities p; were calculated from the relation
Hg = O'RH.

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 = —(k/e){2F;(n*)/Fo(n*) —
n*} and n = 4n(2m kT /h?)*/*F, 5(i"), respectively, where k
is the Boltzmann constant, #* is the reduced Fermi energy, F,
is a Fermi integral of order ¢, and / is Planck’s constant.’ n*
was calculated from §, using the former equation, and then m*
was calculated from n* and n using the latter equation. The
lattice thermal conductivities k; were estimated using
kp = Kk — LoT, where the Lorenz number L is given by
(/e {3F2(n") [Fol) — 4F3 () [F3(r)).)

The electronic structures of KgZn,Gey, and BagZngGesg
were calculated using a full-potential augmented plane-wave
method with a generalized gradient approximation.?®-*

lll. RESULTS AND DISCUSSION
A. Crystal structures

Figure 2 shows the powder ND pattern of the nominal
K4Ba,ZngGeyo sample and the powder XRD pattern of the
nominal KgZn,Ge4, sample. The obtained K,Bag_,Zn,Geye
samples almost exhibited a single phase of a type-I clathrate
structure (No. 223, Pm3n); they included Ge (Fd3m, No.
227), BagGe,s (P4,32, No. 213), and BaZn,Ge, (I4/mmm,
No. 139) as secondary impurity phases, where the total weight
percentage of the impurity phases was less than 2 wt. %.

Table 1 lists the structural parameters for the
K.Bag_.Zng ,,Gesg,,» clathrate samples, refined by the

Downloaded 10 Dec 2012 to 133.62.137.100. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys. 111, 093716 (2012)

FIG. 2. (a) Powder neutron diffraction pattern of the
K4BasZngGey sample and (b) powder x-ray diffraction
pattern of the KgZn,Ge,, sample, refined by Rietveld
analysis.
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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,’'** where the 24; split-site model resulted in a
slightly better fit than the 24k model did.** The obtained data
for KgZn,Gey, are almost equal to the data previously
reported,16 and the data for BagZngGesg are roughly the
same as those previously reported.>'** As did in the previous
studies,”'™* this study revealed that the Zn atoms preferred
to exist at the 6¢ sites. Unfortunately, we could not synthe-
size a sample with a perfectly ordered Zn/Ge framework
whose 6c¢, 167, and 24k sites were occupied solely by Zn, Ge,
and Ge atoms, respectively, although the K,BagZn;Ges9 and
K4BasZngGeyo 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 = |y(24j) — 1/2| 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
K,Bag_.Zn,Geys_, clathrate samples. The carrier concentra-
tions n were of the order 10°°cm ™. One carrier per unit cell
equals 1/a® ~ 8 x 10%° cm™>. Carrier compensation was
therefore roughly complete in the obtained samples. We
anticipated increases in the carrier mobility p 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 f=(m*/me)*/*uy /KL, although some
increases in the weighted mobility Uy = (m* /m,)>? uyy were
achieved.

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

TABLE 1. Structural parameters for the K,Bag_,Zng_,»Gesg > clathrate (No. 223, Pm3n) 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 24/ (1/4, y, 1/2 + y) sites, and Zn and
Ge atoms occupy 6¢ (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 U, are equal at each site.

Parameter BagZngGesg K,BagZn;Gesg K4Ba,ZnsGeyq K¢Ba,ZnsGey; KgZn,Geyn®
EPMA" Bag 4Zng ¢Ges7 7 Ki.9Bag ¢Zng oGesg 7 K4.1Bay»7Zns sGesg o Ke.2Bas 2Zns ¢Gego.6 Ks.0Zn3 9Geqs
a (nm)© 1.07670(1) 1.07653(1) 1.07663(1) 1.07658(2) 1.07488(1)
Rup, Rp 4.48,3.37 4.92,3.58 5.05,3.62 4.54,3.29 8.62,6.59
S =Ruwp/Re 1.59 1.82 1.89 1.70 1.57

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

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

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

g (Zn, 167) 0.05(1) 0.04(1) 0.01(1) 0.01(1)

g (Zn, 24k) 0.09 0.03 0.00 0.00

y (24)) 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) (Az) 0.005(1) 0.004(1) 0.002(1) 0.003(1) 0.012(3)
Ueq (24)) (AZ) 0.019(1) 0.025(1) 0.026(2) 0.030(2) 0.027(4)
Ueq (6¢) (Az) 0.0085(6) 0.0084(7) 0.0089(7) 0.0085(6) 0.009(2)
Ueq (16i) (Az) 0.0091(2) 0.0081(3) 0.0079(3) 0.0078(2) 0.008(2)
Ueq (24k) (Az) 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

“Neutron diffraction was not measured for the KgZn,Gey, sample.
Chemical composition determined by EPMA.
“Lattice constant.

IWeight percentage of impurity phases. The first, second, and third values are for Ge, BagGe,s and BaZn,Ge,, respectively.
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TABLE II. Room-temperature properties of the K,Bag_,Zn,Geys_, clath-
rate samples: p (g/cm3), density; n (1020cm’3), carrier concentration; Ly
(em? V™' s71), Hall mobility; m* (me), effective mass; Uy = (m*/me)3/2uH
(em?>V=lg™h, weighted mobility; ki (mW cm ™! K1), lattice thermal con-
ductivity; = (m*/me)3/2yH/KL (10° em® K V=" J71), materials factor.

Sample® p n Uy m* Uy KL p

BaangGe3g 5.794 4.9 17 1.1 20 13 1.6
K>BagZn;Geso 5.542 6.9 12.4 1.3 19 16 1.2
K3BasZngGeso 9.5 9.4 1.9 24 21 1.2

K.Ba,ZneGeso 5267 22 13 17 16 18 09
K¢BaZnsGe,;  5.048 2.4 17 47 18 21 08
KyZn,Gesn 4676 60 30 50 34 29 12
BagGa,sGeso 5791 32 153 15 28 12 22

*The chemical formulas indicate sample nominal composition.

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 BagZngGesg and
KgZn,Gey, 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 6d(1/4,1/2,0) site
instead of the 24j(1/4,y,1/2 + ) site.”®> Both the conduc-
tion band minima are present at the M point. In a previous
paper,>* we demonstrated that the conduction band minimum
of BagZngGesg is of lower energy than that of BagGa;Ges,
which causes band gap narrowing as well as a decrease in

BagZngGegqg(VC)

' 10 20 30 40
DOS (states/(eV cell))

Zn/Ge

KgZn,Ge(VC) m K 6d

V=

==

Energy (eV)

r 10 20 30 40
DOS (states/(eV cell))

r A Xz M X

FIG. 3. Band structures and densities-of-state for (a) BagZngGesg and (b)
KgZn,Gey, 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.
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50 T T T T T T TT T
| -8-Bay(ZnGe)ys < (K.Ba)g(Zn,Ge)ys |
-O-Bag(Ga,Ge),s ¥ Bag(Cu,Ga,Ge)yg
r -A-BaS(Ni,Ga,Ge)M; T
-~ 20f
N>
IS
o
I
= 100
8_
5- 1 1 1 [ R | 1
1 2 4 6 810 20

. . 20 -3
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FIG. 4. Room-temperature Hall mobility y; as a function of carrier concen-
tration n for the K,Bag_.Zn,Gess_, samples and some related clathrates:
Bag(Zn,Ge)yq (Ref. 14), Bag(Ga,Ge),6 (Ref. 11), Bag(Ni,Ga,Ge),6 (Ref. 8),
and Bag(Cu,Ga,Ge)y6 (Ref. 13). The lines fit gy o n' (#: constant).

the effective mass. In contrast, the conduction band mini-
mum of KgZn,Ge,, 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
BagZngGes;g has a pronounced Ba orbital character,*
whereas that of KgZn,Gey; 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 4y as a function of
carrier concentration n for the K, Bag_,Zn,Geys_, samples
and some related clathrates Bag(Zn,Ge)ss (Ref. 14), Bag
(Ga,Ge)ys (Ref. 11), Bag(Ni,Ga,Ge)ss (Ref. 8), and Bag
(Cu,Ga,Ge)y (Ref. 13). The three lines fit py o< n' (¢: con-
stant). The relation u o n~'/3 is observed for a degenerate
semiconductor whose carrier mobility is controlled by acous-
tic phonon 5021ttering.20’35 The Bag(Zn,Ge)sq, Bag(Ga,Ge)ye,
and Bag(Ni,Ga,Ge), clathrates almost obey this relation,

100 T T T T T T T7 T
gol @ Bas(Zn,Ge)se <O (K,Ba)g(Zn,Ge)ys |
L OBag(Ga,Ge),s 4 Bag(Ni,Ga,Ge)ys -
T, 60r ¥ Bag(Cu,Ga,Ge) 4
7 . m
>
NE 40_ K‘-.__A\ .
S v A
= L 0‘9 & |
& o 3 173
= 20 o e
> L |
g o <
5 ¢ .
300 K
10 Il Il Il [ R | Il
1 2 4 6 810 20

Carrier concentration n (102°cm"3)

FIG. 5. Room-temperature weighted mobility (m* /me)3/ %1t as a function
of carrier concentration n for K,Bas_,Zn,Geye_, and some Ba-containing
Ge clathrates (Refs. 8, 11, 13, and 14). The line uyy o< n~'/? is a guide for the
eyes.
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FIG. 6. Temperature dependences of (a) Hall mobility
1y and (b) the o/ (ensoox) value for the K ,Bag_ . Zng_,/»
Gess.2 and BagGa;eGeso samples. The thin lines in
proportion to 7% and 7! 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/uy = 1/M1 +T/M2 (M1, M2: constant).

whereas the (K,Ba)g(Zn,Ge)ss and Bag(Cu,Ga,Ge)yq clath-
rates do not obey it, because of the substantial changes in the
effective mass.

Some of the mobilities of the K,Bag_,Zn,Gese_, sam-
ples were larger than those of BagGa;sGeso; however, they
did not exceed those of the related clathrates. Figure 5 plots
the RT weighted mobility (m* /m¢)*? 1y as a function of car-
rier concentration n for the K,Bag_,Zn,Geys_, samples and
some related clathrates.®'""'*'* The weighted mobilities of
the K, Bag_,Zn,Ge,e_, samples were not as large as those of
the related clathrates, but the KgZn,Ges, 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 K,Bag_,Zn,Ge,e_,, including
K4 Bay ZngGeyo with a highly ordered framework.

We further examined the carrier mobilities of the
K,Bag_,Zn,Ge4s_,, samples. Figure 6(a) shows the tempera-
ture dependences of the Hall mobilities 4y at low tempera-
tures for the K,Bag Zng ,»Gesg.,» samples with x=0, 2,
and 4. Since we could not determine the Hall voltage for the
samples with x =6 and 8 because of electrical noise, we plot-
ted the a/(enzgox) values in Fig. 6(b), where n3oox is the car-
rier concentration at 300 K. For comparison, the data for the
BagGa;sGesy sample are also plotted. As indicated by
the thick curves, the data in Fig. 6(a) can be well fitted to the
relation

1 1 T

— 2

1 1
oy
which is based on Matthiessen’s rule, where M1 and M2 are
constants. The calculated fitting parameters are as follows:
M1 (em® V7' s7h, M2 (em? V7! s7! K))=(32.3, 9800),
(22.4, 7000), (12.5, 4220), and (429, 7560) for the
BagZngGesg, KoBagZn;Geso, KyBasZngGeyo, and BagGag
Ge;( samples, respectively.

The temperature dependences of carrier mobilities j,,
L, and g, dominated by acoustic phonon scattering, alloy
disorder scattering, and ionized impurity scattering, respec-
tively, are given as follows:

T71

Hae X Wv (3)
TO

My X m*s/z ’ (4)
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TO
X 2N,

K ()

where N; 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 K4Ba,ZnsGeyo 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

5 ]
>
Zn/Ge
g NagZn,Ge,,(VC) ¥ Na 6d
Y=
1
(@) R T 2 X 2 M s T 1020 30 10
DOS (states/(eV cell))
; .
)
>
Zn/Ge
2 CsgZn,Ge,,(VC) m Cs 6d
& OF
-1

r 10 20 30 40
DOS (states/(eV cell))

(b) /T 5 x
FIG. 7. Band structures and densities-of-state for hypothetical (a)
NagZnyGey, and (b) CsgZnyGey, 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.

Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



093716-6 Kishimoto et al.

J. Appl. Phys. 111, 093716 (2012)

35— T T T T T T T T T
® KgZn,Gey,

30l A K¢BayZnsGeyy | 30p
A K,Ba,ZngGe,,
O K,BagZn,Gesq 1

N
(4]
T

® BagZngGegg
V BagGayGey

Thermal conductivity x (mW cm'1K'1)

v
|E A
° (o)
|z .s‘O\A\O’\‘\Q—-\‘\‘Q\O P
:410-V\.\.\‘\‘\3 e ©.

T T T T T T
* K3Zn,Ge,,
A KsBa,ZnGey; ]
A K,Ba,ZnGey,
O K,BagZn,Geg, |
® BagZngGegg

* Al

20F 8
15 L T,
q Kiin (Ge) V BagGayGey, ;
a 10 L L L L L L L Il b L L L L L L L Il
( ) 300 500 700 900 ( ) 300 500 700 900
Temperature (K) Temperature (K)
-300 K7 e T T T T T T T
. n,Ge
- x KeBa4Zn 4(25 . = O K,BagZn,Gey, FIG. 8. Temperature dependences of (a)
S 6= 5 =M % % . ® Ba,Zn,Gey, thermal conductivity x, (b) lattice thermal
= aadbadisg =107F conductivity kr, (c) Seebeck coefficient
ALV o
v —200F b S, (d) electrical conductivity g, (¢) power
2 & KgZn,Ge
g g 871442 factor S?¢, and (f) dimensionless figure-
3 o Te® g of-merit ZT for the KBag Zng »
§ PS AL ° Gesg 2 and BagGa,¢Geso samples. The
S _100F A " 8 A K,Ba,ZngGeyo curves in (a) and (f) are guides for the
[} * ®10°F E eyes; the solid curves in it the relation
g & K Ba.7n Go S10° yes; the solid (b) fit the rel
] OKAB 4Zn6G 40 % kL =K1+K2/T (K1, K2: constant),
Q 2D862MN7 5850 Q@ and the dotted curve in (b) represents the
* ® BagZngGe w AKqBayZnsGey,
0 , , , 8 87738 ) ) ) ) ) theoretical minimum value xp;, of Ge
(C) 0 200 400 600 800 1000 (d) 0 200 400 600 800 1000 (Ref. 38).
Temperature (K) Temperature (K)
T T T T T 1.0 T T T T T T T
«— 121 ¢ KgZn,Geyp BagGa,Ge
{ AK,Ba,ZnsGe,; §9d169C30 ® KgZn,Ge,,
- 0.8 AKgBaZnsGey BagGaysGesy -
= 10f & K Ba,ZngGeyg
£ A K,Ba,ZngGey,
o O K;BagZn,Gegg
2 gl eBazZn.Ge O K,BagZn,Gegg
= 818 1~a8 0.6F @ BagZn,Gess ]
S N
o 6
2 0.4 1
S
g 4
e 0.2
g 2
9
o 0 1 1 1 1 1 0 0 1 1 1 1 1 1
0 200 400 600 800 1000 " 300 500 700 900

Temperature (K)

phonon scattering. Consequently, we obtain u; = p,; = M1
and p, = p,c = 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
K.Bag_,Zn,Gess_, samples. Accordingly, alloy disorder
scattering in the samples was expected to be suppressed.
However, as mentioned above, the estimated mobilities g,
dominated by alloy disorder scattering were 22.4 and 12.5
em? V' s7! respectively, for the samples with x =2 and 4,
which were smaller than that of 32.3 cm® V' s! for the
sample with x =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
K,Bag_,Zn,Gess_, 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

Temperature (K)

the effective mass, as seen before, which probably increased
the alloy disorder scattering, because it is proportional to
m*/? (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 NagZn,Ge4, and CsgZnsGey, (Ref. 36). The
band gap energy for NagZnsGes, is closer to that for
BagZngGesg than to that for KgZn,Gey4,. Alloy disorder scatter-
ing is considered to strengthen with band edge discontinuities
or band gap differences.”” Consequently, increases in mobility
for the Na,Bag_,Zn,Geye_, 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
KgZn,Gey, sample had a larger mobility than that of the
K¢Bay,ZnsGey; 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 T° contribution caused by alloy
disorder scattering.
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C. Thermoelectric properties

Figure 8 plots the temperature dependences of thermal
conductivities x, lattice thermal conductivities xp, the See-
beck coefficients S, electrical conductivities ¢, the power
factors S2¢, and the dimensionless figures-of-merit ZT for
the K.Bag_,Zng_,»Gesg..,» and BagGa,4Geso samples.

All the lattice thermal conductivity values decreased with
temperature below 800K (Fig. 8(b)); some of them increased
with temperature above 800 K because of intrinsic conduction.
The solid curves fit the relation x;, = K| + K, /T, where K
and K, are constants. The results are as follows: (K1 (mW
em ! K7Y, K2 (mW/em)) = (5.4, 2000), (7.4, 2200), (8.3,
2800), (9.5, 3400), and (9.5, 6000) for x=0, 2, 4, 6, and 8,
respectively. The term K, /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)g(Zn,Ge)4e
system at low temperatures. The RT . value of 14 mW cm ™"
K ' for BagZngGess was approximately equal to that previ-
ously reported.”* The dotted curve represents the theoretical
minimum value Ky, for Ge.*® The value for BagZngGesg
became close to the k,;, value at high temperatures as a result
of rattling and phonon-phonon scattering.

In contrast, the K1 values for the K, Bag . Zng .»
Gesg.1.2 samples increased with the K content x; their xp,
values were not small enough. As seen above, the samples
with higher K contents had larger equivalent atomic dis-
placement parameters Ugq as well as smaller split distances
d. A large Ueq value decreases the thermal conductivity,
whereas a small d value does not decrease it.>"*? 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 o (Figs. 8(c) and 8(d))
show typical behaviors of n-type degenerate semiconductors.
The power factor $?¢ reached 10 W cm ™' K2 at around
1000K for the K;BagZn;Ges9 sample. At low temperatures,
around RT, the S%¢ value of the KgZn,Ges, sample was
larger than those of the other samples, including that of the
BagGa,4Geso sample; this is a result of its larger weighted
mobility (Table II). Similar data were obtained for the Ni-
substituted Ge clathrates.® The maximum ZT value obtained
in this study was 0.51 at 1000K for the K,BagZn;Gesz9 sam-
ple; unfortunately, this is substantially lower than that of the
BagGa;sGesq sample.

IV. CONCLUSIONS

We prepared several polycrystalline samples of n-type
clathrate K,Bag_,Zn,Gess_, (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 K4Ba;ZngGeyo, had
smaller numbers of substituting Zn atoms, as well as more or-
dered Zn/Ge atom frameworks, than the BagZngGesg 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

J. Appl. Phys. 111, 093716 (2012)

that the mixing would have strengthened alloy disorder scat-
tering. The calculations also imply that we could possibly
obtain increased mobility for a clathrate NayBa,ZnsGeyo.
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 K,Bag_,Zn,Gey_, clathrates.

ACKNOWLEDGMENTS

The authors would like to thank M. Ohkawara for his
support with the neutron diffraction measurements, which
were carried out under the Joint-use Research Program for
Neutron Scattering, Institute for Solid State Physics (ISSP),
the University of Tokyo, at the Research Reactor JRR-3,
JAEA (No. 10749). The authors would also like to acknowl-
edge the PC cluster resources of the Media and Information
Technology Center, Yamaguchi University, for calculations
of the electronic structure. This work was partly supported
by a Seeds-Discovery Grant No. H21-1521 from the Japan
Science and Technology Agency.

'See, for example, H. J. Goldsmid, Electronic Refrigeration (Pion, London,
1986), Chaps. 2-3, pp. 17-87.
%G. S. Nolas, J. L. Cohn, G. A. Slack, and S. B. Schujman, Appl. Phys.
Lett. 73, 178 (1998).
V. L. Kuznetsov, L. A. Kuznetsova, A. E. Kaliazin, and D. M. Rowe, J.
Appl. Phys. 87, 7871 (2000).
4G. S. Nolas, G. A. Slack, and S. B. Schujman, in Recent Trends in Thermo-
electric Materials Research I, edited by T. M. Tritt (Academic, San Diego,
2001), chap. 6, pp. 255-300.
5P. Rogl, in Thermoelectrics Handbook: Macro to Nano, edited by D. M.
Rowe (CRC, Boca Raton, FL, 2006), chap. 32, pp. 32-1-32-24.
SA. V. Shevelkov and K. Kovnir, in Zintl Phases: Principles and Recent
Developments, edited by T. F. Fassler (Springer, Berlin, 2011), pp. 97-142.
7A. Saramat, G. Svensson, A. E. C. Palmqvista, C. Stiewe, E. Mueller, D.
Platzek, S. G. K. Williams, D. M. Rowe, J. D. Bryan, and G. D. Stucky, J.
Appl. Phys. 99, 023708 (2006).
8X. Shi, J. Yang, S. Bai, J. Yang, H. Wang, M. Chi, J. R. Salvador, W.
Zhang, L. Chen, and W. Wong-Ng, Adv. Funct. Mater. 20, 755 (2010).
°N. L. Okamoto, K. Kishida, K. Tanaka, and H. Inui, J. Appl. Phys. 101,
113525 (2007).
19K, Momma and F. Izumi, J. Appl. Crystallogr. 44, 1272 (2011).
1y, Martin, H. Wang, and G. S. Nolas, Appl. Phys. Lett. 92, 222110 (2008).
2B, C. Sales, B. C. Chakoumakos, R. Jin, J. R. Thompson, and D. Mandrus,
Phys. Rev. B 63, 245113 (2001).
3M. Hokazono, H. Anno, and K. Matsubara, Mater. Trans. 46, 1485 (2005).
"E. Alleno, G. Maillet, O. Rouleau, E. Leroy, C. Godart, W. Carrillo-
Cabrera, P. Simon, and Yu. Grin, Chem. Mater. 21, 1485 (2009).
SMm. Hayashi, K. Kishimoto, K. Kishio, K. Akai, H. Asada, and T. Koya-
nagi, Dalton Trans. 39, 1113 (2010).
16Q. Xie, Ph.D. dissertation, Swiss Federal Institute of Technology Zurich,
2004.
17S. Anno, K. Kishimoto, and T. Koyanagi, in Proceedings of 2nd Meeting
of the Thermoelectrics Society of Japan, 2005, pp. 46—47.
'8G. Cordier and P. Woll, J. Less-Common Met. 169, 291 (1991).
193, Johnsen, A. Bentien, G. K. H. Madsen, B. B. Iversen, and M. Nygren,
Chem. Mater. 18, 4633 (2006).
20g, Johnsen, A. Bentien, G. K. H. Madsen, M. Nygren, and B. B. Iversen,
Phys. Rev. B 76, 245126 (2007).
2IN. Melnychenko-Koblyuk, A. Grytsiv, L. Fornasari, H. Kaldarar, H.
Michor, F. Rouhrbacher, M. Koza, E. Royanian, E. Bauer, P. Rogl, M.
Rotter, H. Schmid, F. Marabelli, A. Devishvili, M. Doerr, and G. Giester,
J. Phys.: Condens. Matter 19, 216223 (2007).
22M. Christensen and B. B. Iversen, J. Phys.: Condens. Matter 20, 104244
(2008).
M. Christensen, S. Johnsen, F. Juranyi, and B. B. Iversen, J. Appl. Phys.
105, 073508 (2009).
M. M. Koza, M. R. Johnson, H. Mutka, M. Rotter, N. Nasir, A. Grysiv,
and P. Rogl, Phys. Rev. B 82, 214301 (2010).

Downloaded 10 Dec 2012 to 133.62.137.100. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.121747
http://dx.doi.org/10.1063/1.121747
http://dx.doi.org/10.1063/1.373469
http://dx.doi.org/10.1063/1.373469
http://dx.doi.org/10.1063/1.2163979
http://dx.doi.org/10.1063/1.2163979
http://dx.doi.org/10.1002/adfm.200901817
http://dx.doi.org/10.1063/1.2743815
http://dx.doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1063/1.2939438
http://dx.doi.org/10.1103/PhysRevB.63.245113
http://dx.doi.org/10.2320/matertrans.46.1485
http://dx.doi.org/10.1021/cm8028559
http://dx.doi.org/10.1039/b914382c
http://dx.doi.org/10.1016/0022-5088(91)90076-G
http://dx.doi.org/10.1021/cm061195y
http://dx.doi.org/10.1103/PhysRevB.76.245126
http://dx.doi.org/10.1088/0953-8984/19/21/216223
http://dx.doi.org/10.1088/0953-8984/20/10/104244
http://dx.doi.org/10.1063/1.3099589
http://dx.doi.org/10.1103/PhysRevB.82.214301

093716-8 Kishimoto et al.

25N. Nasir, A. Grytsiv, N. Melnychenko-Koblyuk, P. Rogl, I. Bednar, and E.
Bauer, J. Solid State Chem. 183, 2329 (2010).

2L, T. K. Nguyen, U. Aydemir, M. Baitinger, E. Bauer, H. Borrmann, U.
Burkhardt, J. Custers, A. Haghighirad, R. Hofler, K. D. Luther, F. Ritter,
W. Assmus, Yu. Grin, and S. Paschen, Dalton Trans. 39, 1071 (2010).

7K. Ohoyama, T. Kanouchi, K. Nemoto, M. Ohashi, T. Kajitani, and Y.
Yamaguchi, Jpn. J. Appl. Phys., Part 1 37,3319 (1998).

28E. Tzumi and K. Momma, Solid State Phenom. 130, 15 (2007).

29p, Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Luitz, Program
package WIEN2K, Technical University of Vienna, 2001.

305, P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

3INL L. Okamoto, J. Kim, K. Tanaka, and H. Inui, Acta Mater. 54, 5519
(2006).

B, C. Chakoumakos, B. C. Sales, D. G. Mandrus, and G. S. Nolas, J.
Alloys Compd. 296, 80 (2000).

J. Appl. Phys. 111, 093716 (2012)

33For BagZngGess, the virtual atomic numbers of the virtual Zn/Ge atoms at
the 6¢, 16/, and 24k sites were set to be 30.23, 31.91, and 31.83, respec-
tively; for that of KgZn,Gey,, the virtual Zn/Ge atoms at the 6¢ site was
set to be 30.67, while the atomic numbers of the Ge atoms at the 16/ and
24k sites were 32.

3T, Eto, K. Kishimoto, K. Koga, K. Akai, T. Koyanagi, H. Anno, T.
Tanaka, H. Kurisu, S. Yamamoto, and M. Matsuura, Mater. Trans. 50, 631
(2009).

3 A. Bentien, V. Pacheco, S. Paschen, Yu. Grin, and F. Steglich, Phys. Rev.
B 71, 165206 (2005).

3The two hypothetical clathrates’ atomic coordinations were set to be equal
to those of the KgZn,Ge,, sample, while their lattice constants were opti-
mized in band structure calculations.

8. Krishnamurthy, A. Sher, and A.-B. Chen, Appl. Phys. Lett. 47, 160
(1985).

3D, G. Cahill, S. K. Watson, and R. O. Pohl, Phys. Rev. B 46, 6131 (1992).

Downloaded 10 Dec 2012 to 133.62.137.100. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1016/j.jssc.2010.07.047
http://dx.doi.org/10.1039/b919791p
http://dx.doi.org/10.1143/JJAP.37.3319
http://dx.doi.org/10.4028/www.scientific.net/SSP.130.15
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1016/j.actamat.2006.08.020
http://dx.doi.org/10.1016/S0925-8388(99)00531-9
http://dx.doi.org/10.1016/S0925-8388(99)00531-9
http://dx.doi.org/10.2320/matertrans.E-MRA2008846
http://dx.doi.org/10.1103/PhysRevB.71.165206
http://dx.doi.org/10.1103/PhysRevB.71.165206
http://dx.doi.org/10.1063/1.96248
http://dx.doi.org/10.1103/PhysRevB.46.6131

