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Three series of vacancy-free quaternary clathrates of type I, BagZn,Gess _x_,Siy, Bag(Zn,Cu),Gess_x, and
Bag(Zn,Pd),Ges _x, have been prepared by reactions of elemental ingots in vacuum sealed quartz at
800 °C. In all cases cubic primitive symmetry (space group Pm3n, a~1.1 nm) was confirmed for the
clathrate phase by X-ray powder diffraction and X-ray single crystal analyses. The lattice parameters
show a linear increase with increase in Ge for BagZn,Gess_x_,Si,. M atoms (Zn, Pd, Cu) preferably
occupy the 6d site in random mixtures. No defects were observed for the 6d site. Site preference of Ge
and Si in BagZnyGe4s _x—_,Siy has been elucidated from X-ray refinement: Ge atoms linearly substitute Si
in the 24k site whilst a significant deviation from linearity is observed for occupation of the 16i site.
A connectivity scheme for the phase equilibria in the “BagGe4¢” corner at 800 °C has been derived and a
three-dimensional isothermal section at 800 °C is presented for the Ba—-Pd-Zn-Ge system. Studies of
transport properties carried out for Bag{Cu,Pd,Zn},Gess_, and BasZn,Si,Gess_x_, evidenced predomi-
nantly electrons as charge carriers and the closeness of the systems to a metal-to-insulator transition,
fine-tuned by substitution and mechanical processing of starting material BagGe43. A promising figure
of merit, ZT ~0.45 at 750K, has been derived for BagZn;4Ge 9gSi1gg, Where pricey germanium is

exchanged by reasonably cheap silicon.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Semiconducting compounds with clatharate-type I structure
continue to be of considerable attraction for thermoelectric
application. The structure of the typical type I clathrate consists
of a framework of Si- or Ge-atoms forming two different types of
polyhedral cages each of which can host a large guest atom. The
possibility of substitution at guest atoms sites and/or framework
atom sites can fine-tune electronic and thermal transport proper-
ties of the material. Our recent research has been devoted to Ba-,
Ge- and Si-based clathrate systems such as BagM,{Si,Ge}4s_x_, 1,
(M=Mn, Fe, Co, Zn, Cd, Pd, Pt, Cu; O =vacancy) where detailed
structural analyses and phase equilibria have been studied [1-6].
Substitution of M in Ge-based clathrates was shown to reduce the
concentration of vacancies in parent binary BagGe4ss [7]. For
Si-based clathrates, transition metal M atoms can act as a
stabilizer for a ternary clathrate compound as binary Bag_ sSisg
is stable only above ~3 GPa [8]. It was demonstrated that
substitution of M-atoms drives the metallic system towards
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metal-to-insulator transition, giving rise to interesting thermo-
electric properties [1-5]. It was further established that M atoms
preferentially occupy the 6d site, which for low M-contents is also
associated with vacancies in Ge-based clathrates [1,2,4].
Although research has concentrated on the substitution of Group
III and transition metal elements for Group IV atoms (Si, Ge) still little
has been done to study the effect of substitution of Si for Ge.
Superconductivity and crystal structure of the solid solutions
Bag_ sSiss_xGey (0 <x < 23) have been reported in Ref. [8]. Cage size
control of guest vibrations and thermal conductivity was studied in
SrgGaeSizo_xGey [9]. Structural and transport properties of
BagGaSixGesg_x were investigated in Ref. [10], whereas Nenghabi
and Myles [11] have recently studied the structural and electronic
properties of BagGa;eSixGesg_x and SrgGa;eSizg_xGey for x=0, 5, 15.
Although BagGa;sGesp was shown to exhibit a figure of merit
ZT=1.4 at 600 °C [12], the rather high costs for Ga and Ge exclude
any technical application at large scale. But low price elemental
combinations for clathrates have so far suffered from insufficiently
high thermoelectric efficiency for TEG-applications in for instance
automotive exhaust systems. In order to improve the thermo-
electric figure of merit ZT, we pursue two options simultaneously:
(a) electron band structure engineering by introduction of elements
with significant electron DOS at the Fermi level (for instance Pd
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(see DOS calculation by Johnsen et al. [13]) and (b) phonon
engineering to reduce lattice thermal conductivity via introduction
of additional scattering of heat carrying phonons on lattice defects
(i.e., random substitution-disorder, etc.) and nanostructuring grain
size in nanostructured bulk material. Thus the present work
therefore attempts to synthesize vacancy free type I quaternary
clathrate phases and to elucidate their thermoelectric performance.
For this task it will be necessary to evaluate structural details and
phase relations for (i) partial substitution of Zn by Pd or Cu in
clathrate BagZn,Gess_x (6 <x < 7.7) and (ii) substitution of Ge for
Si in the solid solution BagZnyGesg_x—ySiy (7 <x <7.7).

Our previous and detailed studies on clathrate systems revealed
that there is no vacancy in the 6d site for xz, > 6 in BagZn,Gess_ [1],
for xpg>3.8 in BagPd,Gess_x [2], and for xo,>5.3 atoms in
BagCu,Geys_y clathrates [4]. For all these values the ternary solid
solutions approach a semiconducting behavior. Therefore, the M to Ge
ratio was maintained at 6:40 for all quaternary alloys and only the
clathrate solid solutions with Xg.+zn)>6 were prepared and
investigated. Moreover, the germanium-based clathrate system
BagZn,Gess_, reveals a continuous solid solution deriving from
binary BagGe43[13 with three framework defects in the 6d site [1,7],
BagZn;Sizg clathrates have no binary counterpart BagSiss_x[Jx
(Bag_sSigs_xx is not stable at 800 °C under normal pressure
[8,14] and was said to exhibit defects at the 2a site occupied by Ba
[8]). Consequently, there is only a very small homogeneity range in
the ternary clathrate BaZn,Siss_x around x ~7; however, no defects
were encountered for Ba in site 2a [5]. In order to provide a
semiconducting framework in the quarternary clathrate solid solution
BagZn,Ge,Siss_x_y, Zn contents were always maintained > 7.

2. Experimental

Alloys with a weight of 2-4 g for all quaternary systems, Ba-Pd-
Zn-Ge, Ba-Cu-Zn-Ge, and Ba-Zn-Si-Ge, were prepared in two
steps. In the first step master alloys BagM,Ge4s_x (M=Cu, Pd) and
BagGe,Siss_x Were prepared by argon arc melting from elemental
ingots (purity better than 99.9 wt%) on a water cooled copper
hearth. In the second step the proper amount of Zn according to
stoichiometry was added to each master alloy and vacuum-sealed
in quartz tubes. Reactions were carried out at 800 °C for 4 days
followed by quenching in cold water. Afterwards the reaction
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products were powdered to a particle size below 100 pm. Samples
for physical property measurement were compacted in cylinders
with diameter 10 mm and height 6 mm by hot pressing in a
graphite die at 800 °C (argon atmosphere, pressure 60 MPa, FCT hot
press system HP W 200/250 2200-200-KS). The cylindrical speci-
mens were then annealed in vacuum-sealed quartz tubes at
T=800 °C for 2-4 days followed by quenching in cold water.

In order to see the influence of the grain size on the physical
properties, one sample with nominal composition BagZngGe 9Sig
was ball-milled to a grain size well below 1 um (Fritsch Vario-
Planetary mill Pulverisette 4 with tungsten carbide (WC) walled
container and WC-balls) and hot pressed.

Details of the various techniques of characterization of compo-
sitions via light optical and scanning electron microscopy (SEM,
EPMA on a Carl Zeiss DSM 962 equipped with a Link EDX system
operated at 20 kV and 60 pA and Carl Zeiss EVO 40 equipped with a
Pentafet Link EDX system; binary BagGe,s, BagGeys and ternary
BagZn;;Gesgs clathrates were used as internal standards), of
crystal structure (X-ray powder (XRP) and single crystal (XRSC)
diffraction on single crystals BagPds;ZnsGe,o and BagCusZnsGeyg)
and of physical properties, which comprise electronic and thermal
transport have been described in our previous papers [1,2].

The uncertainty of the measurement for the electrical
resistivity is 2% and for the Seebeck coefficient is about 3-4%.
The thermal conductivity was calculated from the thermal
diffusivity D, measured by a laser flash method (Flashline-3000,
ANTER, USA), specific heat C, and density py using the relation-
ship x«=DC,pq. The errors of the measurement for the thermal
conductivity is <5% in the range 100-400 °C. The density was
measured by the Archimedes method in distilled water using a
Mettler AE200 balance and agrees within 0.1-1.2% with the
density determined by the direct volume method.

3. Results and discussion
3.1. Crystal structure of BagM,Zn,Ge4s_x_, (M=Pd, Cu)

In order to evaluate atom site preference in both solid solutions
BagPd,Zn,Gess_x—y (x=1, 2, 2.25, 2.4; y=3.3, 3.75, 4, 5) and

BagCu,Zng_xGeqo (x=2, 3, 4, 5.2, 5.25, 5.5, 5.75), X-ray powder
profiles were collected at room temperature from single-phase

Composition from EMPA and crystallographic data for BagPd,Zn,Gess_x—_, and BagCu,Zn,Ges_x_, alloys.

Nominal composition EMPA ( + 1.0 at%)

Accepted composition

Lattice parameter a, nm Ge2 in 16i (x, X, X) Ge3 in 24k (0, y, z)

Ba M Zn Ge y Z
BagPds;Zn3Geyo 14.9 4.5 6.1 74.6 BagPd; 4Zn; 3Geyo 3 1.07683(1) 0.18266(5) 0.11931(8) 0.31137(8)
BagPd; 4Zn; 3Gego3? 1.07709(2) 0.18327(3) 0.11859(4) 0.31115(4)
BagPd;Zn,Geso 15.1 29 8.3 73.8 BagPd; 5Zn4 4Geo1 1.07680(2) 0.1833(1) 0.1184(2) 0.3112(2)
BagPd; »5Zn3 75Ge4o 15.0 24 8.5 74.1 BagPd; 3Zn45Ge0. 1.07618(1) 0.1827(12 0.1190(2) 0.3105(2)
BagPdZnsGeyo 15.0 1.7 9.6 73.7 BagPdp oZns 1Geaoo 1.07631(2) 0.18270(5) 0.11823(7) 0.31024(7)
BagPdZnsGeyo 15.1 1.3 10.7 729 BagPdg 7Zns ;Gesg 1.07632(2) 0.18335(7) 0.1175(1) 0.3103(1)
BagPd,Zn;Ges; 14.9 13 11.0 72.7 BagPdg 7Zns5 9Gesg 4 1.07643(1) 0.18305(9) 0.1181(1) 0.3105(1)
BagPd; 4Zn; 3Geyo 3 14.8 4.2 6.7 74.3 BagPd, 4Zn; 6Geqo0” 1.07664(2) 0.18305(8) 0.1190(1) 0.3110(1)
BagCu,Zn,Geyq 14.6 3.9 6.7 74.8 BagCu, 1Zn3 9Geso0 1.07318(1) 0.18304(7) 0.1182(1) 0.3116(1)
BagCusZn;Geyg 14.7 5.8 5.2 74.4 BagCus »Zn; gGesg 0 1.07185(2) 0.18282(8) 0.1183(1) 0.3124(1)
BagCus2Zn; sGeyo0° 1.07234(2) 0.18331(8) 0.11834(6) 0.31240(6)
BagCusZn,Geyo 14.7 7.7 34 74.2 BagCuys2Zn; sGesoo 1.07069(2) 0.18396(1) 0.1190(1) 0.3137(1)
BagCus 557N 75Geso 14.7 9.7 14 74.2 BagCus >Zng gGeso0 1.06971(1) 0.18242(8) 0.1194(1) 0.3141(1)
BagCus 5Zng 5Geyo 14.9 10.0 0.9 74.2 BagCus 4Zng sGeso.0 1.06922(2) 0.18237(8) 0.11961(8) 0.3149(1)
BagCus 75Zng 25Geso 14.9 10.2 0.7 74.1 BagCus 5Zng 5Geso0 1.06910(2) 0.18332(7) 0.11973(2) 0.31467(1)
BagCus >Zng gGeyo 15.1 8.7 2.1 74.1 BagCus 2Zng gGeao.0” 1.06994(2) 0.18322(8) 0.1194(1) 0.3134(1)

Ba sublattice (2a and 6d sites) was found to be fully occupied.

@ Lattice parameters and crystallographic data after X-ray single crystal refinement.

b Ball milled samples.
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samples. X-ray intensity data were recorded from single crystals
selected from mechanically crushed alloys with nominal composi-
tion BagPdsZnsGeso and BagCusZnsGeyo. In all cases extinctions
were consistent with a primitive cubic lattice (space group Pm3n, a
~1.1 nm). Ba-atoms, being heavy scatterers, were unambiguously
found at the 2a and 6c site. Constant electron density at the sites
16i and 24k exclusively reveals Ge occupation in these sites. Metal
atoms (Zn, Pd/Cu) randomly share the site 6d. A statistical mixture
of three species (Zn, Pd/Cu and possible vacancies), however,
cannot be elucidated by refinement of X-ray data. In our previous
work [1] we have shown that the presence of vacancies in the site
6d significantly affects the bonding to the neighboring atoms in the
24k site, resulting in split sites 24k, and 24k, [1]. As in the present
case no split for the 24k site was observed, the 6d site was
considered as fully occupied by a statistical mixture (Zn:Pd/Cu)
where the ratios Zn/Cu and Zn/Pd were fixed from EMPA data (see
Tables 2-4b). The vacancy-free crystal structure was also
confirmed by structural analysis performed on single crystals
selected from the samples with composition at the middle
of the solid solutions, e.g., BagPds:ZnsGeso and BagCusZnsGegs.
Compositions and crystal structure details for X-ray single crystal
and Rietveld refinements are given in Tables 1-4b. As EMPA is not
reliable for the estimation of vacancies, the Pd/Zn and Cu/Zn ratios
are fixed after EMPA and Rietveld refinements yield a vacancy free
crystal structure (accepted compositions in Table 1). The variation
of lattice parameters vs. M(Pd, Cu) is shown in Fig. 1. It can be seen
that lattice parameters for BagPd,Zn,Gess_x_, do not show any
appreciable change with increase in the Pd content owing to the
small difference in the atomic radii of Zn and Pd. On the other hand
because of the smaller size of Cu than Zn, shrinkage of the unit cell
with increase in the Cu content is observed. Positional parameters
vs. M content are shown in Figs. 2 and 3.

3.2. Crystal structures of the solid solution BagZn,Ges_x_,Si.

The crystal structure of the solid solution BagZn,Gesg_x_,Siy
(¥y=0, 8.7, 18.9, 18.2, 27.3; 7.0<x<7.7, Table 5) was evaluated by
Rietveld refinement of X-ray powder diffraction profiles. In all
cases cubic symmetry was confirmed and all measured reflections
were indexed in space group Pm3n. No superstructure reflections
indicating a doubling of the unit cell [7] were observed (Fig. 5).
The lattice parameters show a linear increase with increase in the
Ge content (Fig. 4), a fact, which is in line with the difference of
the atomic radii of Ge and Si. The lattice parameters increase by
about 3.1% between the end points of the solid solution. In order
to elucidate site preferences for Ge/Si substitution the following
structural model was used. Ba atoms were placed unambiguously
on 2a and 6c¢ sites and no defect was observed for the 2a site [5]
for the Si-rich solid solution in contrast to binary Bag_sSise [8].
Starting with Si distributed on all framework sites (6d, 16i, 24k),
refinement of occupation factors for all sites (see Fig. 4) resulted
in the following trends for the electron densities with increase in
Ge content: (i) an almost linear increase in the 6d site, (ii) a linear
increase in electron density for the 24k site, whilst (iii) a strong
negative deviation from linearity was observed for the 16i site.
Considering such a distribution of electron densities on the one
side, interatomic distances (Fig. 4) and atomic radii of the
elements on the other side, a model for atom site preference
was established which is outlined in Table 6 and Fig. 4.

The small change of the electron density in site 6d can be
attributed to the Zn/Si substitution. Rietveld refinements for this
site reveal a statistical mixture (Si+Zn) for BagZn;3Ge;g6Si2g.1 and
BagZn;,Ge 99Siis9, Whereas for higher Ge contents the site was
fully occupied by Zn (see Table 6 and Fig. 4). The very small
difference in X-ray scattering power of Ge and Zn does not allow

Table 2

X-ray single crystal data for BagPdyZng_xGeso and BagCuyZng_ xGeso (room
temperature, 20 range (°) = 2 <20 <72.0; 50s/frame, w-scans, scan width 2°;
redundancy > 10); clathrate —type I; space group Pm3n; no. 223; standardized
with program Structure Tidy [31]. Anisotropic displacement parameters in 10 nm?.

Parameter/ BagPds;ZnsGego BagCusZnsGeyo

compound*

Formula from BagPd; 40Zn3 25Ge40 38 BagCus 29Zn; goGe 40,00
refinement

a [nm] 1.07709(2) 1.07234(2)

a [nm], Ge standard 1.07683(1) 1.07185(2)

Uabs [Mm~1] 32.16 35.27

Frames and sets 201, 6 sets 201, 6 sets

Reflections in refinement 470 > 406(F,) of 567 523 > 40(Fy) of 567

Mosaicity <0.45 <0.45

Variables 17 16

Ri? = 3 |Fo?—F.2|/ S Fy? 0.0245 0.0178

Rint 0.0376 0.0153

WR2 0.0534 0.0322

GOF 1.121 1.158

Extinction 0.0011(1) 0.0016(1)

Bal in 2a (0,0,0)

occ. 1.00(1) 1.00(1)

Up1=Uzp=Us33 0.0106(2) 0.0096(1)

Ba2 in 6¢ (1/4,0,1/2)

occ. 1.00(1) 1.00(1)

Uir; Uxp = Usz
M1 in 6d (1/4,1/2,0)
occP 0.54(1)Zn+0.40Pd+0.06Ge 0.53(1)Cu+0.47Zn

0.0248(4); 0.0537(3) 0.0182(2); 0.0382(2)

Ui Uy = Uss 0.0143(4); 0.0106(3) 0.0117(3); 0.0097(1)
Ge2 in 16i (x,x,x)

X; occ. 0.18327(3); 1.00(1) 0.18331(2); 1.00(1)
Up1=Ux=Us3 0.0099(1) 0.0087(1)
Uy3=U;3=U;3 —0.0009(1) —0.0008(1)

Ge3 in 24k (0,y,z)

v,z 0.11859(4); 0.31115(4) 0.11864(2); 0.31240(2)
occ. 1.00(1) 1.00(1)

Ui1; Ux 0.0111(2); 0.0126(2) 0.0099(1); 0.0105(1)
Uss; Uz 0.0106(2); 0.0009(1) 0.0094(1); 0.0006(1)

Residual density 1.67; —1.50 0.92; —0.74

e~ /A3; max; min
Principal mean square atomic displacements U

Bal 0.0106 0.0106 0.0106 0.0096 0.0096 0.0096
Ba2 0.0537 0.0537 0.0248 0.0382 0.0382 0.0182
M1 0.0143 0.0106 0.0106 0.0117 0.0097 0.0097
Ge2 0.0108 0.0108 0.0080 0.0095 0.0095 0.0070
Ge3 0.0129 0.0111 0.0103 0.0108 0.0099 0.0092

Interatomic distances, standard deviation less than 0.0003 nm

Bal —8Ge2 0.3418 0.3403
—12Ge3 0.3586 0.3582
Ba2 —8Ge3 0.3607 0.3583
—4M1 0.3807 0.3790
—8Ge2 0.4005 0.3987
—4Ge3 0.4160 0.4142
M1 —4Ge3 0.2477 0.2455
—4Ba2 0.3807 0.3790
Ge2 —1Ge2 0.2489 0.2476
—3Ge3 0.2505 0.2501
—1Bal 0.3418 0.3403
Ge3 —1M1 0.2477 0.2455
—2Ge2 0.2505 0.2501
—1Ge3 0.2554 0.2543
—1Bal 0.3586 0.3582
—2Ba2 0.3607 0.3583

2 Nominal composition.
b Pd, Cu, Zn fixed after EMPA.

reliable refinements even with compositional constraints from
EPMA data. Therefore, we assume a linear change of the Zn content
in the 16i and 24k sites between occupancies that were established
for the end members of the series BagZn,Sizg [5] and BagZngGesg
[1]. Accordingly only the Ge/Si ratios for the 16i and 24k sites were
refined. These refinements reveal Si/Ge substitutions as shown in
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X-ray powder data for BagPd,Zng_yGeso at x=0.70, 0.71, 0.91, 2.40; (room temperature, image plate data collection, Cu Ko, radiation, @ range 8 <26 < 100); clathrate
type I, space group Pm3n; no. 223; standardized with program Structure Tidy [31].

Parameter/compound? BagPd,Zn;Ges; BagPd;ZnsGe,o BagPd;ZnsGe,o BagPd; 4Zn3 3Ge4o 3
Composition, EMPA at.% BagPdy.70Zns5 90Ge3s.95 BagPdo 71Zn5 66Ge33 64 BagPdo 91Zn5 11Ge39.24 BagPd; 24713 62G€40.04 Jo.08
Composition from refinement BagPdy 70Zns5 90Ge39 40 BagPdy.71Zns5 66Ge39 63 BagPd 91Zns5 11Ge39 95 BagPd, 4Zn; ¢Geso 0
a (nm), Ge standard 1.07643(1) 1.07632(2) 1.07631(2) 1.07664(2)
Reflections measured 144 144 148 145

Number of variables 24 28 24 17
Rr=ZX|F,—F|[ZF, 0.0641 0.0685 0.0714 0.063
Ri=X|l—I|[ZI, 0.0836 0.0787 0.0652 0.049
Rwp=[ZwWi|yoi—Yei| 2[Zwiyoi| 2]/ 0.0875 0.0864 0.0433 0.040
Re=2yoi—¥cil IZ|¥oil 0.0557 0.0573 0.0328 0.026
Re=[(N—P+C)[Zwy2)]'/? 0.0288 0.0195 0.0297 0.023

12=(Rwp[Re)? 9.25 19.6 2.12 3.20

Atom parameters

Bal in 2a (0, 0, 0); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)

Biso (10?2 nm?) 0.37(6) 0.36(5) 0.32(3) 0.46(5)

Ba2 in 6¢ (1/4,0,1/2); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)

Biso (10?2 nm?) 3.04(6) 2.83(5) 2.75(4) 2.96(6)

M1 in 6d (1/4, 1/2, 0); occ. 0.12(1)Pd+0.88(1)Zn 0.12(1)Pd+0.88(1)Zn 0.15(1)Pd+0.85(1)Zn 0.38(1)Pd+0.60(1)Zn+0.02(1)Ge
Biso (10% nm?) 0.97(8) 0.70(6) 0.99(4) 0.81(6)

M2 in 16i (x, x, x) ; occ. 0.04(1)Zn+0.96(1)Ge 0.02(1)Zn+0.98(1)Ge 1.00(1)Ge 1.00(1)Ge

X 0.18305(9) 0.18335(7) 0.18270(5) 0.18312(8)

Biso (10% nm?) 0.88(4) 0.79(4) 0.98(3) 0.73(4)

Ge3 in 24k (0, y, z); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)

vz 0.1181(1); 0.3105(1) 0.1175(1); 0.3103(1) 0.11823(7); 0.31024(7) 0.1189(1); 0.3110(1)
Biso (102 nm?) 0.55(4) 0.52(3) 0.67(2) 0.63(3)
Interatomic distances, standard deviation less than 0.0003 nm

Ba1-8M2 0.3413 0.3418 0.3406 0.3413

Bal-12Ge3 0.3576 0.3571 0.3573 0.3583

Ba2-8Ge3 0.3608 0.3607 0.3610 0.3608

Ba2-4M1 0.3806 0.3805 0.3805 0.3805

Ba2-8M2 0.4005 0.4003 0.4007 0.4004

Ba2-4Ge3 0.4162 0.4168 0.4160 0.4154

M1-4Ge3 0.2485 0.2491 0.2487 0.2476

M1-4Ba2 0.3806 0.3805 0.3805 0.3805

M2-1M2 0.2496 0.2485 0.2497 0.2494

M2-3Ge3 0.2501 0.2503 0.2509 0.2501

M2-1Bal 0.3413 0.3418 0.3406 0.3413

Ge3-1M1 0.2485 0.2491 0.2487 0.2476

Ge3-2M2 0.2501 0.2503 0.2509 0.2501

Ge3-1Ge3 0.2542 0.2528 0.2545 0.2559

Ge3-1Bal 0.3576 0.3571 0.3573 0.3583

Ge3-2Ba2 0.3608 0.3607 0.3610 0.3608

Secondary phase (Ge in vol%) 23 - 1.6 1.4

4 Nominal composition.
b Pd, and Zn fix after EMPA.

Table 6, Fig. 4 and the resulting chemical formulae are in good
agreement with EPMA for all members of the series. Obviously
there is a strong deviation from linearity, particularly for the 16i
site. In order to prove the reliability of such site preference we
performed refinements considering simply a linear change of the
atom distribution in these sites (marked by dotted lines Fig. 4). All
these models, however, were ruled out by the refinements. The
results are in agreement with a study of the ternary solid solution
Bag _ 5Sise_xGey (0 <x < 23) [8], where at smaller Ge-contents Ge-
atoms have a strong preference for the 24k site whilst at higher
concentration Ge enters the 16i site.

Similarly, vacancies in the 6d site were not confirmed by Rietveld
refinements due to significant disagreement with the resulting
formulae and EPMA. All results for Rietveld refinements are shown
in Table 6 and Fig. 5. It should be noted, that the refinement of the
X-ray powder profile for the sample prepared by ball-milling and
hot-pressing yields practically the same results as for the hand-
milled and hot-pressed sample with similar composition.

The interatomic distances also increase monotonically with
increase in Ge contents in line with the bigger atomic radii of
Ge as compared to Si (see Fig. 4). Important interatomic distances
are plotted vs. Ge/(Ge+Si) in Fig. 4, where a pronounced effect in

case of distances M2-M2 and M3-M3 with increase in Ge content
is associated with the occupancy factor for the 16i and 24k site vs.
Ge/Si substitution (see Fig. 4). Variation of the free parameters x
for the site 16i (x, x, x) and y, z for the site 24k (0, y, z) with
increase in Ge content is shown in Fig. 6. The linear increase in the
z parameter with increase in Ge-content is in line with the
difference in atomic radii, rge > rs;, Whereas the y parameters
simultaneously pass through a maximum.

3.3. Phase equilibria in the quaternary systems Ba-(Pd,Cu)-Zn-Ge
and Ba-Zn-Ge-Si

The partial isothermal sections at 800 °C for ternary boundary
systems Ba-Zn-Ge and Ba-Pd-Ge were accepted from our recent
investigations [1,2] and serve as the basis (i) to construct the
quaternary phase diagram for the system Ba-Pd-Zn-Ge at 800 °C
and (ii) to define the quaternary single-phase clathrate region
BaszndeyGe46_X_y_zI:IZ.

According to Gibbs’s phase rule, a four-component system may
involve four phases in equilibrium at constant pressure and
temperature. The convenient way to present a quaternary
equilibrium at constant P, T is the composition tetrahedron
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Table 3b

X-ray powder data for BagPd,Zng_xGe4o at x=1.30, 1.52, 2.40; (room temperature, image plate data collection, Cu K,; radiation, © range 8 <26 < 100); clathrate type I,

space group Pm3n; no. 223; standardized with program Structure Tidy [31].

Parameter/compound? BagPd, 55Zn3 75Ge4o BagPd,Zn,Ge,o BagPd;Zns;Geyo
Composition, EMPA at.% BagPd; 30Zn4 53Ge39 47 BagPd; 52Zn4 41Ge€39 19 BagPd; 40Zn3 25Ge49 00
Composition from refinement BagPd, 30Zn4 53Ge40.17 BagPd; 5,714 41Ge40.07 BagPd; 40Zn325Ge40 35
a (nm), Ge standard 1.07618(1) 1.07680(2) 1.07683(1)
Reflections measured 144 145 143

Number of variables 24 27 24

Rr=X|F,—F|[ZF, 0.0776 0.0788 0.0734
Ri=3|l,—I|/ZI, 0.0833 0.0835 0.0683

Ruwp=[ZWi|Yoi —Yei|/ZWi|yoi | 2]/ 0.0591 0.0562 0.0479

Re=Z2yoi— Yl IZ|Yoi| 0.0449 0.0383 0.0345
R.=[(N—P+C)/[Zwy2)]'/? 0.0183 0.0202 0.0232

1°=(Rwp/Re)* 104 7.70 4.28

Atom parameters

Ba1l in 2a (0,0,0); occ. 1.00(1) 1.00(1) 1.00(1)

Biso (102 nm?) 0.38(5) 0.37(7) 0.36(4)

Ba2 in 6¢ (1/4,0,1/2); occ. 1.00(1) 1.00(1) 1.00(1)

Biso (102 nm?) 3.00(8) 2.65(7) 3.59(4)

M1° in 6d (1/4,1/2,0); occ.

0.22(1)Pd+0.75(1)Zn+0.03(1)Ge  0.25(1)Pd+0.74(1)Zn+0.01(1)Ge ~ 0.40(1)Pd+0.54(1)Zn+0.06(1)Ge

Biso (102 nm?) 0.77(6) 0.98(7) 0.97(5)
Ge2 in 16i (x,x,x); occ. 1.00(1)Ge 1.00(1)Ge 1.00(1)Ge
X 0.1827(1) 0.1833(1) 0.18266(5)
Biso (102 nm?) 0.98(5) 0.84(6) 0.94(5)
Ge3 in 24k (0, y, z); occ. 1.00(1) 1.00(1) 1.00(1)

V. z 0.1190(2); 0.3105(2) 0.1184(2); 0.3112(2) 0.11931(8); 0.31137(8)
Biso (102 nm?) 0.72(3) 0.59(4) 0.81(2)
Interatomic distances, standard deviation less than 0.0003 nm

Ba1-8Ge2 0.3405 0.3419 0.3407
Ba1-12Ge3 0.3578 0.3586 0.3591
Ba2-8Ge3 0.3611 0.3606 0.3609
Ba2-4M1 0.3805 0.3807 0.3807
Ba2-8Ge2 0.4006 0.4005 0.4009
Ba2-4Ge3 0.4152 0.4161 0.4152
M1-4Ge3 0.2480 0.2478 0.2471
M1-4Ba2 0.3805 0.3807 0.3807
Ge2-1Ge2 0.2495 0.2487 0.2501
Ge2-3Ge3 0.2509 0.2506 0.2512
Ge2-1Bal 0.3405 0.3419 0.3407
Ge3-1M1 0.2480 0.2478 0.2471
Ge3-2Ge2 0.2495 0.2506 0.2501
Ge3-1Ge3 0.2561 0.2550 0.2570
Ge3-1Bal 0.3578 0.3586 0.3591
Ge3-2Ba2 0.3611 0.3606 0.3609
Secondary phase (Ge in vol%) 2.6 - 1.1

4 Nominal composition.
b Pd, and Zn fix after EMPA.

(Roozeboom-Fedorov tetrahedron; simplex). For the correct
construction of phase relations among the tie-tetrahedra and
adjoining phase fields, the rule of Palatnik and Landau [15] on the
association of phase fields may be applied.

The three dimensional phase diagram for the Ba-Pd-Zn-Ge
system is shown in Fig. 7a. The connectivity scheme plays a key
role to complete the construction of the 3D quaternary phase
diagram (Fig. 7d). The general rules for phase field connection in a
four-component system imply that two-, three- and four-phase
regions are connected to a single-phase body via corresponding
surfaces, lines and vertices, respectively. The three phase
equilibria r;+L+(Ge) (a), xk;+12+L (b), Kki+1,+BaGe, (c),
K1+71+L (e) and k,+7,+BaGe; (f) (for a, b, ¢, e, f see Fig. 7b)
involve the x; phase at its maximum solubility for M atoms.
Therefore, schematic phase equilibria on the basis of the
connectivity scheme at 800 °C are presented in Fig. 7b.

The tie-tetrahedron corresponding to the four-phase equili-
brium x;+7;+7,+L appears as simplex “A” in Fig. 7b, which is
connected to two three-phase equilibria r;+7;+L and r;+7,+L
from the ternary boundary systems Ba-Zn-Ge and Ba-Pd-Ge,
respectively. The four-phase equilibrium “A” connects to

tie-tetrahedron “B” via the three-phase equilibrium r+7;+75.
The tie-tetrahedron “B” corresponding to the four-phase
equilibrium x,+7;+7,+BaGe, is derived from two three-phase
equilibria rc; +7;+BaGe, and i +7,+BaGe, in the ternary systems
(see connectivity scheme, Fig. 7b and d).

The partial isothermal section “BagGess”—"BagPdse”—
"BagZnge” presented in Fig. 7c lies very close to the phase
equilibria x;+7,+L and k;+7,+L; therefore, the two-phase
regions connecting the three-phase equilibria with a single-
phase region are very narrow and are not shown in this section.
The single-phase region for the clathrate 1 phase BasgZn,Pd,.
Geys_x—y— -0, is outlined in Fig. 7b where the variation of defects
can also be seen. The vacancies present in BagGe43 (13 disappear at
Xzn=6 in BagZn,Geys_, and at xpy=4 in BagPd,Gess_x. Liquid
surfaces extending from two binary systems Pd-Ge and Zn-Ge to
the ternary and finally merging in the quaternary system cover a
large part of the isothermal section (Fig. 7a).

On the basis of available experimental data on as cast
and annealed samples, partial isothermal sections "Bag.
Geys” —"BagCuye” —"BagZngg” and "BagGeys” — "B385i46" —"Bag
Znge” at 800 °C are presented in Fig. 8a and b. The single-phase
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Table 4a

N. Nasir et al. / Journal of Solid State Chemistry 183 (2010) 2329-2342

X-ray powder data for BagCu,Zng_ xGeso at x=2.1, 3.2, 4.2; (room temperature, image plate data collection, Cu Ko radiation, © range 8 <26 < 100); clathrate type I, space
group Pm3n; no. 223); standardized with program Structure Tidy [31].

Parameter/compound? BagCuyZn,Geyo BagCusZns;Geyo BagCusZn,Geyo
Composition, EMPA BagCu, 1Zn3 ;Gego 9 BagCus,Zn; sGego6 BagCu,,Zn, sGego3
Composition from refinement® BagCu, 1Zn3 9Ge4o0 BagCus»Zn; sGego0 BagCug»Zn, gGego0
a (nm), Ge standard 1.07318(1) 1.07185(2) 1.07069(2)
Reflections measured 143 143 143

Number of variables 25 25 25
Rr=ZX|F,—F|[ZF, 0.064 0.084 0.087
Ri=3|lo—I|[ZI, 0.080 0.071 0.072
Rwp=[ZwWi|yoi—Yei| 2/ Zwiyoi| 2]/ 0.077 0.086 0.098
Re=2yoi—¥cil IZ|¥oil 0.050 0.061 0.072
Re=[(N—P+C)[Zwy2)]'/? 0.021 0.019 0.018
12=(Rwp[Re)? 13.6 20.5 234

Atom parameters

Ba1 in 2a (0, 0, 0); occ. 1.00(1) 1.00(1) 1.00(1)

Biso (102 nm?) 0.50(5) 0.37(5) 0.65(6)

Ba2 in 6¢ (1/4, 0, 1/2); occ. 1.00(1) 1.00(1) 1.00(1)

Biso (102 nm?) 2.47(5) 2.64(5) 2.29(5)

M1° in 6d (1/4, 1/2, 0); occ. 0.35(1)Cu+0.650Zn 0.53(1)Cu+0.47(1)Zn 0.70(1)Cu+0.30(1)Zn
Biso (10% nm?) 0.45(9) 0.93(8) 0.39(9)

Ge2 in 16i (x, x, X); occ. 1.00(1) 1.00(1) 1.00(1)

X 0.18304(7) 0.18282(8) 0.18396(1)

Bis, (102 nm?) 0.88(3) 0.91(4) 0.81(4)

Ge3 in 24k (0, y, z); occ. 1.00(1) 1.00(1) 1.00(1)

v,z 0.1182(1); 0.3116(1) 0.1183(1); 0.3124(1) 0.1190(1); 0.3137(1)
Biso (102 nm?) 0.86(3) 0.66(3) 0.63(4)
Interatomic distances, standard deviation less than 0.0003 nm

Ba1-8Ge2 0.3402 0.3394 0.3412
Ba1-12Ge3 0.3576 0.3580 0.3592
Ba2-8Ge3 0.3591 0.3583 0.3573
Ba2-4M1 0.3794 0.3790 0.3785
Ba2-8Ge2 0.3993 0.3990 0.3979
Ba2-4Ge3 0.4150 0.4145 0.4136
M1-4Ge3 0.2468 0.2457 0.2438
M1-4Ba2 0.3794 0.3790 0.3785
Ge2-1Ge2 0.2489 0.2494 0.2449
Ge2-3Ge3 0.2499 0.2499 0.2509
Ge2-1Bal 0.3402 0.3394 0.3412
Ge3-1M1 0.2468 0.2457 0.2438
Ge3-2Ge2 0.2499 0.2499 0.2509
Ge3-1Ge3 0.2539 0.2537 0.2548
Ge3-1Bal 0.3576 0.3580 0.3592
Ge3-2Ba2 0.3591 0.3583 0.3573
Secondary phase (Ge in vol%) 1.8 33 1.9

4 Nominal composition.
b Cu and Zn fix after EMPA.

region of the clathrate phase is outlined in these sections, which is
connected to the corresponding two-phase and three-phase
equilibria.

3.4. Physical properties

Transport properties are appropriate to trace the thermo-
electric behavior of the clathrates under investigation close to a
metal-to-insulator transition. Such a scenario is well documented
from both, electrical resistivity and thermopower data.

3.4.1. Electrical resistivity

Fig. 9a shows the temperature dependent electrical resistivity p
for a set of samples with compositions Bag{Cu,Pd,Zn},Gess_, and
BagZn,Si,Gess_x—, and temperatures up to 800 K. The achieved
substitution drives a wide span of resistivity data, ranging from a
metallic-like behavior in BagZn;,;Ge;99Sijgg to a distinctly
semiconducting behavior in BagCus,ZnggGeyo, where the electrical
resistivity drops over more than 7 decades from 10 to 800 K. Note
that the most pronounced semiconducting behavior is present in the
samples with the twofold substituted d-elements (Cu/Zn, Pd/Zn),

indicating that these materials are near to compensation, i.e., the 16
electrons provided by Ba are fully compensated by holes originated
from the Ge/(Cu, Zn, Pd) substitution. (Note for such an estimation
that XRSC and XRPD have a detection limit of about 0.2 vacancies
per formula unit and uncertainty in EDX data is about 0.5 units per
formula unit. Physical property measurements are clearly of higher
sensitivity to detect a compensation point of a “Zintl-phase”.
Moreover, the Zintl count for transition metals is not well
defined.) Although the overall view seems to infer such a simple
classification, a closer inspection of the data reveals a more
complicated temperature dependency, combining metallic and
semiconducting features. A qualitative description is then based on
the Bloch-Griineisen formula, which describes the metallic branch
of this model, while a simple band model with rectangular bands
represents the semiconducting branch. Note that in this model the
Fermi energy Er is located slightly below the appearing band gap,
resulting in a distinctly temperature dependent charge carrier
density n. The temperature dependent charge carrier density
follows in this model by applying the Fermi-Dirac statistics (for
more details see, e.g., Ref. [16]). It is interesting to note that the
simplified DOS used in the model outlined above (compare also the
inset in Fig. 9) fairly well resembles band structure calculations
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Table 4b
X-ray powder diffraction data for BagCu,Zng_,Geyo at x=5.2, 5.4, 5.5; (room temperature, image plate data collection, Cu Ko, radiation, ® range 8 <26 < 100); (space
group Pm3n), standardized with program Structure Tidy [31].

Parameter/compound? BagCus »5Zng 75Ge40 BagCus 5Zng 5Geo BagCus 75Zng 25Ge4o BagCus »Zng sGeo
Composition, EMPA BagCus 2Zng sGe4o 3 BagCus 4Zng 5Ge40.0 BagCus 5Zng 4Gesg 7 BagCuy 6Zny 13Ge39.2511.01
Composition from refinement BagCus»Zng 3Ge40.0 BagCus 4Zng ¢Ge40.0 BagCus.5Zng 5Ge0.0 BagCus_»Zng sGe4o
a (nm), Ge standard 1.06971(1) 1.06922(2) 1.06910(2) 1.06994(2)
Reflections measured 144 143 143 143
Number of variables 25 25 25 22
Re=3|F,—F.|[ZF, 0.059 0.089 0.051 0.067
R,:):|Ioflc\/210 0.075 0.094 0.056 0.065
Rwp=[ZWi|yoi—yei|2[Zwi|yoi 2] 0.069 0.095 0.089 0.034
Re=2yoi— Yl IZ|¥oi| 0.045 0.071 0.062 0.022
Re=[(N—P+C)/ZwyZ)]|"? 0.029 0.017 0.011 0.020
7> =(Rwp/Re)? 5.62 30.8 64.2 2.86
Atom parameters
Bal in 2a (0, 0, 0); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Biso (10% nm?2) 0.46(5) 0.32(5) 0.53(6) 0.63(6)
Ba2 in 6¢ (1/4, 0, 1/2); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Biso (102 nm?) 2.45(5) 2.64(5) 2.51(5) 2.67(6)
M1° in 6d (1/4, 1/2, 0); occ. 0.87(1)Cu+0.13(1)Zn 0.90(1)Cu+0.10(1)Zn 0.92(1)Cu+0.08(1)Zn 0.89(1)Cu+0.13(1)Zn
Biso (10% nm?) 0.86(7) 0.92(8) 0.82(7) 1.44(9)
Ge2 in 16i (x, x, X) ; occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
X 0.18242(8) 0.18237(8) 0.18332(7) 0.18322(8)
Biso (10% nm?) 0.96(4) 0.98(4) 0.60(3) 1.18(4)
Ge3 in 24k (0, y, z); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Vi z 0.1194(1); 0.3141(1) 0.11961(8); 0.3149(1) 0.11973(2); 0.31467(1) 0.1194(1); 0.3134(1)
Biso (10% nm?) 0.56(3) 0.40(3) 0.81(3) 0.86(4)
Interatomic distances, standard deviation less than 0.0003 nm
Ba1-8Ge2 0.3380 0.3377 0.3395 0.3394
Bal-12Ge3 0.3594 0.3601 0.3599 0.3588
Ba2-8Ge3 0.3569 0.3564 0.3565 0.3573
Ba2-4M1 0.3782 0.3780 0.3780 0.3782
Ba2-8Ge2 0.3984 0.3982 0.3976 0.3979
Ba2-4Ge3 0.4128 0.4126 0.4124 0.4127
M1-4Ge3 0.2430 0.2421 0.2422 0.2436
M1-4Ba2 0.3782 0.3780 0.3780 0.3782
Ge2-1Ge2 0.2504 0.2505 0.2469 0.2474
Ge2-3Ge3 0.2499 0.2502 0.2505 0.2499
Ge2-1Bal 0.3380 0.3377 0.3395 0.3394
Ge3-1M1 0.2430 0.2421 0.2422 0.2436
Ge3-2Ge2 0.2499 0.2502 0.2505 0.2499
Ge3-1Ge3 0.2555 0.2558 0.2560 0.2555
Ge3-1Bal 0.3594 0.3601 0.3599 0.3588
Ge3-2Ba2 0.3569 0.3564 0.3565 0.3573
Secondary phase (Ge in vol%) - 2.9 3.2 1.8
4 Nominal composition.
b Cu and Zn fix after EMPA.
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performed for BagMgGe4q [13]. Narrow features of the DOS near to Er
cause additional scattering as noted by Mott and Jones [17]. In the
case that this narrow band locates near to a minimum in the density
of states, the p vs. T curve is expected to exhibit a positive curvature
[18]; in fact, this is clearly obvious for BagZn;,Ge 99Si1s9 in Fig. 9(b).
Although there is substantial variation of the resistivity data,
reasonable least squares fits to the model outlined above can be
obtained; results are shown as solid lines in Fig. 9(a) and (b). The
sketch of the model DOS (inset Fig. 9b) renders schematically DOS
features of the ball milled (top) and hand milled (bottom) sample.

0312 ————— 0.123
BagPd, Zn, ,Ge,,
F0.122
N 0311 L0121 W
= =
S +0.120 €
3 3
N 0.310 1 L0119
£ 0.118
0.309 L— : 0.117
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Pd content, x

Fig. 3. Atom parameters (y, z) parameters vs. Pd content in BagPd,Zng_,Ge4o.
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Comparing BagZn; 4Ge95Siqg g (ball milled) with BagZn;,Ge;99Siis9
(hand milled) reveals significant differences, both with respect to the
absolute resistivity values and also with respect to the qualitative
temperature dependence. This highlights observations for such
materials close to metal-to-insulator states that even the synthesis
route might distinctly change physical features.

3.4.2. Thermopower

The temperature dependent thermopower S of Bag
{Cu,Pd,Zn},Gess_x and BagZn,Si,Gess_x_y is plotted in Fig. 10(a
and b). While the series based on Ge/Si replacements generally
reveal almost linearly temperature dependent negative Seebeck
coefficients, the systems based on substitution by the transition
elements Pd and Cu exhibit a much more complex behavior.
The plain data behavior of Fig. 10(a), resulting in negative
thermopower values, refers to electrons as the principal charge
carriers. A linear temperature dependence of S(T) suggests
the absence of any significant electronic correlations in these
clathrates; then, S(T) depends primarily on the charge carrier
density n. As demonstrated, e.g., in Ref. [19], the diffusion part of
the thermopower at higher temperatures can be represented by
the simple expression

n2ki2m

Si(T>0p)= ——"——~
a p) eh*(3nn2)*3

M

where m is the effective mass of the charge carriers (m~m,) and e
is the respective charge. The assumption m ~m, is supported by
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Fig. 4. Lattice parameters, occupancies and interatomic distance vs. Ge/(Ge+Si) in BagZnyGess_x—,Si, clathrates.
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our previous studies [1,2] of the optical conductivity in
combination with Hall effect data in Zn and Pd containing Ge-
clathrates where m ~me.. Accordingly, a charge carrier density n
can be evaluated, ranging from n=7.3 x 102 cm~3 in the case of
Bagzn7'4Gelg'gSi18.g to n=2 x 1021 Cm73 for Baan7,2Ge19,9Si1g,9.
Characteristic for classical high performance thermoelectrics like
optimized Bi-Te systems are values of the charge carrier
density n ~10'°. The substantial deviation of the thermopower
from linearity in the case of BagCus ;Zng gGe4o,0 and BagPd; 4Zns ¢
Geyo, is accounted for from temperature dependent changes of
the energy derivative of the electronic density of states, N(E), at
the Fermi level Er considering Mott's formula

1 SN(E)

NE) OF EFE:EF 2

S(T) ~

This formula implies that the large S(T) values observed in
Fig. 10(b) might be a consequence of steep slopes in a narrow
featured DOS around the Fermi level. The dramatic changes with
temperature from very large positive to very large negative S(T)
values can be conceived from the temperature dependent
variation of the Fermi-Dirac (FD) distribution function, which
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Fig. 5. Comparison of XRPD profiles and Rietveld refinement for BagZn,
Geye_x—ySiy clathrates.

Table 5
EPMA and structural data for BagZn,Geus_x—,Siy solid solution.
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changes a positive slope of N(E) at low temperature to a negative
one as a consequence of spectral weight transfer in the FD
function to energies beyond Er for finite temperatures. Note also
that the large Seebeck values may be supported by a small overall
density of states at the Fermi energy, locating the systems under
investigation near to an insulating state. This conclusion perfectly
matches the observations made for these two compounds by
resistivity measurements.

3.4.3. Thermal conductivity

The temperature dependent thermal conductivity, A, of
Bag{Cu,Pd,Zn},Ge4s_x and BagZn,Si,Gess_x_, from 4 to 800K is
summarized in Fig. 11. A more complete set of A(T) data for
temperatures below room temperature is presented in Ref. [20].
The experimental data as shown in this figure were obtained from
two principally different methods; the standard steady state heat
flow method was used below room temperature, while a flash
method served above room temperature up to 800 K. Data below
room temperature are corrected for their failures due to radiation
losses (see later). Overall, thermal conductivity is reasonably
small, in favor of thermoelectric applications, and does not exceed
a value of 15-20 mW/cm K in the high temperature range. For
temperatures above room temperature, A(T) behaves almost
constant within the experimental errors. At very low
temperatures, some of the data sets exhibit distinctive maxima
(e.g., for BagZn;,Geq99Siis.9 or BagCusZng gGeyoo) as a result of
reduced scattering of the heat carrying phonons on static
imperfections. Adding the heavy element Pd to these type I
clathrates seems to have the strongest impact on a reduction of
the thermal conductivity, understandable from the big mass
difference between the 3d elements Cu and Zn on the one and Pd
on the other hand. Interestingly, the isoelectronic substitution
Ge/Si appears to be less influential on A(T). The total thermal
conductivity as observed experimentally consists of the lattice
(Zpn) and the electronic (/) contribution. Due to the large
electrical resistivities observed for both groups of compounds,
A(T) is dominated by far by the phonon contribution /,,. The
lattice thermal conductivity /A,, is limited by a variety of
scattering processes, which incur the heat carrying phonons.
The most relevant ones are scattering on grain boundaries, on
defects and impurities, on electrons and by Umklapp processes,
accounted for by relaxation times 7, Tp, T. and 7y, respectively.
Cage forming compounds like clathrates are famous for resonance
scattering yielding an additional reduction of the overall thermal
conductivity due to phonon scattering on the loosely bound filler
atoms, which create low lying phonon modes [21]. Based on the
fact that these individual contributions can be considered
independent from each other, the Matthiessen rule applies to
derive a total relaxation rate t-'=tz'+7tpl+ts +75 . The

Nominal composition  EMPA (at%) EMPA, formula

Accepted composition  Lattice parameter a, nm  Measured relative density (%)

Ba Zn Ge Si
BagZngGe 0Sizg 1528 140 20.8 499 BagZn;3Gey14Si273  BagZn;3Geqo6Sizs 1 1.05278(2) 86.6
BagZngGe;9Sitg 14.8 136 366 35 BagZn; 4Ge97Sijse  BagZn;4GeqosSiiss 1.06086(2) 92.0
BagZngGe;9Sito 15.0 135 38.0 335 BagZn;»GesoeSits2  BasZn;GeqgoSitso 1.06026(2) 91.8
BagZngGe;sSiqg 14.7 14.1 55.0 16.2 BagZn; sGeog 7Sig 7 BagZn; sGeag 3Sig 1 1.06833(2) 88.1
BagZngSisg - - - BagZnj;Sisg 1.04382(2) [5] -
BagZngGess = = = BasZn, ,Siss 1.07647(3) [1] =
BagCus »Zng gGeao 15.09 870 213 7406 - BagCus >Zng sGeso.o 1.06994(2) 96.9
BagPd; 4Zn33Geqo3 1484 417 672 7427 - BagPd; 3Zn3 Geqo 1 1.07664(2) 97.6
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Table 6

X-ray powder diffraction data for BagZn,Gese_x—,Siy solid solution (room temperature, image plate data collection, Cu K, radiation, © range 8 <26 < 100); (space group

Pm3n), standardized with program Structure Tidy [31].

Parameter/compound? BagZngGegSizg BagZngGe19Siqg BagZngGe,qSig
Composition, EMPA BagZn; 3Geq1 4Siz73 BagZn; ;Gey 6Siis2 BagZn; ¢Ge,g ;Sig 7
Composition from refinement® BagZn; 3Ge g 6Sizg1 BagZn; ,Ge 9 9Si1g9 BagZny; 4Gexg 3Sig 1
a [nm], Ge standard 1.05278(2) 1.06026(2) 1.06833(2)
Reflections measured 135 143 145

Number of variables 22 22 20
Rr=ZX|F,—F|[ZF, 0.066 0.066 0.080
Ri=3|lo—I|[ZI, 0.085 0.061 0.086
Rwp=[ZWi|Yoi — Yei| 2[ZWi|yoi 2]/ 0.066 0.028 0.051
Re=2yoi—¥cil IZ|¥oil 0.043 0.020 0.038
Re=[(N—P+C)[Zwy2)]'/? 0.026 0.023 0.030
12=(Rwp[Re)? 6.22 1.46 2.83

Atom parameters

Bal in 2a (0, 0, 0); occ. 1.0(1) 1.0(1) 1.0(1)

Bis, (102 nm?) 0.71(6) 0.97(5) 1.11(6)

Ba2 in 6¢ (1/4, 0, 1/2); occ. 1.0(1) 1.0(1) 1.00(1)

Biso (10?2 nm?) 2.33(5) 2.88(5) 3.32(6)

M1 in 6d (1/4, 1/2, 0); occ. 0.87(1)Zn+0.13(1)Si 0.90(1)Zn+0.10(1)Si 1.0(1)Zn

Biso (10% nm?) 0.86(8) 0.50(6) 1.30(8)

M2 in 16i (x, X, X); occ. 0.83(1)Si+0.17(1)Ge 0.77(1)Si+0.23(1)Ge+0.05(1)Zn® 0.34(1)Si+0.56(1)Ge+0.1(1)Zn
X 0.1844(2) 0.18421(9) 0.1836(1)

Biso (10% nm?) 1.26(8) 1.22(5) 1.60(6)

M3 in 24k (0, y, z); occ. 0.59(1)Si+0.338(1)Ge+0.08Zn 0.27(1)Si+0.64(1)Ge+0.04(1)Zn® 0.15(1)Si+0.85(1)Ge
y;z 0.1183(2); 0.3061(2) 0.1187(1); 0.3069(1) 0.1184(1); 0.3077(1)
Biso (102 nm?) 0.75(5) 1.02(4) 1.19(4)
Interatomic distances, standard deviation < 0.0003 nm

Ba1-8M2 0.3373 0.3381 0.3397

Ba1-12M3 0.3455 0.3487 0.3522

Ba2-8M3 0.3555 0.3576 0.3599

Ba2-4M1 0.3722 0.3747 0.3777

Ba2-8M2 0.3906 0.3937 0.3972

Ba2-4M3 0.4063 0.4085 0.4123

M1-4M3 0.2467 0.2475 0.2490

M1-4Ba2 0.3722 0.3747 0.3777

M2-1M2 0.2392 0.2415 0.2458

M2-3M3 0.2432 0.2446 0.2469

M2-1Bal 0.3734 0.3381 0.3379

M3-2M2 0.2432 0.2446 0.2469

M3-1M1 0.2467 0.2475 0.2490

M3-1M3 0.2488 0.2516 0.2529

M3-1Bal 0.3455 0.3487 0.3522

M3-2Ba2 0.3551 0.3576 0.3599

Secondary Phase (Ge,Si, vol%) 1.4 None None

4 Nominal composition.
b Accepted composition.
€ Zn fixed considering linear increase or decrease with Ge content.

temperature dependence of A,, follows from the basic
thermodynamic expression A=(1/3)Cyvl, where Cy is the heat
capacity of the system, v the particle velocity and | the mean free
path. Callaway and von Baeyer [22] demonstrated that this
transforms for the heat carrying lattice vibrations to

3 0p/T X
g = <@> [ LEICAS

= 2o \ (ex—1)?
kBeD hw
Vs = 7}[(67_521\])1/3 and x= kT 3)

with v the velocity of sound calculated in terms of the Debye
model, N is the number of atoms per unit volume and w the
phonon frequency. In the case of reasonably pure systems an
additional term in Eq. (3) has to be taken into account, which,
however, for the high resistance materials studied here can be
neglected [23]. Assuming the applicability of the Wiedemann
Franz law with L,=245x10"3WQK~2, the phonon
conductivity was obtained by subtracting the electronic part

2e(T)=LoT|p(T) from the total measured thermal conductivities
and accounting for the radiation losses via a T> term.

Fig. 12 shows the low temperature part of the thermal
conductivity of BagZn;3GeogSizg1. Summarized are the total
thermal conductivity 4, the electronic part /. and the phonon part
Jph. The application of the Wiedemann-Franz law evidences that
Aer 1S, in fact, negligible. The room temperature resistivity of
BagZn; 5Geq6Sizg.1 is about 12800 n Q cm; thus, 1, ~0.6 mW/
cm K, much smaller than the overall experimentally derived
values. The contribution regarding the radiation loss is indicated,
too. Using the steady state heat flux measurement method causes
significant losses at high temperatures, comparable to the overall
measured data, specifically in those cases where A(T) is small. In
comparison to other alloys of this study, A(T) of BagZn;3Gejog
Si>g.1 does not exhibit a pronounced low temperature maximum
as frequently observed in both cases, if either the lattice part
dominates or the electronic one. The disappearance of such a
pronounced maximum in the former case results from enhanced
scattering of phonons on defects and grain boundaries,
represented by tp and t,, respectively. Interplay of weak defect
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and boundary scattering with Umklapp processes would then be
responsible for establishing the low temperature maximum in
A(T) as it is the case, e.g., for BagCus>Zng gGeyo. The least squares
fit of Eq. (3) to the experimental data of Fig. 12 reveals the Debye
temperature 0p ~200 K. Note that a much better fit would be
possible, if unphysical low 0p values would be permitted. Eq. (3)
also demonstrates that the position of the maximum of A(T) at low
temperatures weakly depends on the Debye temperature. In order
to face the observed thermal conductivity data with the

Bay;Zn,Ge, ., Si,
~ 0.186 - (7.0<x<7.7)
=
< 0.185 A
X
x -4
= 0.184 -
- [ ]
B | e xrePD
% 0.183 O XRSC[1.5]
AQ XRPD ]
0122 1 AG xmsC[15] L 0.309
o 0.121 4 =
2 < Z > 10308 2
W 0.120 - =
> L 0.307 >
S o119 e
3 3
~ F0.306 ~
= 0118 | Ry
0117 { © t 0.305
I
0.116 1— . . . . —L 0.304
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Fig. 6. Atom parameters vs. Ge/(Ge+Si) in BagZn,Ge4s_x_,Si, clathrates.

d

Ba-Pd-Ge Ba-Pd-Zn-Ge

\
Ba—Zn-Ge"\

[a]x*Gey+L

'[|+‘I}2+L

Kttt

a:| kH(Ge)rL |
1

A}
[b st —A ] R
\

[c]x+=+BaGe]HB: k*1,+,+BaGe - ] k+<+BaGe,
T

1,+1,+BaGe,

[ ]x.x,BaGe, (d] kit +BaGe
Pd

theoretical lower limit A, i.e., if scattering would happen at
each lattice site, the model of Cahill and Pohl [24] is used,
allowing to compute Ap,in(T) from the number of atoms per unit
volume and from the Debye temperature 0p. Taking N=4.74 x
1022 m~3 and 6p=200K reveals /Jmin(300K) ~4 mW/cmK
(shaded area, Fig. 12). Data derived from this model are well
below the experimentally accessed figures.

To classify clathrates with respect to thermoelectric applica-
tions, the ZT values of Bag{Cu,Pd,Zn}iGess_x and BagZn,Si,
Geys_x_y are computed from ZT=TS?/(p1) using the experimental
data collected for S, p and / (see Fig. 13(a and b)).

Among the materials investigated in this study, BagZn; 4Ge g3
Siigg exhibits the largest ZT value, reaching about 0.45 at 765 K
with a tendency to still higher values at more elevated
temperatures. While for the materials studied there are no
distinct differences of A(T) at higher temperatures, pronounced
differences in the electrical resistivity are decisive for a high figure
of merit, although the respective Seebeck coefficient may not be
the highest. In general, ZT(T) are smoothly varying curves; ZT of
BagCus»Zng gGeyo, however, interestingly shows three transitions
through zero points as a result of the various crossovers from
positive to negative Seebeck coefficients (Fig. 13(b)). Although the
differences in the thermoelectric properties among our
quaternary and ternary Cu-, Zn- Pd-containing Ge-based clathrate
series are not significant, the ZT-values of Ge/Si substituted Zn
clathrates (ZT=0.45 at 800 K) are particularly encouraging with
respect to the replacement of expensive Ge by low-price elements
(Zn, Si).

4. Conclusion
Vacancy-free quaternary clathrate solid solutions BagZn,
Gege_x—ySiy, Bag(Zn,Cu),Gegs_x and Bag(Zn,Pd)Gess_x were

prepared and characterized by X-ray powder diffraction, X-ray
single crystal diffraction, EMPA. All compounds crystallize in

“‘Ba,Ge,,"

k-Ba,Pd.ZnGe,.,.],
1,-BaZn,Ge,
1,-BaPdGe,

Zn 800 °C

Fig. 7. Ba-Pd-Zn-Ge system at 800 °C: (a) three dimensional view of quaternary phase diagram; (b) schematic phase equilibria; (c) partial isothermal section "BagGess"~

"BagPd46”-"BagZngs”; (d) connectivity scheme.
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a b
800 °C Ba,Si, 800 °C
k-Ba,Zn Ge,, Si,

Ba,Ge,,

k,-BaCu,Zn,Ge,., [,
1,-BaZn,Si, 2

Ba,Zn,,

Fig. 8. Partial isothermal section at 800 °C: (a) "BagGeys"-"BagSiss"~"BagZngs"; (b) "BagGess”~"BagCuye”-"BagZngg”.
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Fig. 9. (a) Temperature dependent electrical resistivity p of various concentrations of Bag{Cu,Pd,Zn},Ge4s _x and BagZn,Si,Ge4s _x—y plotted on a logarithmic resistivity axis.
(b) Resistivity details for BagZn; 4Ge;9 gSiig g (ball milled) and BagZn; ,Ge g .Siqs9 (hand milled). The solid lines in both panels are least squares fits as explained in the text.
The insert in panel (b) sketches a simplified electronic density of states around the Fermi energy. The upper part refers to the ball milled and the lower part to the hand
milled compound.
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Fig. 10. Temperature dependent thermopower S for various concentrations of BagZn,Si,Gess _x—y (a), BagZng gCus ;Geys _ x, and BagZns gPd; 3Gess —x (b) from 4 to 800 K. The
insets in panel (b) schematically represent density of state features near the Fermi energy together with the Fermi Dirac distribution function for T=0 and > 0 to explain
the temperature dependent thermopower.
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Fig. 11. Temperature dependent thermal conductivity A of Bag{Cu,Pd,Zn},Ges¢_x
and BagZn,Si,Ge4s _x—y for temperatures up to 800 K.
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Fig. 12. Temperature dependent thermal conductivity A of BagZn;3Ge ¢ Sizg.1 for
temperatures up to 300 K. /. is determined by the Wiedemann Franz law and
Aph=A—Je. Least squares fits are based on Eq. (3) and Z. is determined by the
model of Cahill and Pohl [24].

space group Pm3n, isotypic with clathrate type I. Site preference
for each case was evaluated. M atoms (Zn, Pd, Cu) in Bag(Zn,
Cu)yGege_x Bag(Zn, Pd),Gess_x randomly share the site 6d.
Linear substitution of Zn at the 6d site in the BagZnyGess_x—_,Siy
solid solution was observed. Lattice parameters show a linear
increase with increase in Ge for the BagZn,Gess_x_,Si, solid
solution.

Isothermal section at 800 °C for the quaternary system
Ba-Pd-Zn-Ge was constructed and partial isothermal sections
BagGe45—BagPd45—Baan46v BagGeys—BagCuye—BagZngg and Bag
Gess—BagSiss—BagZngg at 800 °C are presented.

Electronic and thermal transport in the temperature range
from 4.2 to 800 K characterize the materials investigated to be
located near to a metal to insulator transition. The latter is
unambiguously obvious from a resistivity with negative tem-
perature coefficient varying over more than 6 orders of magnitude
(BagCus2ZnogGeqop) to a metallic-like behavior observed for
BagZn;,Ge 99Si1g9. Concomitantly, very large Seebeck coeffi-
cients are found for the almost insulating phases BagCus,
ZnggGeao0 and BagPd, 4Zn; sGeyo 0, Where narrow features in the
electronic DOS with considerable small absolute values give rise
to a strong temperature variation reaching giant Seebeck values of
about 400 pV/K even at temperatures of about 150 K. A simple
Zintl count reveals slight electron deficiencies for BagCus;Zngg
Geyo0 and BagPd; 4Zns Ge,g 0, Whereas the remaining compounds
have excess in electrons, both scenarios are in line with the
transport data observed. Even subtle differences in the electron
balance derived from the Zintl model are well reflected from the
absolute resistivity values. The ZT values achieved are already in a
promising order of magnitude particularly for those compositions
where costly germanium was substituted by inexpensive silicon
(ZT:045 at 800 K for Bagzn7.4Ge]9AgSi]gAg).
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Quaternary phase diagram of Ba-Pd-Zn-Ge system at 800 °C.
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