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Eight samples with nominal stoichiometry &ak Gesoix, X = 0—0.7, have been synthesized with a
new method involving BgGes as an intermediate step. The new route provides fine control of the Cu:
Ge ratio and allows systematic studies of the changes in the transport properties as a funktion of
Resistivity, thermopower, and Hall carrier concentration all show systematic changes upon altering the
Cu:Ge ratio. On the basis of density functional theory, we have calculated the electrical transport properties
for fully ordered BaCusGeyo. An optimal power factor is predicted for a Fermi level in the top of the
valence band. Contrary to expectatiortype behavior is observed in all samples, which appears to be
due to small amounts of vacancies. Relatively low mobilities result in moderate thermoelectric properties
with ZT = 0.07 at 400 K for thex = 0.2 sample.

Introduction morphology. Introduction of transition metals and rare earth

The design concepts used in thermoelectrics for many elements into the structure might lead to larger effective band
years were those originally proposed by I0ff€o ensure a masses and sharp electron density of stajég)(features.

high thermopower and a low thermal conductivity, he To a first approximation, the thermopow@) {s proportional

targeted semiconducting compounds composed of heavy!© the derivative Og(e)(e\;\g(th)/raes)pe)a';(;Jz(einec'l)(er:;)goyrgzz);hif
€)19€)er).

elements. The best thermoelectric performance was achieved:erm_i 'Ievel €) (ST X
in doped binary compounds. More recently, another apprOachtransmon metals or rare earth elements in the clathrate
was proposed by Slack that spurred a search for so-callegStructure might improve thermoelectric performahGardier
“ohonon glasses and electron crystals” (PGEC®)e central et al. first synthesized clathrates containing transition métals.
point is to look for compounds that combine the low thermal Metallic and semiconducting behavior has been observed
conductivity of amorphous materials and the relatively low along with ferromagnetism in the germanium-based clathrates
. . o o :
electrical resistivity and large thermopower of heavily doped With substituted tr.agsllglon metals:* Most studies focus on
semiconductors. Semiconducting clathrates based on grough@dnetic properties,’® and to the best of our knowledge,
14 elements have attracted much attention since Nolas et alt"® Only thorough studies of the transport properties of
proposed germanium clathrates as potential PGEC candi-transition-metal-containing, germanium-based clathrates have
dates’ Clathrates are comprised of a host framework of group been done by Aan) et al. on SevelrilfBMVGafGe‘&y*Z
14 members and substituting elements that provide cavitiesSMPIes, wher&M = Au, Cu, Pt, Pd* In general, they
stabilized by relatively large guest ions. Heat carrying found the TMs to preferentially occupy the 8ite of the
acoustic phonons are effectively scattered on the guest atomg)©St structure. Increases in the effective mass) (@nd
which undergo low-frequency vibration. Consequently, the €nhancement of the thermopc;év? Wwere observed for the
lattice thermal conductivitiesc() are extremely low and ~ Pd- and Pt-substituted sampfés? For the Cu-containing

comparable to those in amorphous materials, where 1 (5) Mahan, G. D.: Sales, B. Sharp,Rhys Todayl997, 50, 42.
W m~t K~13 An overview of inorganic clathrates identified  (6) Cordier, G.; Woll, P.J. Less Common Me1991, 169, 291.

; ; i« (7) Hermann, R. F. W.; Tanigaki, K.; Kawaguchi, T.; Kuroshima, S.; Zhou,
so far was recently presented in a review paper by Kovnir 0. Phys. Re. B 1999 60 13245,

et al? It is hoped that an enhancement of the thermoelectric (g) Li, Y.; Chi, J.; Gou, W.; Khandekar, S.; Ross, J. H., IrPhys.:

performance can be obtained through chemical modification = Condens. Matte2003 15, 5535.
. . . (9) Li, Y.; Ross, J. H., JrAppl. Phys. Lett2003 83, 2868.
and better control of composition, impurity phases, and bulk (10) kawaguchi, T.; Tanigaki, K.; Yasukawa, Mppl. Phys. Lett200q

77, 3438.
* Corresponding author: bo@chem.au.dk. (11) Anno, H.; Hokazono, M.; Takakura, H.; Matsubarapfoc. Int. Conf.

(1) loffe, A. F. In Semiconductor Thermoelements and Thermoelectric Thermoelectric2005 XXIV, 120.

Cooling Infosearch Ltd: London, 1957. (12) Anno, H.; Hokazono, M.; Kawamura, M.; Matsubara, B¢oc. Int.
(2) Slack, G. A.CRC Handbook of Thermoelectrid®owe, D. M., Ed.; Conf. ThermoelectricR003 121.

CRC: Boca Raton, FL, 1995; p 407. (13) Hokazono, M.; Kawamura, M.; Anno, H.; Matsubara,Tans. MRS-
(3) Nolas, G. S.; Cohn, J. L.; Slack, G. A.; Schjuman, SABpl. Phys. J. 2004 29, 2793-2796.

Lett. 1998 73, 178. (14) Hokazono, M.; Anno, H.; Matsubara, Kater. Trans.2005 46,
(4) Kovnir, K. A.; Shevelkov, A. V.Russ. Chem. Re2004 73, 923. 1485-1489.
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Table 1. Selected Properties of the Synthesized Samptes

x=0.0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5 x=0.6 x=0.7
Oreo (9 €NT5) 5.9617 5.9625 5.9633 5.9641 5.9650 5.9658 5.9666 5.9674
0/0te0 0.922 0.974 0.980 0.977 0.973 0.977 0.975 0.972
a(A) 10.6894(2) 10.69025(6) 10.69037(9) 10.69046(9) 10.69036(7) 10.69106(8) NA 10.69145(5)
n(euch 0.054 0.041 0.075 0.111 0.188 0.175 0.182 0.206
un (cmPV-1s71) 3.40 8.81 9.57 9.91 7.68 9.33 9.78 9.01
m*/ me 0.495 0.967 1.06 1.10 1.21 1.09 1.14 1.11
P00k P2K 0.0031 0.00045 0.124 0.837 1.05 1.23 1.14 1.34

aThe theoretical density(e,) is calculated from a linear fit to the measured lattice parameter at room tempeggfuaesiming that no vacancies are
present and that the composition equals the nominal composition. The dénsigasured at room temperature, is given in fractiondof The lattice
constant,a, was obtained using conventional powder diffraction employingeLa8 an internal standard. The Hall carrier concentrat@nir( units of
electrons per unit cell, the mobility«g), and the effective massnf) are room-temperature valuest* is calculated from the measured thermopower and
N. paoor/p2k is the residual resistance ratio, i.e., the resistivity at 400 K divided by the resistivity at 2 K.

samples, which were ati-type, no significant effects om* times were 24 min. Samples were compacted toe48 mm high

and S were observed. The mobility, however, increased cylinders with a diameter of 12 mm. Sample densities were
significantly with increasing copper content. This was Measured using an immersion technique on a home build device at
attributed to less disorder scattering because of the prefer-22 °C, where the density of immersion liquid (water) is 0.99786 g
ential ordering of the Cu atoms and the increasing molar cm=3. The theoretical values were calculated using the nominal

. . stoichiometries BgCus—xGeyoix and a lattice parametea(x) =
g?or;:;iri](t)r%fe?rf/. ér;:hi p(rzeeient v)\(lo_rkbel(g)]f;t S:;?/E'isegznsoxmal 10.68971 A+ 0.0024% A taken from a linear fit to experimental
—X O+Xs — U—U./, -

. s - values (see Figure 3 below). Densities range from 97.2 to 98.0%
thesized to explore changes in the transport properties as &y theoretical values, assuming that no vacancies are present, the

function of composition. The electrical transport properti_es exception being the = 0 sample, which is only 92% compacted.
of the samples are compared to theoretical values obtainedrhis latter sample deviates from the general picture in many

from density functional calculations combined with semiclas- respects; nonetheless, we have included all the data of this sample

sical transport theory. to stress the importance of highly compacted samples. The samples
exhibit a metallic luster and are of good mechanical strength. Only
Experimental Section a minute Ge impurity phase was visible by conventional X-ray

powder diffraction and there was a tendency for it to increase with

The experimental details of the synthesis and the subsequenty Only diffraction data for thex = 0.4 andx = 0.7 samples could
characterization are described below. Selected data are compileche refined with a Ge impurity phase, yielding Ge impurities of 1.8
in Table 1. and 3.8%, respectively (mass percentage). For the other samples,

Synthesis Eight BaCus—«Geso+x Samples withk = 0—0.7 were the Ge content was estimated to be less than 1 mass percent.
synthesized. Initially, direct reaction of the elements was employed. X-ray Diffraction. Conventional powder X-ray diffraction data
However, problems with considerable germanium impurities led \ere collected with monochromatized CwK radiation on all
us to employ a novel method of synthesis. Barium and germanium samples using a Bruker D8 powder diffractometer at the Department
was pre-reacted to form the Baes phase, which recently was  of Chemistry, University of Aarhus. The measurements usedLaB
shown to have a narrow phase widthBarium was added in @  as an internal standard. The sample with= 0.1 was used for
10% surplus in order to compensate for evaporation losses andgetailed synchrotron powder diffraction measurements. Powder
formation of nonequilibrium phases. The mixture was placed in a particles with a homogeneous size were extracted from the finely
glassy carbon crucible inside a stainless steel bomb, which wasground sample by the following method. Ethanol and powder were
sealed in an argon atmosphere. The bomb was heated t6800  thoroughly mixed and left to settle for 5 min. The particles in
left to react for 2 h, and subsequently cooled slowly to an annealing syspension were carefully pipetted off, leaving the precipitate, which
temperature of 700C; when it reached this temperature, the mixture \yas subsequently discarded. The suspension was left to settle for
was quickly cooled. B#eys is the only barium-rich phase thatis 10 min, and the precipitate thereof was used in the diffraction
resistant toward water and diluted acids. Consequently, impurity experiment. The powder was packed in 0.1 mm capillaries in order
phases in Bg5exs could be removed by immersion in such media.  to minimize absorption. For high-temperature 00 K) measure-
The powdered Bif5e,s was washed repeatedly with diluted acids ments, a 0.2 mm capillary was used. Powder diffraction patterns
in an ultrasonic bath. Single-phasesBays; was confirmed by X-ray  \vere recorded using 0.481648(2) A synchrotron radiation. The
powder diffraction. Stoichiometric amounts of f&es, Cu, and wavelength was determined using a Gafandard4 = 5.411102
Ge were subsequently reacted in a quartz ampule sealed in an argoi). pata were recorded using the large Debeherrer camera
atmosphere. The ampule had been carbon-coated using highyith an imaging plate detector on the BLO2B2 beamline at the
temperature cracking of acetone. The mixture was heated to 10008pring-8 synchrotron radiation research facility. Low- and high-
°C and subsequently cooled to an annealing temperature of 700temperature setups included a/hbt air gas flow system with
°C; when it reached this temperature, the mixture was quenched totemperature ranges of 9300 and 306-1000 K, respectively.
room temperature. The as-synthesized bulk material was finely Physical Properties. Transport properties were measured on a
ground in a mortar and spark plasma sintering was used to Obtai”Quantum Design physical property measurement system (PPMS)
mechanically stable pellets for further characterization. The samplesusing the thermal transport option (TTO) and the AC transport
were compacted at a pressure of 75 MPa and a temperature of 725)ption (ACT). Resistivity f), thermal conductivity &), and
°C. Heating rates were approximately 76 min~* and holding thermopower § is measured simultaneously in the TT@.is
measured using a standard four-point setigmdSusing the quasi-

(15) Huo, D.; Sasakawa, T.; Muro, Y.; Takabatake Appl. Phys. Lett. static technique employed in the TTOThe Hall resistivity py)
2003 82, 2640-2642.

(16) Carrillo-Cabrera, W.; Budnyk, S.; Prots, Y.; Grin, X.. Anorg. Allg.
Chem.2004 630, 2267. (17) Maldonado, OCryogenics1992 32, 908.
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Figure 1. Ordered structure of BEusGeyo with Cu on the 6 site and Ge
occupying the remaining framework sites (B#d 24). Barium is located
at the 2 and @ sites in two distinct framework cages: fgblack
dodecahedra) and @€w (gray tetrakaidecahedra).

was measured as function of the magnetic fi@)iih 1 T steps.
At each magnetic fieldpy is measured at 0 and 18perpendicular
to the field in order to eliminate the resistive part of the signal. For
all samplespy is linear with field andRy is determined fronpy
= R4B.
Computational Method. The calculations were performed using
the L/APWH-lo method® as implemented in the WIEN2k cod.
A plane wave cutoff defined by minggmax(kn)= 5.6 and sphere

Chem. Mater., Vol. 18, No. 19, 2008635

structure of BgCusGeyo, where Cu atoms reside on the 6
sites. The barium atoms are surrounded by 20 and 24
framework atoms for the &2 and @l sites, respectively.
Cordier et aP found transition metals to preferentially occupy
the & site. This was confirmed by Li et &lin their study

of BagCuGeys—x, Wherex = 2, 4, 6, but they noticed a
deviation from the 6:40 Cu:Ge composition to approximately
5:41, regardless of starting composition. This is in better
agreement with ZinttKlemm expectations, assuming the
oxidation states of Ba, Cu, and Ge to be I, I, and IV,
respectively. Furthermore, Li et al. also suggested the
existence of vacanciésStructural refinements were done
using the Fullprof packag®.The background was modeled
using linear interpolation between refineable background
points. Because of the small difference in X-ray contrast
between Cu and Ge, the stoichiometry is difficult to refine.
The occupancies correlate strongly with other parameters,
notably the thermal parameters. Consequently, no Cu oc-
cupancies were allowed on theilhd 24 site, and the Ba
occupancies were fixed at 100%. The refined occupancies
can be seen in Table 3 and sum up to a stoichiometry of
BasCuw 6:Ges0 84056 The vacancies found in the refinement
on the 16 and 24 sites might partly stem from Cu being
present on these sites. Cu has three fewer electrons than Ge,
and a Cu occupancy can thus be modeled by lowering the
Ge occupancy and introducing vacancies. There seems to
be some degree of ordering MgGa;sGeso, whereM = S,

Ba, Eu. As an example, gallium has a preference for the 6
site and avoids the 16site in BaGasGesp and SgGas
Gesp.?+?° However, to the best of our knowledge, a full
ordering has not been observed. BecausgCB#se, pos-
sesses a high degree of ordering, studying this compound in

sizes of 2.5 au (Ba), 2.45 (Cu), and 2.1 au (Ge) were used. Therelation to the mentioned disordered structures might shed

Perdew-Burke—Ernzerhof (PBE) generalized gradient approxima-
tion (GGAY° was used for the exchange-correlation potential. For
a better estimate of the band gap, one calculation using the £ngel
Vosko (EV) GGA! was also performed. 10 k-points on a shifted

mesh in the irreducible Brillouin zone (IBZ) were used for the self-

consistent field calculations, whereas 220 k-points on a nonshifted
mesh in the IBZ were used for the transport calculations. For the

further light on how the framework structure influences the
transport properties.

Structural Properties. Crystal structure and physical
properties are intimately linked. A multi-temperature syn-
chrotron powder diffraction study was undertaken in order
to gain further knowledge about site occupancy, stoichiom-

calculations of the derivatives necessary for the transport coef- €try, and thermal behavior of the structure. The= 0.1

ficients, we used the program BoltzTré&pThe original k mesh
was interpolated onto a mesh five times as dense.

Results and Discussion

Structure. BagCusGey crystallizes in a type | clathrate
structure Pn3n space group) with a reported lattice param-
eter ofa = 10.6859(8) A¢ The framework consists of &p

bonded germanium and copper. There are three distinct

framework sites: 6, 16, and 24, named according to their
space group symmetry. Figure 1 shows a fully ordere

(18) Madsen, G. K. H.; Blaha, P.; Schwarz, K.; Sjostedt, E.; Nordstrom,
L. Phys. Re. B 2001, 64, 195134.

(19) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J. In
WIEN2k An augmented Plane Wa Plus Local Orbitals Program
for Calculating Crystal PropertiesVienna University of Technol-
ogy: Vienna, Austria, 2001.

(20) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett. 1996 77,
3865.

(21) Engel, E.; Vosko, S. HPhys. Re. B 1993 47, 13164.

(22) Madsen, G. K. H.; Singh, D. Lomput. Phys. Commug006 175,
67—71.

sample was chosen for the diffraction experiment. The
sample had a small germanium impurity (mass fraction of
0.29% obtained by Rietveld refinement), but no Ba- or Cu-
containing impurity phases are visible in the pattern (Figure
2). This confirms that the chosen method of synthesis yields
single-phase samples with minute impurities. High-temper-
ature diffraction patterns were recorded with@ = 40 K
interval from 300 to 980 K. A partial thermal decomposition
starting at approximately 700 K was observed, which might

4 Pose a threat to the potential application of the compound

as a high-temperature thermoelectric. Carrillo-Cabrera et al.
have made a thorough study of the germanium-rich part of
the Ba-Ge binary phase diagrath. They report on a

metastable phase with approximate composition BaGe

(23) Rodriguez-Carvajal, Physica B1993 192, 55.

(24) Bentien, A.; Palmqvist, A. E. C.; Bryan, J. D.; Latturner, S.; Stucky,
G. D.; Furenlid, L.; lversen, B. BAngew. Chem., Int. ER00Q 39,
3613.

(25) Zhang, Y.; Lee, P. L.; Nolas, G. S.; Wilkinson, A. Rppl. Phys.
Lett. 2002 80, 2931.
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Table 2. Refined Parameters from the Rietveld Refinement on 15 Synchrotron Radiation (using = 0.481648(2) A) Data Sets on B&us ¢Geso.1
Covering the Temperature Range 96-300 K2

2

T(K) Ro Rup P Uys (2a) Uy, (60) U2z (60) xy.z 16i y 24k 224K a

90 1.59 2.33 1.75 25(2) 99(5) 200(4) 0.18320(1) 0.31483(1) 0.11941(1) 10.66591(2)
105 1.62 2.38 1.72 36(2) 113(5) 208(4) 0.18322(1) 0.31480(1) 0.11936(1) 10.66785(2)
120 1.61 2.38 1.71 38(2) 113(5) 228(4) 0.18322(1) 0.31486(1) 0.11931(1) 10.66978(2)
135 1.61 2.37 1.66 44(2) 120(5) 237(4) 0.18320(1) 0.31484(1) 0.11940(1) 10.67157(2)
150 1.60 2.35 1.63 49(2) 130(5) 249(4) 0.18318(1) 0.31478(1) 0.11940(1) 10.67364(2)
165 1.61 2.38 1.62 52(2) 135(5) 267(4) 0.18320(1) 0.31481(1) 0.11942(1) 10.67579(2)
180 1.60 2.35 1.57 54(3) 144(5) 277(4) 0.18322(1) 0.31482(1) 0.11945(1) 10.67773(2)
195 1.59 2.34 1.54 57(3) 149(5) 290(4) 0.18319(1) 0.31476(1) 0.11947(1) 10.67969(2)
210 1.57 2.34 1.50 63(3) 155(6) 297(4) 0.18327(1) 0.31470(1) 0.11940(1) 10.68159(2)
225 1.61 2.38 1.53 67(3) 156(6) 311(4) 0.18323(1) 0.31473(1) 0.11935(1) 10.68365(2)
240 1.62 2.38 1.51 72(3) 168(6) 325(4) 0.18324(1) 0.31469(1) 0.11939(1) 10.68579(2)
255 1.66 2.44 1.54 77(3) 163(6) 344(4) 0.18323(1) 0.31471(1) 0.11936(1) 10.68795(2)
270 1.68 2.45 1.51 85(3) 175(6) 354(5) 0.18324(1) 0.31475(1) 0.11937(1) 10.69010(2)
285 1.67 2.43 1.46 88(3) 189(7) 362(5) 0.18324(1) 0.31465(1) 0.11942(1) 10.69222(2)
300 1.71 2.53 1.58 97(3) 182(7) 376(5) 0.18327(1) 0.31477(1) 0.11940(1) 10.69439(3)

2Ry, Rup andy? are the profile factor, weighted profile factor, and chi square provided by the FullProf program, respégfiyanisotropic temperature
parameters are given for the two crystallographically unique barium atom and are in units 80 A2 Uy; = Uy, = Ugs for Ba on 21 andUz, = Ugs
for Ba 6d. Refined positions are given for theilénd 24 sites in units of the lattice parametar The lattice parametex is given in A.

Table 3. Refined Occupancies in BgCus dGeyo 1 Obtained From the
Data Set Recorded at 90 K

site Cu Ge O

6c 0.767(15) 0.199(14) 0.033(20)
16i 0 0.9852(2) 0.0148(2)
24k 0 0.9949(2) 0.0051(2)

Table 4. Atomic Displacements Parametersly;) and Lattice
Parameter (@) at 300 K as Well as Einstein Temperaturesfg) and
Temperature-Independent Disorder Parameters @) of
BagCus gGeyo.

BagGeyd BagCusGeyo

10.6565(2) 10.69441(2)
0.0159(3) 0.0182(7)
0.0286(2) 0.0376(5)
N/A 92(2)

N/A 64.3(4) 73
N/A 0.080(2)
N/A 0.109(1)

aThe corresponding values for Baa;sGesp and BaGeys are shown for
comparison® Data taken from Carrillo-Cabrera et'8l.¢ Data taken from
Bentien et af® 9 BagGeys was recently shown to have a superstructdre.

BagGaysGeso®

10.76388(5)
0.0175(5)
0.0448(4)

a(h)

U1 (A2
U2 (A2)
0e,11(K)

O denotes a vacancy.

100

(%)

maxp

Vi

the ADPs for the barium atom in the large cage giveskhe
OS ) 10 andd parameters shown in Table 4. Tdg, 611, andfg 2,
values obtained for B&€usGey are similar to the corre-
sponding values for B&a;sGeso. However, thedy, (= dss)
parameters are different for the two. The differencelin
. T . . T T . could be interpreted as an indication of a greater ordering
0 10 20 30 40 50 60 70 of the framework atoms in B&usGey, compared to Ba
20(%) GasGeso. In BasCusGeyo, Cu is primarily located onsites,
_'?Elur_e 2-t Rietveld iﬁﬁnﬁf&zﬂi Oifofﬁyfécgrgtf”lgoo‘g’ggftggfrt?:ﬁolglim;m- whereas Ge is mainly distributed over the a6d 24 sites.
apgrclJr:(sir?laltself/l é.osois gttributabI% to a 0.29% mass fractionyggrmanium In BasGaysGeso, SeGasGesn, BasGasSis and BalnieGeso
impurity. the framework atoms order only partiafi.2¢ The local
composition of the cages thus might be more homogeneous
in BagCuGey, leading to a smalledy,. Why the dyg
parameter does not change is unclear. This would be
expected, when the order increases. Investigating the local
environment of the cages is complex, and a quantitative
comparison of the B&asGey and BaCusGeyn would
require detailed knowledge about the Cu, Ga, and Ge
distribution, and at least for B&a;sGeso, this is not known.
}2 0. The smalled,, parameter might also partly reflect the change
U, = 2—cotl‘(ﬂ) + dnz in lattice parameter. There is some evidence for off-center
Mg O i 2T itionina i is mi
: positioning in BaGasGeso.2*?” This might not be present
Possible temperature-independent disorder is described by" BaCusGex because of a smaller lattice parameter.
d, andék is the Einstein temperature. To a first approxima-
tion, d consists of two contributions. One comes from off-
center positioning of Ba, whereas the other stems from @7)
differences in the local compositions of the cagfesitting

T T T

Lo

1
|
T

forming in the temperature range #2881 K. Future studies
will hopefully reveal whether the formation of this compound
is the cause of the thermal decomposition. Barium is
primarily rattling in the large GgCu, cage surrounding the

6d positions (gray cage in Figure 1). The barium atom in
the large cage can be modeled as an Einstein oscillator. In
the Einstein model, the ADPs are given by

@)

(26) Bentien, A.; Nishibori, E.; Paschen, S.; Iversen, BPRys. Re. B
2005 71, 144107.

Paschen, S.; Carrillo-Cabrera, W.; Bentien, A.; Tran, V. H.; Baenitz,
M.; Grin, Y.; Steglich, F.Phys. Re. B 2001 64, 214404.
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Figure 3. Experimentally determined lattice parametay és a function
of x. The dotted line shown is a relation betweseandx calculated from
data by Li et al. using a least-squares fit (an offsea iof 0.00245 A has
been added The solid line is a least-squares fit to the data presented here.
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Figure 4. Resistivity ) at 2, 200, and 400 K as a function &f A

systematic change from semiconducting to metallic behavior is seen upon

increasingx.

Stoichiometry Dependence of Lattice ConstantsCon-
ventional powder diffraction patterns were recorded employ-
ing an internal standard (LaB This allows for quantitative
comparison of very small lattice parameter deviations.

Rietveld refinements including both phases were carried out, .
3For nondegenerate charge carridrgjepends on the scat-

and the determined lattice parameters are shown in Figure
as a function of. The relationship betweemandx is not
entirely systematic. There is, however, a tendencyafto
increase with increasing Li et al. have determined lattice
parameters fork = 0—4 in steps of Z From their data, the

lattice parameter is found to decrease by 0.00287 A per extra

Cu added per unit cell (uc)&/ax = 0.00287 A). This relation

is the dotted line in Figure 3 (an arbitrary constant has been

added), and the agreement with our data is fair. The solid
line is obtained by least squares refinement on our data.

Transport Properties

Resistivity. For smallx, the samples are semiconducting,
but upon increasing, the samples become more and more
metallic in character, as evident from Figure 4. In Figure 5,
the thermal dependence of the resistivity is shown for all
samples along with graphs exhibiting different thermal
dependencies. The systematic dependengeugfonx can
readily been seen from Figure 4. Intrinsic conductiong(ln
0 T-1) cannot solely explain the observed resistivity for the

Chem. Mater., Vol. 18, No. 19, 2008637
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Figure 5. Resistivities p) of the samples as a function @falong with

graphs showing different power dependencies. Only every 20th data point
is shown.
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T (K)

Figure 6. Lattice thermal conductivity«() of the synthesized samples.
The subtracted electronic contribution has been estimated by the Wiede-

mann-Franz law. Only every 20th data point is shown.

thermal conductivity£, ) is shown and the samples all exhibit

a crystal-like temperature dependence. The subtracted elec-
tronic contribution k) is estimated using the Wiedemann
Franz lawke. = LT/p, whereL is the Lorentz number. In the
case of degenerate charge carrigrss Lo = 7%/3(ks/€)?.

tering mechanism. There are probably several scattering
mechanisms contributing to the thermal resistivity, and an
exact evaluation olL is impossible. Consequently, it is
assumed that = Lo. Overall,x_ is observed to be almost
independent of the Cu:Ge composition. Nonetheless, two
samples deviate from the general picture, namely xtke

0.0, especially at low temperature, and the= 0.7 at
temperatures above approximately 10 K. The deviation can
be explained by a poor sample quality in the case okthe

0.0 sample. The sample had not been fully compacted (92%),
as is evident from the densities shown in Table 1. An
increasing grain boundary scattering with decreasing tem-
perature due to porosity can therefore be expected. This
agrees well with the observation that the relative difference
between thec= 0.0 sample and the other samples increases
as the temperature decreases. khe 0.7 sample has a
significant germanium impurity that might influence
because crystalline germanium has a thermal conductivity
of around 60 W m? K~1 at room temperature. Thus, even
small fractions might induce changes in. The lattice

semiconducting samples. Clearly, the data show different thermal conductivity of the samples is around 1.9 W'm

power dependencies on temperature, Figure 5.

Thermal Conductivity. Among the inorganic clathrates,
some structures exhibit a glasslike thermal conductivity

temperature dependence, whereas others show a normdf®

crystal-like temperature dependerit Figure 6, the lattice

K1 at 200 K; this is significantly higher than that for 8a
GasGeyg, Which has a lattice thermal conductivity of around

Bentien, A.; Christensen, M.; Bryan, J. D.; Sanchez, A.; Paschen, S.;
Steglich, F.; Stucky, G. D.; Iversen, B. Phys. Re. B 2004 69,
045107.
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Figure 7. Thermal dependence of the thermopov@rfér the synthesized Figure 8. Thermopower § at 395 K as a function of the substitution
samples. Different power dependencies are indicated by the added graphs. 0.25

Only every 8th data point is shown. " i " i i (') i 5
1 W mtK-!at 200 K27 Less disorder in B&uGey due 0.201 a 9 o By
to Cu mainly occupying thedsites might account for this ’-:0‘15_
difference. .3 °

Thermopower. Figure 7 showgS as function of tem- = 0,104 o .
perature. The apparent systematic manner in wisgh &

. ; . 0,05{ &

changes (Figure 7) can have several possible explanations. o
If a single scattering mechanism dominates and a rigid and 0,00

00 01 02 03 04 05 06 07

X
Figure 9. Carriers per unit cell as a function xfThe squares are evaluated
directly from the experimental Hall coefficient at room temperature,

parabolic band model is assumed, it is possible to derive
the following expression fos

JtszzT (r +3/2) 2m*7t2szT (r +3/2) assuming parabolic bands. The circles are evaluated by comparing the
= = > ERCTE (2) calculated doping dependence of the thermopower with the experimental.
e € 3eh (37T n) The triangles are evaluated by comparing the experimental Hall coefficients

with the calculated.
Here,n is the charge-carrier concentration. It is assumed that

the relaxation time) has an exponential dependence on 10¢ N < ° -
the energy given by [ €', wherer is dependent on the — 9t o °
scattering mechanism. For impurity and phonon scattering, oo 8 °

r = 3/2 and —1/2, respectively. If the same scattering & T 12 BRI
mechanism is dominant over the studied temperature range, é :" e o ¢

a lineary(T) can be expected, provided the other constituting ::: 4: £ x

variables are constant. If the charge-carrier concentration is 3l °® 04l ]
temperature-depender8,cannot be linearly dependent on 000702039405 0607

T. The almost linea&(T) for smallx is at variance with the 00 01 02 03,04 05 06 07

relatively large magnitude @and the fact that samples with Figure 10. Mobility (u+) as a function oi. Inset shows the density of
x = 0—0.3 have semiconducting temperature dependencieSstates effective mase¥) in units of the electron mass at 300 K as a function
of the electrical resistivity. The increasing metallic character of x.

of the samples observed in the resistivity measurements is
reflected in the thermopower that changes fronil%®
dependence in the case xf= 0.1 to aT* dependence for
higherx. A linear temperature dependence is typically seen
in metallic systems where the charge-carrier concentration
is constant. Unfortunately Hall measurements were done only
at room temperature. In principle, the Hall data are inde-
pendent ofr. Multi-temperature measurements of the Hall
coefficient to subsequently yiel(T) could shed further light
onto the scattering mechanism involved.

Hall Carrier Concentration and Mobility. Figure 9
shows the Hall carriers per uc as a function»fThe
expected behavior afis not followed.n varies only slightly Fully Occupied Model. Before looking af(e), it is worth
from 0.05 to 0.2, but in a systematic manner, néncreases  analyzing the bonding qualitatively from the ZintKlemm
with increasingx. Figure 10 shows the room-temperature concept? The tetrahedrally bonded framework of group 14
Hall mobilitiesuy = Ru/p for the synthesized samples. The members and substituting elements is charge-compensated
low-densityx = 0 sample deviates from the others, which
all have mobilities in the range 780 cn? V! s L. These (29) Paschen, S.; Pacheco, V.; Bentien, A.; Sanchez, A.; Carrillo-Cabrera,
values are comparable to the values obtainedMigBac- X\QQB%E”“Z’ M.; Iversen, B. B.; Grin, Y.; Steglich, Physica B2003
Gey, M = Ba, Eu, SE22° and apparently Cu substitution  (30) Schifer, H. Annu. Re. Mater. Sci.1985 15, 1.

does not seem to affect the mobility notably. This is in
contradiction to the findings of Anno et al., who found that
increasing the Cu content in BauGays-3Geso+2x increased
the mobility. Using eq 2 and assuming acoustic phonon
scattering ( = —1/2), we can estimater; these values are
shown as an inset in Figure 10. They are quite similar to the
ones found fom-type BaGa;sGes,'? indicating that the d
orbitals from the substituted copper contribute negligibly to
g(¢) near the Fermi level in our samples.

Band Structure




Structure and Properties of B@Us—xG€0+x Chem. Mater., Vol. 18, No. 19, 2008639

120 e S 10
= Y
S 100 [ Cu (6c) v < /
[}
Q 80|
N
g % S =< N
» @ 00 = &
oy “ X
()
S 0 | SN ﬁz

0V B R e | x
50 40 30 20 10 00 10
e (eV) 1.0 X

Figure 11. Calculated density of states for orderedsBasGexso with all . R T X M T )
Cu on the 6 site. The dashed line shows the Cu contribution to the total Figure 12. Calculated band structure for orderedsBasGeso. The points

density of states (black line). The d character is most pronounced well below are labeled as R (1, 1, 1), X= (1, 0, 0), and M= (1, 1, 0) with respect
the band gap. The vertical line shows the Fermi level of the nomingl Ba 0 (&%, b¥, ¢*). The dotted lines mark the chemical potentials at 300 K
CusGeso compound. The plot has been calculated using the PBE functional, that correspond to the doping range achieved experimentally.

which gives a gap of approximately 0.19 eV between the valence bands

and the conduction bands. When using the EV functional, we obtain a gap asn(x) = —3x + 2. Thus ap-type metal with around two

of 0.52 eV. carriers per uc would be expected far= 0.0. With

by the guest atonfs3! There are 46 framework atoms per mireasmgx, the number op carriers should drop, and for
x = 0.7, one would expect O carriers per uc. In contrast,

uc and 92 covalent $jponds. Thus, BLusGe is expected several of the samples clearly show a semiconducting

to have 184 states in both the valence and the conduction . .
. . behavior, Figures 4 and 5, and all of the samples matype
band. The barium atom donates its valence electrons to the . . .
properties, Figures 8 and 9. Furthermore, the Hall carrier

concentration varies only between 0.05 and 0.25 carriers per
. - . - uc, Figure 9. If the Fermi level was situated in the valence
unit cell if the elements are in the assigned valence states.

. - .
Apart from the 184 bonding states, the valence bands contain?haengi’ iri:‘ilcn;r:tegts)itlr'int;u\t/;lg:lg Ok:re] Ce:)ljpg(z;[reb(]iltglg g;f) b_?ﬁ:z of
60 d states 24 eV below the Fermi level located on the Cu g '

atoms, Figure 11. A splitting in energy of the d contribution does not agree with thevn* ~ 1 that was derived above.
9 ' b g ay The measured transport coefficients can therefore not be

is seen because of the tetrahedral environment. Furthermore . . .
. S explained by a fully occupied, ordered model. Instead, Figure
there is a small hybridization between the d states and the )
12 shows that the conduction bands near the gap are

valence bands. It is interesting to note that this hybridization dominated by a single parabolic band, which would agree

is almost absent in the conduction bands, meaning that there . - .
. o ; well with the observed transport coefficients. We will now
is no d contribution to the states just above the gap. The

calculatedg(e) is plotted in Figure 11. The Fermi level for argue that vacancy formation can place the chemical potential

: o . . in the conduction bands, and interpret the transport properties
the nominal B&CusGep stoichiometry is found in the valence using the parabolic conduction band. Finally, we will discuss

Pow the vacancy formation can be interpreted in terms of
stoichiometry.

Vacancy Formation. Structural vacancies are well-known
among the clathrates, e.g., in &&ydd; (O denotes a
vacancy) and RiSn4 1., where ordering of the vacancies
results in a superstructuté3*Vacancies in BgCusGey are
thus quite plausible. A vacancy within the tetrahedrally
bonded framework would leave four dangling bonds (DB).
This corresponds to eight states, two from each bond, with
energy levels that can be assumed to lie within the band gap

tetrahedrally bonded framework, and stoichiometric Ba-
(I sCu(eGe(IV)4o therefore has 182 valence electrons per

sum to exactly two electrons. The calculations thus confirm
the Zintl electron counting and the valence states for Ba,
Cu, and Ge to be Il, I, and IV, in that order. Between the
valence bands and the conduction bands, there is a gap o
approximately 0.19 eV. Most GGA functionals yield band
gaps that are smaller than the experimental. Empirically, it
has been found that the EV functioffayield gaps are in
closer agreement with the experimental valtfeg\s an
example, a predicted band gap of 0.4 eV for the type VIiI
EusGaysGey clathraté® was subsequently confirmed experi- due to their nonbonding natufe.Myles et al. did a
mentally33 Applying the EV functional to BgCusGeyo gives ) ;

i i 35
a gap between the valence bands and conduction bands ofc?ﬂzuglgogt&;ltggr?gr?:ii%nviiftﬁhfhznignsdsr;gzof:gzz
0.52 eV. ltis clear that the calculategk) agrees well with

. ) when vacancies where introduced, and the band gap width
our expectations from the ZirtliKlemm concept. However, of Cs:Snu, was reduced with respect to that oS8
it agrees poorly with the observed transport properties. From 2 P gome

. . We hav Icul h n r re for
0(e) and the above ZinttKlemm analysis, one would expect € have calcu ated the band structure o_g(EiasGe‘;d]%,
: : . . : where vacancies are assumed to occupy thsité (vacancies
the number of carriers (in units of carriers per uc) to be given

in BagGeydds and RRSmny 0, are located on thedssite' 34,
The result is shown in Figure 13 together with the underlying

(31) Kuhl, B.; Czybulka, A.; Schuster, H. . Anorg. Allg. Chem1995

621, 1.
(32) Madsen, G. K. H.; Schwarz, K.; Blaha, P.; Singh, DPlys. Re. B (34) Dubois, F.; Fssler, T. F.J. Am. Chem. So@005 127, 3264.
2003 68, 125212. (35) Mott, N. F. InConduction in Noncrystalline MateriglsClarendon
(33) Sichelschmidt, J.; Voevodin, V.; Pacheco, V.; Grin, Y.; Steglich, F; Press: Oxford, U.K., 1987.

Nishi, T.; Kimura, S.Eur. Phys. J. B2005 46, 363. (36) Myles, C. W.; Dong, J.; Sankey, O.Fhys. Re. B 2001, 64, 165202.
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50 , above-mentioned calculations that show band gaps at least
P DB an order of magnitude larger. Both polycrystalline and single-
= 40 A{\/ @ crystalline germanium-based clathrates are found to have low
o mobilities 111437739 | ess than 1 vacancy per unit cell will
- 30 not increase the scattering rate significantly and consequently
g 20 t will not seriously affect the mobility. Vacancies, therefore,
& cannot be directly responsible for the observed behavior, but
fg 10| a vacancy does give rise to dangling bonds with highly

Vacancy — localized state®X Thermally activated electron hopping
o LNovacancy — |\, - s between localized states () T4 cannot solely account
15 10 05 00 05 10 15 for the observed resistivity. The resistivity might be a
e(eV) combination of intrinsic conduction, electron hopping, and
Figure 13. Calculated density of stateg(¢)) for ordered BgCusGesg1, perhaps conduction in several bands.

with Cu and the vacancy) occupying the 6 site (black curve). The

underlying gray curve for the vacancy free model from Figure 11 is shown

for comparison. The zero points have been placed in the gaps. The insert Discussion

shows a schematic representatiogy@} for a clathrate containing vacancies.

Dangling bond (DB) states form at the top of the valence band (VB),  In the above discussion, we have found that the observed

whereas the conduction band (CB) remains unaltered. transport properties do not agree with a nominal@a.
Geyprx, X = 0—0.7, stoichiometry. Instead, they could be
explained by a single parabolic conduction band and a short
mean free path. This discrepancy might arise from a narrow
phase width. Stable phases might form only in thg/pe
regime. If the compound is assumed to be a Zintl phase,
then BaCus 3dGey 67 IS the optimum stoichiometry, which
can be derived from simple electron counting with Ba, Cu,
and Ge in oxidation state Il, I, and 1V, respectively; this is
description of the vacancies employed here is very crudein good agreement with the 5:41 Cu:Ge composition found
by Li et al® Consequently, phases can be assumed to form

?22 ggnSlfgsljti)nr:gdthv?/r?e;ﬁgyt:és”:;gts:e(r)fettri]faﬁ)Bs?ttaatte:dwnh a stoichiometry of BgCussGe@wgr-., Wherev is the
. q ' ey are 9 y vacancy concentration. For smajla large Ge deficit results
just above the valence band, in the middle of the gap, or at. . -
. . . in vacancy formation, whereas for larger the deficit
the bottom of the conduction band is an open question. The :
o . . ... becomes smaller and consequently fewer vacancies are
point is that a large concentration of vacancies would shift

the chemical potential to the gap. In the following, we will formed. Eventually, for tha = 0.7, there is a slight surplus
ical p gap.. 9 . of Ge and no vacancies are formed. A narrow phase width
therefore interpret the conductivity in terms of the conduction

bands, which at the gap are dominated by a single parabolic-COUId t.hus.bg responsible for t.he vacancy formatio.n. Vacancy
X ' . i . ) -~ formation is in accordance with the observed lattice param-
like band. It is seen that this can give a clear interpretation eters. Because of the larger covalent radius of Cu compared
of the experimental measureme.n.ts. with Ge, a decreasing lattice parameter would be expected
Thermopower and Hall Coefficients. In the constant upon increasing. The opposite is observed, i.a.increases
appr(_)x_imation, bpth the calculated thermopower gnd Hall 5sx increases. If the sample stoichiometry is®a ;G671
coefficients arer independent? Therefore, the doping of  this hehavior can be attributed to vacancies being occupied
each of the eight experimental samples can be estimated byys x increases. The narrow range ofis another strong
comparison with the experimentally measured coefficients, jngication of a narrow phase width. The expected carrier
Figure 9. It is seen that the estimations based on the concentration of 0.1eto 2 holes per uc is at variance with
thermopower and Hall c.:oefficients. are in.very good agree- the observed 0.050.2 & per uc. Furthermore, judging from
ment and also agree with the doping estimated fRI= the apove figures, the electronic properties ofive 0.4—
1/(ne). The dotted lines in Figure 12 show the chemical ¢ 7 samples are quite similar, which could be an indication
potentials that lead to the calculated Hall coefficients at 300 tnat an upper substitution limit has been reached. A narrow
K. The transport should thus be dominated by the parabolic phase width was previously suggested by Li et @hey
conduction band, which agrees well with several observa- noted a possible formation of vacancies on tlaebrium
tions: the effective masses closemg negative carrier signs,  site and on the &and 16 framework sites as a result of Cu
and the semiconductor behavior of the: 0.0-0.2 samples.  gyerloading. In their Zintl concept analysis, the composition
Resistivity. There is a discrepancy between the relatively was assumed to be Baus;8Gei67 With vacancies being
large charge carrier concentration and the semiconducting
behavior found in the = 0—0.3 samples. Applying textbook  (37) Bentien, A.; Pacheco, V.; Paschen, S.; Grin, Y.; SteglictPH:s.
semiconductor physics and assuming e 0.4 sample is o K588 LI o ot 1 oo
an intrinsic semiconductor (this is justified by the snabbw/ Phys. Re. Lett. 1999 82, 779-782.
P2k, See Table 1), we find that the charge-carrier concentra- (39) Sales, B. C.; Chakoumakos, B. C.; Jin, R.; Thompson, J. R.; Mandrus,
tion at 300 K would correspond to _a _Semicon_dUCtor With a (40) DRbE?gjéigé?vgj?;l?,lfg;r%n zlﬁfrééﬁ.ction to the Program FullProf
band gap of less than 0.01 eV. This is at variance with the 200Q Laboratoire Leon Brillouin, CEA-CNRS: Saclay, France, 2001.

vacancy-free model. In the vacancy-free model, the calcu-
lated band gap is 0.19 eV, whereas in the clathrate with
vacancies, the band gap is 0.06 eV. As is evident from Figure
13, the DB states are localized at the top of the valence
band: The shape of the conduction band is not altered and
integration ofg(¢) to the band gap yields 184 states i.e., 176
bonding states and eight DB states. A qualitative illustration
of the situation is depicted in the inset of Figure 13. The
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. s ) . Figure 15. Calculated thermopower for BEusGeyo with n = +0.04e as
Figure 14. Thermoelectric figure of meritAT) as a function of temperature. 3 function of temperature. The thin lines corresponBge= 0.18 eV (from

The inset show&T at 400 K as a function of the level of substitutiog).( the PBE calculation) and the thick lines By = 0.52 eV (from the EV
1/20 of the data points are shown. calculation).

1;_c|ered i t?ﬁ mol'(ar coppfer content'exceectijed 5.33 pé‘rhuc. function of temperature using both of the estimated gaps (
%vtvhe_ver, ; € de_w ?ngeTr? ' Ivaﬁarflmes an talll_nar_row pt' as€= .18 ev andgg = 0.52 eV). Usingn = 0.04e we getS=

WIIh IS hot undisputed. #he fack of any crystafiine impurities —292uV K~1at 700 K. If p is assumed to reach a value of

other than Ge is difficult to explain if the compounds are

. ~ 2 10 mQ cm andk = 1.8 W nt K1, an estimate oZT at
assumed to have a narrow phase width. Copper—contamlng700 K would be 0.3. One further point frogfe) is that the
impurities would be expected, especially for smallBut

walline i i detected in th hrot valence bands have a substantial Cu contribution near the
no crystafin€ impuriies are getected in the synchrotron gap, whereas the conduction bands have almost no Cu
radiation powder diffraction pattern nor in conventional

X " ) . contribution near the gap. Thus, the initial purpose of the
XRD. The |_mpur|t|es might have begn soluble in the ethanol present study of investigating the influence of transition-
ernployed n th? sample preparation for the synchrotron metal d states on the transport properties could be achieved
_dlffractlon experiment. Such a treatment was not emplo_yed if p-doped samples could be produced. Figure 15, where
in the conventional XRD. The expected surplus of Cu might has been calculated forre= 0.04h sample, illustrates that
also exist in an amorphous copper-containing phase and ’

ST ! ) Sis indeed higher for @-doped sample. Her§= 376 uV
consequently would not be visible in diffraction experiments. K-1at 700 K is reached. Using the same parameters as above
Thermoelectric Figure of Merit. The efficiency of y '

i o ) this givesZT = 0.5. Again, it should be pointed out that the
thermoelectric energy conversion increases monotomcallyIOW mobility due to the short mean free path limits &
with the dimensionless figure of meriZ{)

value.
_s .
ZT=—T 3) Conclusions
pK
To achieve the Carnot efficiencZT must be>1. State of Eight BaCls-xGeioix, X = 0—0.7 samples were synthe-

the art thermoelectric devices haZd ~ 1. In Figure 14, sized on the basis of calculated transport properties for
the ZT values of the synthesized samples are shown.xThe various shifted Fermi levels. A new synthetic route was
= 0.2 sample has T = 0.07 at 400 K. But sample= 0.1 employed and yielded single-phase samples with only minor
is likely to out-perform it at higher temperatures because of impurities, as confirmed by powder XRD. The compacted

its decreasing and increasing Using WiedemansFranz’ samples were highly dense and of good mechanical strength.
law, we can rewrite eq 3 as Changing the substitution level induced systematic changes
in the electronic properties, thereby providing a handle to
53 tune the thermoelectric properties. The observed systematic
I2T=—"— (4) . . e
Lo+ x0T changes in the behavior of the resistivity, thermopower, and

carrier concentration were compared to the transport coef-
To achieve &T > 1, & must therefore be larger than the ficients extracted from the calculated band structure. The
Lorentz numberl( = (157uV K~1)?), and the lattice thermal  results agree well if the Fermi level is calculated with respect
conductivity must be small compared to the electronic to the gap ing(¢) and if a short mean free path was
thermal conductivity. The studied samples have a relatively introduced. These two observations were explained by a high
low lattice thermal conductivity and, depending on the doping concentration of vacancies, resulting in the formation of
level, a high thermopower. What impedes higihivalues is dangling bond states at the gap. The temperature dependence
the low mobility observed in these samples, which results and magnitude op, S andn cannot be fully understood
in a high resistivity and thereby a largeo/T factor. Because  from the theoretical band structure. This is an indication that
of their large band gaps and thermal stability, clathrates carry the states close to the Fermi level are localized. This results
much interest for high-temperature energy conversion. To in electron mobilities that are low, but of the same order as
estimate theZT value that can be achieved at higher in (Ba/Sr/EujGasGeso. In BasCusGey and similar modifica-
temperatures, we have calculateds a function of temper-  tions, localized states are probably due to the presence of a
atures? for the doping corresponding to tkke= 0.1 sample, small amount of vacancies. In (Ba/Sr/EB#Geso, the smalll
n = 0.04 e. Obviously, S at high temperatures is very residual resistance ratio is an indication of localized states;
dependent on the band gap. In Figure 15, we sikog a however, in these compounds, Ga/Ge disorder appears to
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