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BasCu4—sTe1, was prepared by directly reacting the elements in stoichiometric ratios £(361r 3
days, followed by slow cooling. B&w4-sTei, forms a new structure type, space grde®/m, with
lattice dimensions o& = 11.909(2) Ab = 21.174(4) A,c = 11.983(2) A8 = 117.071(4), andV =
2690.6(8) &, for 0 = 0.35(2) € = 4). The structure contains corner-, edge-, and face-sharing,CuTe
tetrahedra interconnected with almost planar Guiréts. These connections result in a three-dimensional
Cu atom network with numerous E€Cu bonds. With two T&~ dumbbells per formula unit, BEu4—sTer»
is an electron-precise compound whier 0, according to (B&)a(Cu")14(Tex? )2(Te* )s. Ford > 0, the
materials are degenerate semiconductors with moderate Seebeck coefficients and electrical conductivities,
in accord with the electronic structure calculations, and exhibit extremely low thermal conductivity.

Introduction

Thermoelectric materials are utilized to convert a temper-
ature gradient (e.g., from waste heat) into electricity or to
convert electricity into a temperature gradient (e.g., for
cooling)}?Ideally, a thermoelectric material exhibits a high
Seebeck coefficient, high electrical conductivity, and low
thermal conductivitiy. The best thermoelectrics are small gap
semiconductors comprising heavy elemeéritsyith gaps
between 6 and 1R T, with ks = Boltzmann constant antd
operating temperature, hence 01626 eV at room
temperaturé Recent success from various research grodps
reinforces the expectation to find more efficient materials
soon. With many of the best materials known to date being
main group tellurides, we have explored new ternary tin
chalcogenides (e.g., the mixed valent S&%'° and the
polychalcogenides $8nSg, BaSnSe,'! and BaSnTe!?) as
well as quaternary copper tin chalcogenides (B&Sb$e
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and BaCwSnsSe®). These materials exhibit band gaps
starting from 0.2 eV, and rather high Seebeck coefficients,
but low electrical conductivities. Despite earlier investiga-
tions, manifested in reports from the year 2001 on the
thermoelectric properties of Baglie,'* and ABaCuTeg

(A = K, Rb, Cs)® we were able to discover a new ternary
barium copper telluride, namely, BauissTero. With this
contribution, the synthesis and structure of this material,
together with its thermoelectric properties, are presented.

Experimental Section

Synthesis.The reactions were started from the elements (Ba:
99% nominal purity, pieces, Aldrich; Cu: 99.5%, powdet50
mesh; ALFA AESAR; Te: 99.8%, powder200 mesh, Aldrich),
with sample masses of approximately 1 g. The elements were stored
and handled in a glovebox filled with argon. In that glovebox, the
elements were placed into fused silica tubes, which were then sealed
under vacuum (1@ mbar). Initially, BaCui4—sTer» was found in
a reaction starting from the elements in the ratio of Ba:Cu=Te
1:6:5, the intention being to find a new Cu-rich polytelluride. The
mixture was heated to 890G, held at that temperature for 4 days,
and then cooled to room temperature within 8 days (reaction I).
After solving the crystal structure using a single crystal of this
reaction (crystal 1), the formula was identified as;B8u3 43 €12.

In a subsequent reaction, reaction Il, a mixture of 3:14:12 Ba:Cu:
Te was heated to 80TC within 48 h, held at 800C for 100 h,

and then cooled to room temperature within 200 h. From that
reaction a higher quality crystal (crystal Il) was chosen to determine
the structure with higher accuracy (see Structure Determination)
and to check for the existence of a phase range.

Phase-pure samples of fan, sTe;,, as analyzed via X-ray
powder diffraction utilizing the INEL powder diffractometer with
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a position-sensitive detector, were obtained for 0.862% < 0.875 Table 1. Crystallographic Data for BagCui4—sT€12
by melting the corresponding mixtures at 8@for 2 h, followed refined formula BaCuis es(2 €12 BasCluz sz €12
by annealing at 600C over a period of 2 weeks (336 h). These formula weight [g/mol] 2810.54 2796.56
reactions were finished by switching off the resistance furnace. T of measurement [K] 180(2) 298(2)
Analysis. An EDX investigation (EDX: ene dispersive LAl 0.71073 0.71073
nalysis. An _investigation (EDX: energy dispersive space group P2,/m P2,/m
analysis of X-rays) using an electron microscope (LEO 1530) with  a[A] 11.909(2) 11.9343(7)
an additional EDX device (EDAX Pegasus 1200) was performed  b[A] 21.174(4) 21.222(1)
on selected BfCuy4 sTer, crystals withd = 0.025 and 0.75. The c[A] 11.983(2) 11.9882(7)
: . B [deq] 117.071(4) 117.077(2)
scans were performed with an acceleration voltage of 21 kV under VA3 2690.6(8) 2703.5(3)
high dynamic vacuum. No impurities (e.g., stemming from the 7 4 4
reaction container) were detected. Taking the peak of Cu (at u[mm™ 27.589 27.289
8.060 keV) and the & peaks of Ba and Te (at 4.465 and 3.769 pca|cd£9/0”§]2 ) 6.938 6.871
keV, respectively) into account for the (standardless) quantitative R(Fo)/Ru(Fo?) 0.045/0.088 0.051/0.111
analysis, the Ba:Cu:Te ratios were calculated to be (averaged over 2R(Fo) = Z[|Fo] — [F/l/Z[Fo|. P Ru(Fo?) = [E[W(F? — FA)?/

four crystals) 10.5:46.3:43.2 at. % for= 0.025 and 10.5:45.1:  Z[W(FH)T1*2

44.4 at. % ford = 0.75. For comparison, the expected values are o . . .
10.4:48.2:41.4 at. % fob = 0.025 and 10.6:46.9:42.5 at. % for checked for deficiencies on all Cu sites. The deficient Cu sites

= 0.75. exhibit occupancies between 4% and 94%, leading to a refined

. n
Structure Determination. Two X-ray single-crystal structure formula of BaCuiseselers (With Ra(Fo?) = 0.088). Other than
studies were performed on single crystals selected from reactionssma”er expansion and unit cell parameters, no obvious temperature
| and I, respectively. A BRUKER Smart APEX CCD diffracto- effect was noticeable. The unit cell volume decreased by 0.5%,
meter with graphite-monochromatized MarKradiation was used thea andb axes both py 0.2%, and t 'S by 0.04%. To verify
for the data collection, performed by scans of°Gi8 w in two whether this is exclusively an effect of the different measurement
groups of 606 frames (’each with an exposure time of 60 &)=at temperatures, we determined the lattice parameter of a third crystal
0° and 60. The data were corrected for Lorentz and polarization at both temperatures using the same technique with the Smart APEX

. . o ; CCD. Its unit cell volume shrunk upon cooling slightly more than
effects. Absorption corrections were based on fitting a function to .
the empirical transmission surface as sampled by multiple equivalentp'5_%‘ namely, by .0'6%’ from 2710.6(4) to 2695.0(4) Ahis
measurements using SADABS. indicates that the higher Cu content of crystal Il leads to a larger
The structure solution and refinements were carried out with the

unit cell, which was masked by determining the cell at a lower
. : temperature. The crystallographic data are summarized in Table 1
SHELXTL program packag®€. The lattice parameters pointed
toward monoclinic symmetry, later confirmed by good interRal

and the atomic parameters including the occupancy factors in Table
values (e.g., 4% for B&€ w3652 €12). The systematic absence&q0

absent for all oddk) restricted the space group selectionPA?y,
andP2;/m. Refinements were successful in both space groups and
did not differ significantly, aside from strong correlation factors in
P2;. Hence, the centrosymmetric space group was chosen, in accor
with the Eny statistics. SHELXS (“Direct Methods”) found 18
atomic sites in the case of the first structure analysis (crystal from
reaction 1), to which Ba and Te atoms were readily assigned.
Eighteen Cu atom sites were detected in the difference Fourier map.
Subsequent refinements agaiRdtonverged to reasonable residual
values, e.g.Ry(Fo? = 0.140. Then the atomic positions were
standardized using the program TIDY within the PLATON pack-
age!® The highest peak of the difference Fourier map (11.6 e
A3) was surrounded by four Te sites in distaneea5 A, typical

for a Cu site. Therefore, this site was refined as a Cu-deficient site _ . . ) o
(Cu19). Last, because the Cu sites exhibited a large range Ofgrld of 144k points evenly spread throughout the first Brillouin

) . - one. The Crystal Orbital Hamilton Population (COHP) curifes,
equivalent displacement parameters, € between 0.173(5) ancfogether with):he integrated COHP vaISes (ICO(I—H-"SI)fer)e used
0.099(1) &, the occupancy of each Cu site was refined separately. to extract information about the bond strengths of selected Cu
Toward this end, all those Cu sites were treated as fully occupied

which exhibited refined occupancies96%. This resulted in 6 of CUP?]n(sji(-:er?olmei'[aclgloer:s.urements Cold-pressed bars of the
the 19 Cu sites being significantly deficient, with occupancies y perty ' P

o ; dimensions 6x 1 x 1 mn? were used for Seebeck coefficiel®) (
0, 0,
gjtvgezen_lg flind%z /(; ?ilrrwld dsnfgrrl::‘:c?ntlval |mpr0\|%dallTJes eg, and electrical conductivity measurements in Waterloo. A com-
(Fo) = 0.111). The refined formula was Baths s €1 mercial thermopower measurement apparatus (MMR Technologies)

Because of the in part anisotropic and high expansion parameters, s used to measuof various samples under dynamic vacuum
of the first data collection (crystal ), the second was carried out at

180 K, instead of at room temperature. The reflnements Wlth the (19) Andersen, O. KPhys. Re. B 1975 12, 3060-3083.
data from the crystal of reaction Il commenced with the final (20) Skriver, H. L.The LMTO MethopSpringer: Berlin, Germany, 1984.

refinement of crystal | described above. Additionally, we again (21) Hedin, L.; Lundqvist, B. 1J. Phys. C1971, 4, 2064-2083.
(22) Lambrecht, W. R. L.; Andersen, O. Rhys. Re. B 1986 34, 2439-

Calculation of the Electronic Structure. The LMTO method
(LMTO = linear muffin tin orbitals) was employed with atomic
spheres approximation (ASR)?° for the electronic structure
dcalculations. In the LMTO approach, the density functional theory
Is used with the local density approximation (LDA) to treat
correlation effectd! The following wave functions were used: for
Ba 6s, 6p (downfolded), 5d, and 4f; for Cu 4s, 4p, and 3d, and
for Te 5s, 5p, and 5d and 4f (the latter two downfolded). All Cu
atoms of BgCuy 3 gsT €1 With refined occupancy factors above 90%
were treated as fully occupied, the Cul9 site (refined occupancy
of 4%) was removed, and two of the four Cu5 positions per cell
were filled, resulting in a symmetry reductionRonand a formula
of BagCu4Tero. The integrations ik space were performed by an
improved tetrahedron meth&don 108 independerk points of a

2449.
(16) SAINT, Version 4 ed.; Siemens Analytical X-ray Instruments Inc.: (23) Blochl, P. E.; Jepsen, O.; Andersen, O. Rhys. Re. B 1994 49,
Madison, WI, 1995. 16223-16233.
(17) Sheldrick, G. M.SHELXTL Version 5.12 ed.; Siemens Analytical (24) Dronskowski, R.; Blohl, P. E.J. Phys. Chenil993 97, 8617-8624.
X-ray Systems: Madison, WI, 1995. (25) Landrum, G. A.; Dronskowski, FAngew. Chem., Int. E200Q 39,

(18) Spek, A. L.J. Appl. Crystallogr.2003 36, 7—13. 1560-1585.
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Table 2. Atomic Coordinates, Equivalent Displacement Parameters, and Occupancy Fact8rsf BazCuisesl €12
atom site X y z UedA2 occ. oc@

Bal 4 0.08425(4) 0.61146(3) 0.66459(5) 0.00842(11) 1 1

Ba2 af 0.25204(4) 0.09850(2) 0.00295(5) 0.00862(11) 1 1

Ba3 4 0.42668(5) 0.60730(3) 0.34199(5) 0.01045(11) 1 1

Tel 4 0.08906(5) 0.15139(3) 0.16812(5) 0.00716(12) 1 1

Te2 4 0.09596(5) 0.55948(3) 0.17001(6) 0.01076(12) 1 1

Te3 af 0.10103(5) 0.06160(3) 0.66236(5) 0.00695(12) 1 1

Ted 4 0.23661(5) 0.05968(3) 0.51383(5) 0.00746(12) 1 1

Te5 4 0.24834(5) 0.66017(3) 0.49606(5) 0.00682(11) 1 1

Te6 af 0.41588(5) 0.05920(3) 0.33261(5) 0.00819(12) 1 1

Te7 a4 0.58943(5) 0.05915(3) 0.14967(5) 0.00700(12) 1 1

Tes8 4 0.58938(5) 0.64840(3) 0.17032(5) 0.00615(11) 1 1

Te9 4 0.73252(5) 0.06505(3) 0.00779(5) 0.00716(12) 1 1

Telo 2e 0.08554(7) 1, 0.85001(8) 0.00599(15) 1 1

Tell 2e 0.08696(7) 1, 0.49329(7) 0.00725(16) 1 1

Tel2 2e 0.40824(7) 1, 0.16132(8) 0.00626(15) 1 1

Tel3 2e 0.41165(7) 1, 0.50635(8) 0.00741(16) 1 1

Tel4 2e 0.73691(7) 1, 0.80972(8) 0.00655(16) 1 1

Tels 2e 0.75896(7) 1, 0.19118(8) 0.00625(15) 1 1

cul af 0.03665(11) 0.65104(6) 0.27518(12) 0.0122(4) 0.926(5) 0.832(8)
cu2 af 0.06434(12) 0.67711(8) 0.06609(12) 0.0241(3) 1 1

cu3 4 0.14154(10) 0.54654(6) 0.40844(11) 0.0121(2) 1 1

Cud 4 0.16426(10) 0.18207(5) 0.70270(11) 0.0102(2) 1 1

Cu5 af 0.1756(4) 0.0437(2) 0.2795(4) 0.0111(13) 0.265(5) 0.389(8)
Cu6 4 0.25503(10) 0.68437(5) 0.00083(11) 0.0114(2) 1 1

cu? 4 0.33615(11) 0.17428(6) 0.31248(12) 0.0194(3) 1 0.923(9)
cus af 0.54239(11) 0.15095(6) 0.27732(11) 0.0140(2) 1 1

cu9 af 0.54832(10) 0.18216(6) 0.06807(11) 0.0113(2) 1 1

Cul0 o 0.65470(10) 0.04669(6) 0.39376(11) 0.0125(2) 1 1

Cull o 0.97060(11) 0.04135(6) 0.07732(13) 0.0152(4) 0.935(5) 0.756(8)
Cul2 2e 0.17306(14) 1, 0.32700(15) 0.0115(3) 1 1

cul3 2e 0.32782(13) 1, 0.67341(15) 0.0104(3) 1 1

Cul4 2e 0.33426(14) 1, 0.90593(15) 0.0096(3) 1 1

Culs 2e 0.54737(13) 1, 0.87442(16) 0.0112(3) 1 1

Culé 2e 0.57570(14) 1, 0.42036(16) 0.0121(3) 1 0.910(11)
cul? 2e 0.92927(14) 1, 0.58630(16) 0.0131(3) 1 1

culs 2e 0.94616(14) 1, 0.12464(17) 0.0134(3) 1 1

cu19 2e 0.164(5) 1, 0.110(6) 0.04(2) 0.043(9) 0.148(11)

@ Occupancy factors for B&ui3z 43yl €12

in the temperature range between 300 and 550 K, using constantarsample was mounted on a stable temperature copper base, with
as an internal standard to determine the temperature differencetwo #38 Cu wires attached to the sample using Stycast epoxy resin,
Silver paint (TED PELLA) was used to create the electric contacts. onto which a 1-mil Cn-Cromega-Cn thermocouple is attached. A
The specific electrical conductivities)were (indirectly) measured  120-Q strain gauge is attached on the top of the sample with a
using a four-point method in each case at the same bar that wasthin layer of epoxy to provide heating powét € 12R). The heater
used for the Seebeck coefficient determinations. A self-made devicecurrent is determined by measuring the voltage across a standard
was used to determine the voltage drdpé over distancesl() of resistor in series with the heater. The resulting temperature gradient
approximately 2 mm at currents between 0.2 and 0.6 mA under (AT) is measured using the thermocouple. The base temperature is
dynamic vacuum between 300 and 180 K. The achieved densitiesheld to within£20 mK over the entire measurement sequence. All
were between 75% and 80% of the theoretical maximum determinedthe various measurement techniques for the electrical and thermal
via the single-crystal structure studies. The resistanBgsvére transport properties are discussed in intricate detail in a recent
calculated from the voltage drops using Ohm'’s law, R AV/ review article?8

I, with | = current.o(T) was calculated after measuring the lengths
between the contactk, according tar = L/(AR), with the areaA
=1mmx 1mm.

The properties of the sample of the nominal compositiog Ba
CuizgsTer, were determined in Clemson. There, the electrical
resistivity and thermopower were measured concurrently over a —, . . . . .

: . This is a very complex three-dimensional structure, with all
temperature range of about-1828 K using a custom-designed . . .
apparatus that has been described previotisResistivity was lattice parameters being11.9 ,A' Each Cu atom is sur-
measured using the standard four-probe technique and the directiofounded by three or four Te neighbors and each Ba atom by
of current is reversed to subtract off any thermal voltages. The hine Te atoms in form of distorted monocapped square
thermopower was calculated by the ratio of the thermoelectric antiprisms. The coordination of the Ba atoms is typical for
voltage to the temperature gradient while zero current was injected.ternary barium tellurides, both with respect to the coordina-

Thermal conductivity was measured using the steady-statetion polyhedra and the BéaTe distances of 3.473.84 A
technique from 10 to 325 K using a custom-designed sample puck
that plugs into the coldfinger of a closed cycle refrigerdtorhe

Results and Discussion

Crystal Structure. The structure of Bg&luis—sTer, is
shown in Figure 1, which emphasizes the-Qte contacts.

(27) Pope, A. L.; Zawilski, B.; Tritt, T. M.Cryogenics2001, 41, 725—
731.

(28) Tritt, T. M. In CRC Handbook on ThermoelectrjdRowe, D. M.,
Ed.; CRC Press: Boca Raton, FL, 2005.

(26) Pope, A. L.; Littleton, R. T., IV; Tritt, T. MRev. Sci. Instrum2001,
72, 3129-3131.
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Table 3. Selected Interatomic Distances [A] of BeCuyz esTer2

Bal-Tel5 3.4845(8) Ba2Te9  3.4736(10) Ba3Tes8  3.5172(9)
Bal-Te5 3.5429(9) Ba2Tel 3.5263(9) Ba3Te6  3.5278(10)
Bal-Tel 3.5720(9) Ba2Te8 3.5444(9) Ba3Te5  3.5696(9)
Bal-Tell 3.5821(8) Ba2Te6 3.6177(9) Ba3Tel3 3.5993(8)
Bal-Ted  3.5070(9) Ba2Te7  3.6742(9) Ba3Teld 3.6065(8)
Bal-Te9  3.6526(9) Ba2Te3 3.7176(10) Ba3Te6  3.6197(9)
Bal-Te7  3.6620(9) Ba2Tel2 3.7602(10) Ba3Te2  3.6602(9)
Bal-Te3  3.6693(9) Ba2Tel0 3.7780(10) Ba3Te4  3.7115(9)
Bal-Te3  3.6706(10) Ba2Te2  3.7863(10) Ba3Te9  3.8378(10)

Cul-Te2 2.5799(15) Cu2Teld 2.6160(14) Cu3Ted  2.5757(13)
Cul-Tel0 2.6023(13) Cu2Teld 2.6444(14) Cu3Te3  2.6336(13)
Cul-Te5  2.7065(13) Cu2Te2  2.7331(17) Cu3Te5  2.7007(13)
Cul-Te3  2.8200(15) Cu2Tel0 2.8657(17) Cu3Cul0 2.5043(16)
Cul-Cul7? 2.5880(17) Cu2Cul8 2.713(2) Cu3Cu5 2.602(5)
Cul-Cu4  2.6084(17) Cu2Cué  2.7219(18)
Cul-Cu3 2.6815(17) Cu2Cul9 3.00(5) Cu6Te9 2.5358(13)
Cul-Cu2  2.7282(19) CubTeld 2.6259(14)
Cu5-Te2 2.502(4) Cu6Tel5 2.6274(14)
Cud-Te3  2.6414(14) Cu5Te4 2.582(5) CubCuls 2.5498(16)
Cu4-Tell 2.6665(14) CuSTel 2.607(4) Cu6Cul8 2.5794(17)

Figure 1. Crystal structure of BfCui4sTero. Black circles, Ba; gray, Cu; Cu4-Te8  2.7145(12) CuSTe6  2.654(4) CubCub 2.779(2)
white, Te. Ba-Te bonds are omitted for clarity, and FT&e bonds are Cu4-Tel0 2.7513(14 Cu5Cull 2540(4) Cu6Cu9  2.8156(16)

emphasized via black lines. Cu4—Cul3 2.5707(17)
Cu4—Culd 2.7587(17) Cu?Te6  2.5862(15) CuSTel2 2.6196(13)

Cu4—Cud 2.877(2) Cu?Teld 2.6220(15) CuSTe7  2.6855(14)
Cud—Cul7? 2.8797(17) Cu?Tel 2.6931(13) CuSTe6  2.7187(14)
Cu7-Tel2 2.8292(17) CuSTe5  2.7319(13)
Cu9-Te8  2.6640(13) Cu?Cul2 2.5848(17) CuSCulé 2.6220(16)
Cu9-Tel5 2.6766(13) Cu?Cu8 2.7196(18) Cu8Cu9  2.6249(18)
Cu9-Te7  2.7468(14) Cu?Cul9 2.85(5) Cu8Cul0 2.6288(17)
Cu9-Tel2 2.7913(14) Cu?Culé 3.0040(18)
Cu9-Culs 2.725(2) CuliTe2 2.5517(14)
Cu9-Culd 2.7979(17) CuifTe4 2.5826(13) CuliTe9 2.6144(13)
Cu9-Cu9 2.873(2) CuleTe6 2.6076(12) CuliTel 2.6845(15)
Cul0-Te7 2.6757(14) CuliTe2 2.7241(16)
Cul2-Tell 2.6232(19) CuldTe5 2.7318(14) CuliCull 2.858(3)
Cul2-Tel3 2.6710(16)
Cul2-Tel 2.6928(12) Cul3Tel3 2.6121(19) Cul4Te8 2.6545(12)
Cul2-Tel 2.6928(12) Cul3Tell 2.6927(16) Cul4Te8 2.6545(12)
Cul2-Cul9 2.56(6) Cul3Te8 2.7252(12) Cul4Tel0 2.7233(17)
Cul2-Cul8 2.687(2) Cul3Te8 2.7252(12) Cul4Tel2 2.7726(19)
Cul3-Cul5 2.628(2) Cul4Culs 2.731(2)

/ Cull
. Cul5-Te8 2.6026(10) Cut3Culd 2.752(2)
Figure 2. A section of the covalent GtiTe network of BaClys—sTexs. Cul5-Te8 2.6026(10) Cul7Tell 25834(19)

Cul5-Teld 2.6998(18) Cul6Tel3 2.5905(18) CulfTe5 2.6768(12)
Cul6-Te5 2.6649(12) Cul?Te5 2.6768(12)

: : Culg-Tel 25923(11) Cul6Te5 2.6649(12) Cul7Tel0 2.8454(19
(Table 3). Examples include BaShT@ine Ba-Te bonds  curs re1 o seoa(is) Guteterz 2ooanie) (19)

Gray, Cu; white, Te.

per Ba atom between 3.41 and 3.89%gnd BaSnTe (again Cul8-Tel5 2.6876(19) Cul9Tel 2.50(3)

; 12 Cul8-Cul9 2.69(4) Te3Te4  2.8968(9) Cul9Tel 2.50(3)
nine bO”P'S' 3.443.84 A). _ _ Te7-Te9  2.9064(9) Cul9Tel2 2.68(4)

A section of the three-dimensionally extended-Oie Cul9-Tel0 2.81(7)
network is depicted in Figure 2. The dominating motifs
therein are the (distorted) Cufeetrahedra, which are In addition to the CuTeunits, three crystallographically

interconnected via all three common possibilities, i.e., by independent triangular-shaped CyTieits are present in the
corner-, edge-, and face-sharing. For example, the Culstructure of BgCussTer,, with Cu6, Culb, and Cul8 as
centered tetrahedron shares a face with the Cu3, an edgehe central atoms. While the 3-fold coordination is less
with the Cu4, and a corner with the next Cul tetrahedron. common for Cu atoms, it is not extremely unusual, for
The Cu-Te bonds between 2.50 and 2.85 A are indicative example, also occurring in Bauw,SnSe,. The interconnec-
of Cu', as a comparison with (B&(Cu")y(Te* ), with its tion of the CuTe units is shown in Figure 3, with a mirror
Cu—Te distances of 2.592.81 Al reveals. plane going through Cul5, Tel4, Tel5, and Cul8. The four
This includes the Cul9 site with its €Te bonds between  Cu atoms therein form a planar rhomb with-60u distances
2.50 and 2.81 A, which shows an occupancy of only 4% in between 2.55 and 2.78 A.
the case of B&uizesl€z (BaClhzasTerr 15%). The Moreover, two Tedumbbells are bonded to the Qtluster
coordination spheres of the other Cu sites with significant of Figure 3, with Te-Te bonds of 2.90 and 2.91 A. Ba
deficiencies (Cul, Cu5, Cu7, Cull, and Cul6) are incon- Cui4Te, is a polytelluride with two T&~ units per formula
spicuous as well. It is noted that Cu deficiencies are often unit, thus according to the formulation (B3s(Cu)is
observed in copper tellurides, e.g. occurring in, Glie* (Te?)o(Te? )s, an electron-precise material.
and TICuy-sTep.3! The numerous CuCu interactions<3 A are extended
along all three dimensions of the crystal structure. Chains

(29) Volk, K.; Cordier, G.; Cook, R.; Scffer, H. Z. Naturforsch. BL98Q
35, 136-140.

(30) Sridhar, K.; Chattopadhyay, K. Alloys Compd1998 264, 293— (31) Ohtani, T.; Taniguchi, M.; Sasaki, S.; Kishi, H.; NakataJTAlloys
298. Compd.2004 383 245-250.
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Te9  Cub Cub  Te9
. .

Te7

Te8l Te8

Figure 3. Connection of the CuTeunits with the T2~ dumbbells of
BagCuis—sTero. Gray, Cu; white, Te.

Culd Cu3

Cu3

Figure 4. Three-dimensional network of CtCuinteractions of B&Cuy4—sTeo.

Cul3 Cud cal]

Cu
Cule Cu?

Culé Cu7 Cul2

Figure 5. Two Cuyg rings interconnected via two Cu6 atoms (circled area
of Figure 4). Horizontal:a axis.

of Cu atoms (CulO, Cu3, and Cu5) connect a large
“cluster"—circled in Figure 4-both along thé axis as well
as along the axis.

The “cluster” is composed of rings each comprising 20
Cu atoms, interconnected via Gufridges along tha axis
(Figure 5). The occurrence of GiCu interactions<3 A is
typical for Cul compound: and such interactions were also
found in the binary copper tellurides €yTe*® and Cuy-
Te,.33 Moreover, Cu-Cu bonds were identified in BaGu
Te'* as well.

Electronic Structure. The densities of states of the
BasCui4Ter, model (left part of Figure 6) reveal a small band
gap of 0.1 eV directly at the Fermi levedtg, which was
arbitrarily placed at 0 eV. The existence of a gap confirms
the validity of the electron-precise formulation BR(Cu")14+
(Tex?)2(Te*)s. The large valence band is extended over
more than 7 eV and is mostly comprised of Te-p and Cu-d
states. The latter dominate the region betwe@mb and—4

Assoud et al.

ATt ——ai| B g

ol ----Cu . >

J Te-Te ¥ Cu-Cu

0 ; Ee () RN~ . E F
3 |y 3
a2 52
C == @

-4 =2 — -4

6 _g| antibonding 2" .

0 100 200 300 DOS 6 4 -COHP 4 6

Figure 6. Densities of states (DOS, A) and cumulated-@u and Te-
Te crystal orbital Hamilton populations (COHP, B) of the mdBaiCuwsTe2.
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Figure 7. Band structure (A) of the moddasCui4Ter> and the corre-
sponding Brillouin zone (B).

Cu—Te interactions show significant contributions directly
aboveEg. In contrast to the TeTe interactions, the CuCu
bonds continue to exhibit bonding states abBwéright part

of Figure 6).

Overall, these TeTe interactions around 2.9 A are quite
strong, with mostly bonding states filled, and integrated
COHP values (ICHOP) betweenl.28 and—1.42 eV/bond
(strong interactions are reflected in large negative values).
For comparison, the FeTe bonds of BgSnTe exhibit
ICOHP values betweer1.98 and—0.81 eV/bond? The
strongest CuCu interactions oBagCuw4T e, have ICOHP
values above-0.9 eV/bond, larger than those in BaSuSe
(—0.32 eV for the 2.70 A interaction) and in B2u,SrsSey
(—0.75 eV, 2.65 Ay3

The band structure of thBasCuh4Te, model is shown in
Figure 7, with the inset depicting the first Brillouin zone.
The special points were selected according to the Bradley/
Cracknell convention¥ Both the highest filled and the
lowest empty band have regions with extremely flat slopes
(between Y and’, i.e., alongb*) as well as steep slopes
(e.g., between B andl, i.e., alonga*). The slope of the
lowest conduction band is directly related to the,’Te
dumbbells lying perpendicular to theaxis (Figure 1). The
steep slope is indicative of fast charge carriers, and the flat
slope corresponds to high effective masses, pointing toward
the possibility of high Seebeck coefficientsdif= 0 could
be achieved in B&u4sTero.

Physical Properties.The experimentally determined See-

eV. The small size of the band gap is related to the existencePeck coefficients § of BaCuua-sTer, are shown ford =

of empty, strongly antibonding FeTe states of the L&
units commencing at-0.1 eV. Neither the CaCu nor the

(32) Pyykkg P.Chem. Re. 1997, 97, 597—-636.
(33) Matar, S. F.; Weihrich, R.; Kurowski, D.; Pfitzner, 8olid State Sci.
2004 6, 15—20.

0.025, 0.5, 0.675, and 0.825 in the left part of Figure 8. The
values of S range from+36 to +53 uV/K at 300 K and

from +72 to+108uV/K at 545 K. No clear dependence on

(34) Bradley, C. J.; Cracknell, A. Fhe Mathematical Theory of Symmetry
in Solids Clarendon Press: Oxford, 1972.



Thermoelectric Properties of B&u4—sTer Chem. Mater., Vol. 18, No. 16, 2008871

A120 B 1000
* 0.025 L « 0.025 = 0.500
FPCTTY [ ] g g
100 +| = 0.500 ....00500000000::':=“ " H 800 4 " - * 0.675 40.825 *
*0.675 o ol U . x 0.75a + 0.75b
~—~ 80 1[4 0.825 ‘00.’ .AAAAA“::: . 1 "raa LI R + a
* L L]
& .llnﬂ::p-‘.“'“.l . .:n-""““.”. .-E 800 1 e a, a
300 ettt e S o biii NTSLEN
0 eoed = 400 + 'R B N
40_..“....-0.-00' © .§H!£.2n.u;:“x,
20 4 200 1 Vet
b B R R A e
0 + + + + (o} + + + + }
300 350 400 450 500 TIK 180 200 220 240 260 280 TK
Figure 8. Seebeck coefficients (A) and electrical conductivities (B) of@a4—sTe12.
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Figure 9. (A) Seebeck coefficients (squares) and electrical conductivities (circles) sfuBgssTer2. (B) Thermal conductivities of B&uy3 gsT €12.

o was found. The range is typical for a degenerate p-type value of 1.08 W m* K~! at 300 K. This is even lower than
semiconductor, consistent with the electronic structure those in the recently characterizedhdBaCwTeo (1.2 W it
calculations, suggesting an intrinsic semiconductorfer K~1) and RbBaCuwTepp (1.4 W nmrt K1) that were ap-
0; for 6 > 0, the dominating charge carriers should be p-type. propriately described as materials with “very low thermal
Itis noted that all attempts to prepare phase-pus€Ba s Tei, conductivity” > The electrical contributiong, to the overall
with 6 = 0 resulted in mixtures of B&€us sTe, and thermal conductivity BgCuzsslTer, at 300 K is estimated
Cw-sTe. to be 0.14 W m* K1, according to the Wiedemanifrranz
The same range of samples (0.0256 < 0.825) was law ke = LoT, with the Lorentz numbek = 2.45 x 10°8
subjected to electrical conductivity) measurements (right  WQ/K?3 ando = 190 Q! cm™. This leaves the lattice
part of Figure 8). The absolute valuesmére between 100  contribution, atk, = k — ke = 0.94 W nT* K1, Overall,
and 1000Q~* cm™L. The temperature trend is mostly but the thermal conductivity is lower than those in most
not strictly negative; that is, increasing temperature occurs commercial thermoelectric materials, likely a consequence
with decreasing electrical conductivities. While the pellet of the low symmetry of BgCuwssTer, and the significant
with the smallestd value of 0.025 exhibits the smallest Cu disorder.
conductivity, there is no definite dependencedon The (dimensionless) thermoelectfigure-of-merit ZT =
The Seebeck coefficient and electrical conductivity were TSg/k, of BasCuisTes, increases from 0.001 at 200 K to
simultaneously determined on a sample of the nominal 0.007 at 320 K, while advanced thermoelectrics may exhibit
composition BgCus-sTerz (i.e.,0 = 0.12) between 10 and  or even excee@T = 1. A comparison with these leading
328 K. This sample exhibits qualitatively the same trends, thermoelectric materials reveals that the thermal conductivity
i.e., the Seebeck coefficient increased and the electricalis more than competitive, but the Seebeck coefficients should
conductivity decreased with increasing temperature (left partbe at least 10Q:V/K. For example, optimized CsBies
of Figure 9). This manifests these qualitative trends betweendoped with 0.05% ShlexhibitsS= +175uV/K, o = 1800
10 and 550 K for the Seebeck coefficients and between 10Q-! cm?, and « = 1.55 W nt! K1 at its optimal
and 325 K for the electrical conductivity. Moreover, the 300 temperature of 225 K; thugT = 0.8° The filled skutterudite
K values of the sample witd = 0.12 as measured at LaFeCoSh;exhibitsS= +104uV/K, 0 =630Q1cm?,
Clemson are comparable, wi~ +30«V/K and o = 190 andx = 1.6 W nm Kt at 300 K; thusZT = 0.13, with an
Q~'cm %, indicating that both (a) thé = 0.12 composition  estimatedZT = 1.4 at 1000 K (values extracted from the
is not special and (b) the different measurement methodspublished figures).

applied in Waterloo and Clemson, respectively, yield com-  Because of its extremely low thermal conductivity, a study

parable results.

The thermal conductivityx) of the sample of the nominal
composition BgCu,s gsTe» was measured between 16 and
324 K (right part of Figure 9). Starting at 65 K,increases

linearly with increasing temperature, to the extremely small

of precisely doped B&u4Te;, would be very interesting,
with only one kind of charge carriers remaining. To this end,

(35) Kittel, C.Introduction to Solid State Physicgth ed.; John Wiley &

Sons: New York, 1996.
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