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The title compounds were prepared from the elements between 600 and 800 °C in evacuated silica tubes. Both
tellurides, Ba;Au,Tey, and Bas 76Cuy.42Te14, fOrm ternary variants of the NaBagCusTey4 type, space group P6s/mem,
with a = 14.2593(7) A, ¢ = 9.2726(8) A, and V = 1632.8(2) A® (Z = 2) for BasAu,Teys and a = 14.1332(4) A,
¢ =9.2108(6) A, and V = 1593.3(1) A® (Z = 2) for Bas76Cu,4:Tes. The Na site is filled with a Ba atom (deficient
in case of the Cu telluride) and the Cu site with 66.5(3)% Au and 61.7(8)% Cu. An additional site is filled with
9.5(7)% Cu in the structure of Bas76Cus42Tess. These structures are comprised of bent Tes?~ units and AuTes/
CuTe, tetrahedra, forming channels filled with Ba cations. The BaTeg polyhedra are connecting the channels to a
three-dimensional structure. According to the formulations (Ba?*);(Au*)x(Tes>")s(Te?)s and (Ba?*)e76(Cu*)p42(Te? " )a(T€> s,
the materials are electron-precise with 16 positive charges equalizing the 16 negative charges. Correspondingly,
both tellurides are semiconductors, as experimentally confirmed, with calculated band gaps of 0.7 and 1.0 eV,
respectively.

Introduction conductors comprised of heavy eleméfitsith small band
gaps. These are on the order of 6 to KT, with ks =
Boltzmann constanf, = operating temperature (i.e., 0-16
0.26 eV at room temperaturé).

Several binary, ternary, and quaternary copper and silver
halcogenides were examined, includingGlre }* o- and
-Ag.Te? BaCwTe,'® BagCuisTern,* AsBaCuTeg (A =

K, Rb, Cs)!5 BaCySnSe, BaAgSnSe, BaCu,SnSe,1®
AgsGeTe,r” AgTITe® AgSbTe,*® Ags-sShitsTes,?°

In recent years, we have explored the thermoelectric
properties of hitherto unknown materials in a number of
systems. Thermoelectric materials are receiving renewed
attention since the last 10 years, as is evident from ground-
breaking success stories, for the most part centered aroun
antimonides and telluridés® The thermoelectric energy
conversion can utilize a temperature gradient (e.g., from
waste heat) for the creation of electricity or, vice versa, can
use electricity to create a temperature gradient (mostly for (9) Rowe, D. M.CRC Handbook of Thermoelectri@S8RC Press: Boca
cooling applications}:# Typical thermoelectrics are semi- Raton, FL, 1995.
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(AgBITey)1-s(AgzTe)s, 2 (AgSbTe)i—s(GeTe),?>?2and AgPhr- that might have come from the silica tube. The distribution of the
SbTe.+m* to name a few recent studies. Gold chalcogenides elements Ba, Cu/Au, and Te was homogeneous throughout the
are appealing, as they should have similar electrical transports@mple. Averaged over five crystals, the Ba/Au/Te ratio was 29.5:
properties but lower thermal conductivity because of their 8.4:62.0 in atomic %, which compares well with the refined 7:2:

; ; . 14 ratio £30.4:8.7:60.9). For the Cu sample, we calculated the
higher molar masses. Only a few gold tellurides are known; 8 . ; e
fo? example, only one b)i/nary g?)ld telluride exists. the Ba/Cu/Te ratio to 28.6:9.0:62.3 in atomic %, which is in reasonable

. . . agreement with the refined ratio of 6.76:2.42:300.2:10.4:60.4).
calaverite All'Te,,2* which forms an incommensurate su- 9 0 )

125 Th . % 5 | Crystal Structure Determinations. The Smart Apex CCD
percell” The ternaries CUAUS® and AgAuTe;™ are also (Bruker), equipped with an area detector utilizing graphite-

narrow gap semiconductors with trivalent gold, "Aubut monochromated Mo & radiation, was employed for the data
Cu and Ad. Here, we report on our first ternary gold collection. In each case, 606 frames were measured with exposure
telluride, which is isostructural with a (new) copper telluride, times of 60 s each. The data were corrected for Lorentz and
while the known binary gold and copper tellurides are quite polarization effects. Absorption corrections were based on fitting

different. a function to the empirical transmission surface, as sampled by
multiple equivalent measurements of numerous reflecfiéns.
Experimental Section The unit cell dimensions indicated the adoption of the NaBa

CusTey, type, hexagonal space groiss/mcm?® Therefore, the
refinements using the SHELXTL pack&eommenced from that
structure model, with Ba on the Na site (Ba2). In the case of the
gold compound, Au was assumed to sit on the Cu position. That
refinement converged to residual factors of RD.0794 and wR2
= 0.2130 (observed data). Because of the conspicuously high

Syntheses and AnalysesAll reactions were commenced from
the elements. These were obtained in purities of at least 99%
(barium granules, 99%, from Aldrich; gold powder, spherie&l00
mesh, 99.9%, Alfa Aesar; copper powde25 mesh, 99.9%, Alfa
Aesar; and tellurium powder; 200 mesh, 99.9%, Alfa Aesar) and

were stored in an argon-filled glove bc_)x.ﬂi‘auzTeu was obtained  gishiacement factor of the Au site (0.0415(63)Aits occupancy
in an attempt to prepare the hypothetical “BaAu'Tater starting was refined, resulting in 66.5(3)%, an inconspicuous displacement

from 1 mmol Ba, 1 mmol Au, and 2 mmol Te. This mixture was ¢50y0r of 0.0241(2) A and lower R values, namely, R4 0.0369
loaded into a fused silica tube within the glove box, which was .4 \WwR2= 0.0702. On the other hand, while the displacement

then closed with a vacuum valve and tra_nsferred to avacuum line. ¢1ctor of Ba2 was significantly higher than that of Bal, refining
There, the tube was sealed under dynamic vacuum of approximatelyyne ccupancy of Ba2 revealed full occupancy within one standard
102 mbar. The tube was heated to 88D within 48 h employing deviation, without a change in the residual values.

a resistance furnace, kept at that temperature for 2 h, and then cooled In the case of the copper compound, the refinements yielded

to 200 °C with a ramp of 3°C per hou_r; this_ was followed by clear deficiencies of both sites in question, with refined occupancies
switching off the furnace. This reaction yielded at least one of 61.7(8)% for Cul and 76(1)% for Ba2. This led to lowered R

unknown material,. besides unreactgd gold, as was evident fromvalues; for example, R1 decreased from 0.0550 to 0.0428. The
the X-ray powder diagram (INEL) obtained from the ground sample. difference Fourier map comprised an additional peak of &,e/A

After solving this structure via single-crystal structure determination, surrounded by three Te atoms at distances of 2.5 ard228 A.

described later, all peaks of the powder diagram could be assignedr;e position was subsequently refined as a deficient Cu site, Cu2,

to this new material, namely, BauzTe, and eleme|.1ta| gqld. with an occupancy of 9.5(7)%, a procedure that further decreased
Subsequently, phase-pure Ba,Teis was synthesized via the  R1 i0 0.0369.

same method, including the same temperature profile, starting from |, the end, the refined formulas of the two compounds were

the stoichiom_etric 7:2:14 ratio. Attempts to synthes_ize analogous BayAus o5l €14 and Ba 761 Clb.azrjT€1s. Crystallographic details
copper and silver tellurides were successful only in the case of ., given in Table 1, and atomic positions, displacement, and
copper, and no isostructural selenide was found. The COPPEr occupancy factors are given in Table 2

analogue was prepared using the same temperature profile, but a Electronic Structure Calculations. The electronic structures

sub;e_quent single-.cr.ystal _structure study revee}led a significant, o e cajculated using the self-consistent tight-binding first principles
deviation from the 7:2:14 ratio of the elements, which was observed | \1t5 method (LMTO= linear muffin tin orbitals) with the atomic

fohr Ba7Au2Te14,_ Eamely,_ B@-76CUZ-4?T$14' Attempts to prepare spheres approximation (ASAJ:3! In the LMTO approach, the
phase-pure stoichiometric Bau,Tey, failed, but a reaction starting density functional theory is employed utilizing the local density

from the elem_ents in the refineq ratio of 6.76:2.42:14 y_ielded a approximation (LDA) for the exchange correlation enefgfhe
pure sample without noticeable side products (analyzed via pOWderfoIIowing wave functions were used: for Ba 6s, 5d, 4f, and 6p

diﬁraction).. ) . ) included via the downfolding technigd&for Au 6s, 6p, 5d, and
Energy-dispersive X-ray analysis (EDAX), using the electron g (downfolded); for Cu 4s, 4p, and 3d; and for Te 5s, 5p, and 5d

microscope LEO 1530 with an additional EDAX device, EDAX 414 4f (the latter two downfolded). The 252 independepbints
Pegasus 1200, did not reveal any heteroelements, such as silicon

(27) SAINT, version 4; Siemens Analytical X-ray Instruments Inc.: Madi-

(21) Sakakibara, T.; Imoto, T.; Takigawa, Y.; Kurosawa,JKAdv. Sci. son, WI, 1995.
2001, 12, 392-396. (28) zhang, X.; Schindler, J. L.; Hogan, T.; Albritton-Thomas, J.; Kan-
(22) Skrabek, E. A.; Trimmer, D. S. I@BRC Handbook of Thermoelectrics newurf, C. R.; Kanatzidis, M. GAngew. Chem., Int. Ed. Endl995
Rowe, D. M., Ed.; CRC Press: Boca Raton, FL, 1995; pp-2575. 34, 68—-71.
(23) Shelimova, L. E.; Konstantinov, P. P.; Karpinsky, O. G.; Avilov, E.  (29) Sheldrick, G. MSHELXTL version 5.12; Siemens Analytical X-Ray
S.; Kretova, M. A.; Fleurial, J. Fntern. Conf. Thermoelect1999 Systems: Madison, WI, 1995.
18, 536-540. (30) Andersen, O. KPhys. Re. B 1975 12, 3060-3083.
(24) Wang, J.; Lu, X.-g.; Sundman, B.; Su, X. Alloys Compd2006 (31) Skriver, H. L.The LMTO MethodSpringer: Berlin, Germany, 1984.
407, 106-111. (32) Hedin, L.; Lundgvist, B. 1.J. Phys. C: Solid State Phy&971, 4,
(25) Young, D. P.; Brown, C. L.; Khalifah, P.; Cava, R. J.; Ramirez, A. P. 2064-2083.
J. Appl. Phys200Q 88, 5221-5224. (33) Lambrecht, W. R. L.; Andersen, O. Rhys. Re. B 1986 34, 2439
(26) Park, Y.; Kanatzidis, M. Ginorg. Chem.2001, 40, 5913-5916. 2449.
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Table 1. Crystallographic Data of BAuzTes and Ba 7¢Clp a2l €14

refined formula BaAU1.995(9) €14 Bas 76(1CU.42(7)T €14
formula weight [g/mol] 3141.71 2868.59

T of measurement [K] 298(2) 298(2)
wavelength [A] 0.71073 0.71073
crystal system hexagonal hexagonal
space group P6s/mcm Bs/mem
a[A] 14.2593(7) 14.1332(4)
c[A] 9.2726(8) 9.2108(6)
VA3 1632.8(2) 1593.3(1)

z 2 2
pealcd[g/cm?] 6.390 5.979

R1 and wR2 (all dat&)
R1 and wR2 > 20(1))?
min; max electron density [¢A3)]

ARL= Y [|Fol — IFcll/Z|Fol; WR2 = [F[W(Fo? — FAA/ Y [W(F?)Z] 2.

Table 2. Atomic Coordinates and Equivalent Displacement Parameters
of BayAu,Tei4 (top) and Ba7eClp 42T €14 (bOttom)

atom site X y z Uf/A2 occ.
Bal 12j 0.45267(3) 0.21083(3) 1/4 0.01216(10) 1

Ba2 2b O 0 1/2 0.0348(3) 1

Tel 6g 0.18356(5) 0 1/4 0.02083(17) 1

Te2 12k 0.33229(4) 0.33229(4) 0.02535(6) 0.01525(12) 1

Te3 6g 0.47277(5) 0.47277(5) 1/4 0.01393(14) 1

Ted 4d 2/3 1/3 0 0.01241(15) 1

Aul 6g 0.19410(5) 0.19410(5) 1/4 0.0241(2)  0.665(3)
Bal 12j 0.45096(4) 0.20789(4) 1/4 0.0146(1) 1

Ba2 2b 0 0 12 0.066(1)  0.76(1)
Tel 6g 0.17585(6) 0 1/4 0.0354(3) 1

Te2 12k 0.32582(4) 0.32582(4) 0.02718(6) 0.0216(1) 1

Te3 6g 0.46933(5) 0.46933(5) 1/4 0.0175(2) 1

Ted 4d 2/3 1/3 0 0.0143(2) 1

Cul 6g 0.1952(2) 0.1952(2) 1/4 0.0232(7)  0.617(8)
Cu2 12k 0.155(1) 0.155(1) 0.089(2) 0.042(5)  0.095(7)

@Ueqis defined as one-third of the trace of the orthogonalidgdensor.

of the first Brillouin zone were chosen via an improved tetrahedron
method®* To model the electron-precise formula B&Te;,, all
Ba sites were treated as fully occupied, the Cu2 site was ignored,
and four of the six Au/Cul sites per unit cell were filled, resulting
in the right formula and a symmetry reduction reflected in the
orthorhombic space groupmcm The molecular orbital diagram
of the V-shaped T£~ unit of BayAu,Tey,, point groupC,,, was
calculated using Gaussi#&via the B3LYP method with the 3-21G
basis sett

Transport Measurements.The phase-pure samples were pressed
into bar-shaped pellets of the dimensions 6. x 1 [in mm] for

(34) Bléchl, P. E.; Jepsen, O.; Andersen, O. Rhys. Re. B 1994 49,
16223-16233.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.7; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(36) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; DeFrees, D. J.; Pople, J.
A.; Binkley, J. S.J. Am. Chem. S0d.982 104, 5039-5048.

0.0403, 0.0715
0.0369, 0.0702
—2.02 at0.
[1.63 A from Te3];
+2.26 at 0.
[0.72 A from Bal]

0.0378, 0.0803

0.0369, 0.0799
—3.11at0, 0.150, 1/4
[0.36 A from Tel];
+3.30 at 0, 0.296, 0.018
[0.59 A from Te2]

578, 0.457, 1/4

818, 0.300, 1/4

physical transport measurements since no single crystals of suf-
ficient dimensions were available. Silver paint (Ted Pella) was used
to create the electric contacts. The commercial thermopower
measurement apparatus (MMR Technologies) was employed for
the determination of the Seebeck coefficiéhfTheSwas measured
under dynamic vacuum in the temperature range between 300 and
550 K, using constantan as an internal standard to determine the
temperature difference. The specific electrical conductivityyas
determined using a four-point method; a homemade device was
used to determine the voltage dropd/ over distancesL( of
approximately 2 mm at currents below 5 mA under dynamic
vacuum between 320 and 160 K. The achieved densities were
between 81 and 84% of the theoretical maximum, as determined
via the single-crystal structure studies. The resistanBgswére
calculated from the voltage drops using Ohm'’s law, thaRisz

AVI/1, with | = current. We calculated(T) after measuring the
lengths between the contacts,according tar = L/(AR), with the
areaA=1mmx 1 mm.

Results and Discussion

Crystal Structures. The two new ternary tellurides, Ba
Auy ggsg) €14 and Ba 76 Clp.ax7)l €14, fOr simplicity called
Ba;M,Tey,, crystallize in substitution variants of the NaBa
CusTey, structure, briefly described in a communicatfn,
where the Na site is filled with Ba2. A second Cu site, Cu2,
is partly filled in the case of the ternary Cu telluride, which
may be seen as a split position of Cul. The crystal structure
of Ba;M,Tey4 is comprised of MTgtetrahedra, which are
interconnected through corners to form planafTi} rings,
which in turn are connected to Fenits. The rings are
stacked along [001], surrounding the Ba2 atoms. Nine-fold
Te-coordinated Bal atoms connect the rings ingtheglane,
and additional Te atoms, Te4, are located between six Bal
atoms. Figure 1 shows a projection of the;BaTe,
structure along the-axis, highlighting the covalent MTe
and Te-Te interactions.

The Bat-Te bonds (Table 3) are inconspicuous, ranging
from 3.50 to 3.66 A (BaAu,Tey,) and from 3.51 to 3.64 A
(Bas7¢Clp.42T€14). The nine-folded coordination of Bal
compares well with the nine Bare bonds per Ba atom in
BaSbTe (3.41-3.89 A)3" Ba,SnTg (3.44-3.84 A)38 and

(37) Volk, K.; Cordier, G.; Cook, R.; Scfer, H. Z. Naturforsch., B: Chem.
Sci. 198Q 35, 136-140.

Inorganic Chemistry, Vol. 46, No. 4, 2007 1217



Figure 1. Crystal structure of BM,Tey4 (excluding the M2 site). Black

circles, Ba; dark gray, Cu/Au; bright gray, Te.

Table 3. Selected Interatomic Distances [A] of Bau,Ters and

Bas 76Clp 42T €14

BarAuzTeyy Bas.76Clp. 42T €14
Bal-Tel 3.4967(7) 3.5110(7)
Bal-Te2 2 3.6412(5) 3.6147(5)
Bal-Te2 2 3.6528(5) 3.6170(5)
Bal-Te3 3.6004(6) 3.5723(6)
Bal-Te3 3.6557(7) 3.6348(7)
Bal-Te4 2 3.5222(4) 3.5121(3)
Ba2-Tel 6 3.4964(6) 3.3881(7)
M1-Tel 2 2.6957(5) 2.6329(15)
M1-Te2 2 2.8674(7) 2.7602(18)
M2—Tel 2 2.778(11)
M2—Tel 3.14(2)
M2—Te2 2.483(16)
Te2-Te3 2 2.8900(7) 2.8855(8)
Tel-Te2 2 3.319(1) 3.318(1)

BagCuysTers (3.47—3.84 A)14 Similarly, the Ba2-Te bonds
of the Ba2Te octahedron (3.50 A in BAu,Te, and 3.39
A in Bas 7¢CU.45Ter4) are reminiscent of the bonds in BaTe
(3.42 A, NaCl type}®

In BayAu,Tey, the four Aut-Te bonds of 2x 2.70 A

and 2x 2.87 A, averaged to 2.78 A, are longer than expected

for Au", as found in the sylvanite AgAuTgfour bonds
between 2.67 and 2.69 Aj,and CrAuTe (4 x 2.68 A)4
Moreover, the tetrahedral Cul coordination sphere with
distances of 2.632.76 A for Ba 7¢<Clp.4sTe14 is typical for
Cu, for example, the Cu-Te bonds of BaCiTe, range from
2.59 to 2.81 A3 and in BaCuysTer,, they range from 2.50
to 2.85 A4 The coordination of the Cu2 site is highly
irregular, with distances to Te atoms of 2.49x2.78, and
3.14 A. It is noted that the shortness of the €@u?2

distance (1.59 A) necessitates that the two positions are never

filled at the same location within the crystal. This concurs
well with the combined occupancies being below 100% (62%
for Cul and 10% for Cu2). Such a scenario is common in
copper chalcogenides, for example, in LRGW.4Tey,*?

(38) Assoud, A.; Derakhshan, S.; Soheilnia, N.; KleinkeCHem. Mater.
2004 16, 4193-4198.

(39) Spangenberg, KNaturwissenschafteh927 15, 266—266.

(40) Pertlik, F.Tschermaks Mineral. Petrogr. Mitll984 33, 203-212.

(41) Reynolds, T. K.; McGuire, M. A,; DiSalvo, F. J. Solid State Chem.
2004 177, 2998-3006.

(42) Huang, F. Q.; Brazis, P.; Kannewurf, C. R.; Ibers, JJAAm. Chem.
Soc.200Q0 122, 80-86.
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Figure 2. Three CyTe; rings stacked along [001], showing both the Cul
and Cu2 atoms. Black circles, Ba; dark gray, Cu; bright gray, Te.

CuGdCuw,Te;,* Cup—sSe CuSmSe;,*® and in CuBi,Se?*®
but not in gold chalcogenides.

The shortness of the CuBa2 distance of 2.33 A requires
that these two positions are not occupied at the same location
either. Because of the low occupancies of 10% for Cu2 and
76% for Ba2, this can be realized in the whole crystal. As a
consequence of this scenario, the Cu atoms cannot migrate
from one ring to the other along tleeaxis, as the Baz2 site,
where filled, would prevent this (Figure 2). Since the rings
are well-separated in tteeb plane, any Cu ion movement is
restricted to occur only locally within a GUes ring.

Figure 3 compares the planar GuUi#; and puckered
CuZTe; rings, including the attached V-shaped;Tmits.
These rings are staggered along thaxis (& screw axis
running through their center), thereby surrounding the Ba2
cation with six Te atoms in octahedral coordination.

The presence of the Cu2 site seems to have an impact
onto the Tel site, which is part of the £Je; ring, as the
Tel site exhibits strong anisotropies in the displacement
factors, reflected in &J35/U; ratio of 4.8:1, withU1 ~ Us,.

The corresponding Tel of Bau,Te;, exhibits a smaller,
more regularUss/U;; ratio of 2.7:1, also withU;; =~ Ug,.
Similar Us3/U1; ratios were observed for the Aul and Cul
sites, indicating a tendency to deviate from the planarity of
the MsTe; ring. It is noted that none of these sites could be
refined as a split site. Moreover, lowering the symmetry to
allow for nonplanarity by selecting the space grdeiacm

did not lead to any improvements or a significant nonpla-
narity of this ring.

The Te units, formed by the Te2 and Te3 atoms, exhibit
rather small Te Te—Te angles, 92.2in the gold and 90.7
in the copper telluride. Its FeTe bonds are somewhat longer
than single bonds (2.89 A each in both cases). Treating this

(43) Huang, F. Q.; Ibers, J. Al. Solid State Chen2001, 159, 186-190.

(44) Machado, K. D.; de Lima, J. C.; Grandi, T. A.; Campos, C. E. M.;
Maurmann, C. E.; Gasperin, A. A. M.; Souza, S. M.; Pimenta, A. F.
Acta Crystallogr., Sect. R004 60, 282—286.

(45) Strobel, S.; Schleid, T. Solid State Chen2003 171, 424-428.

(46) Makovicky, E.; Sotofte, I.; Karup-Moller, E. Kristallogr. 2002 217,
597-604.



New Au and Cu Polytellurides: BgAu,Tey, and Bas 76CUp 40T €14

Figure 3. Top: Two CuZTe; rings, including the attached Fenits surrounding the Ba2 atom (ellipsoid presentation). Black circles, Ba; dark gray, Cu;
bright gray, Te. (A) Viewed along the-axis; (B) projected onto the,c plane. Bottom: Two Cugde; rings, including the attached Jenits surrounding
the Ba2 atom. (C) Viewed along theaxis; (D) projected onto the,c plane.

unit as a classical && unit and the Tel and Te4 atoms as charges per formula unit, like N8a')s(Cu)sTews. Similarly,
Te?", one obtains 16 negative charges for the 14 Te atomsthe K analogue was reported with K/Ba mixed occupancies
per formula unit. However, there is an additional-Tee combined with Cu deficiencies (but no Cu2 site) and a
contact (TetxTe2) of 3.32 A between the GTies rings, refined formula of (KeBan.40sClhsslers, that is, 15.98
which stands against a full octet on Tel. A partial electron positive charge3®
transfer from the T€L to the Te?” group might be the cause Electronic Structures. The calculated densities of states
for the elongated Te2Te3, resulting in a Té4»~ and a (DOS) of the models, B&,Tey, are depicted in Figure 4.
Tes@™~ unit,*” which ultimately does not change the overall |n both cases, a forbidden gap separates the valence band
electron balance and allows for the Felle2 contact. from the conduction band, with the Au telluride exhibiting
The valency of Cu in NéBa')s(Cu)sTer4 was identified the smaller gapHgap, = 0.7 versus 1.0 eV). Again in both
as -+, giving 16 positive (and 16 negative) charges per cases, the top of the valence band and the bottom of the
formula unit. Assuming the same for Au in Bau,Tey,, that conduction band are dominated by Te p states. The Au d
is, Au, in accord with the Au-Te distances, one obtains 16 states dominate the area belewt eV at the bottom of the
positive charges as well. Again postulating' Ghe positive valence band, while the Cu d states mostly occur between
charges of BgeClpgzT€14 SUM Up t0 6.76x 2 + 2.42= —2 and—4 eV.
15.94. This formalism supports the refined occupancies, To gain insight into the character of the two differentTe
yielding 2.42 Cu atoms per formula unit, hence the existence Te contacts, the crystal orbital Hamilton population cut¥#s
of Cu2, since both ternary tellurides exhibit 16 positive of both interactions in both structure models are compared

(47) Papoian, G. A.; Hoffmann, Rngew. Chem., Int. E@00Q 39, 2408— (48) Dronskowski, R.; Blohl, P. E.J. Phys. Chenil993 97, 8617-8624.
2448. (49) Glassey, W. V.; Hoffmann, R. Chem. Phy200Q 113 1698-1704.
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Figure 4. Densities of states of BAu,Teu (left) and BaCw,Tei4 (right).
The Fermi level Er, was arbitrarily placed at 0 eV.
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Figure 5. Selected crystal orbital Hamilton population curves ofBa-
Tey4 (left) and BaCuw,Tey4 (right). The Fermi levelEg, was arbitrarily placed
at 0 eV.

in Figure 5. The curves of the two tellurides are quite similar.
It is evident that the shorter bond within each compound,
that is, the one within the && group, is much stronger;

the longer ones exhibit filled antibonding states above

—1 eV, where the short ones are nonbonding. Moreover, the

former are anti- to nonbonding betweei8.2 and—2 eV,

and the latter are bonding. The rest of the curves are
comparable. The integration up to the Fermi level reveals

that all four of the shown interactions have net bonding

character, reflected in negative integrated COHP values

(ICOHPs)* For the Au compound, these arel.54 eV
(2.89 A) and—0.17 eV (3.32 A), and for the Cu compound,
they are—1.61 eV (2.88 A) and-0.12 eV (3.32 A). Thus,
the shorter bonds appear to be stronger by factors of 9 an
13, respectively.

The molecular orbital diagram of an isolateckTeunit is
shown in Figure 6, again with the s orbitals situated below

the chosen energy window. The energies are given in hartree

E, =2 Ry=27.2 eV. Therein, the bonding and antibonding
ot molecular orbitals are filled, yielding an onty-bonded
ion. Twoo bonds are present, reflected in the filled molecular
orbitals of @ and b symmetry. Therefore, it is justified to
treat this ion as a classicatbonded T¢*~ unit. A large gap

Cui et al.

Figure 6. MO diagram of the V-shaped & unit.

in the COHP curve of this TeTe interaction in the three-
dimensional crystal structure.

Physical Properties.The electronic structure calculations
predicted semiconducting behavior. This was confirmed by
our experiments; the exponential increase of the electrical
conductivity with increasing temperature, as observed for
both tellurides (left part of Figure 7), is typical for semi-
conductors. The electrical conductivity is higher in the
case of BaAu,Tey, with a room-temperature value of
1.6 mQ* cm?, compared to 70uQ! cm! for
Bas 7¢Cl 42T €14. Because of the strong temperature depen-
dence combined with the low conductivity at room temper-
ature, the current and hence the conductivity of the Cu sample
could not be determined below 255 K. The lower values
of Bas7Clpa2T€14 Were expected based on the smaller
band gap of the Au material. For comparison, the
room-temperature values of NB&a')e(Cu)sTeys and
(Ko.6dBa0.40sClpssTers were reported to be 100 and 10
(u2)™t cmL, respectively, measured on single crystals.
Advanced thermoelectrics typically exhibit an electrical
conductivity above 100@ ' cm 14

For intrinsic semiconductors, Arrhenius’s Law for ther-
mally activated conduction applies: dfwo = exp(—Aa/ksT),
with Ax = activation energy= 1/2 Eg4,°! Then, plotting

Glno versus 1T results in a linear curve with a slope of

—1/2 Egadke. In the case of the Cu sample, we obtained such
a linear curve over the whole temperature range, that is,
above 255 K, with a regression coefficient R = 0.9999
andEg,p, = 0.6 eV. In the case of the Au sample, where the
conductivity was measured down to 160 K, a significant
deviation from the linearity was noticed, expressed in the
low R? = 0.982. This is likely a consequence of extrinsic
charge carriers that cause a smaller slope at low tempera-
tures®? Linearity was observed above 255 K, comparable to

separates the HOMO from the LUMO, which is also present (51) Kittel, C.Introduction to Solid State Physicgth ed.; John Wiley &

(50) Landrum, G. A.; Dronskowski, FAngew. Chem., Int. EQ00Q 39,
1560-1585.
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Sons, Inc.: New York, 1996.
(52) Greig, D.Electrons in Metals and SemiconductofdcGraw-Hill:
London, U.K., 1969.



New Au and Cu Polytellurides: BgAu,Tey, and Bas 76CUp 40T €14

80 | 4.0 600
70 L _‘_Ba()77cu242TeH ‘t _ 3 5
—=—Ba AuTe, l . ' amnn
S00 fymmmntnntun,
60 1 l/ —43.0 | "um,
_— 50t 1 / 4254 400 - e Lun
] 1 /I —_— — Q L L] .....
L A | &
_S 40 [ / 2.0 'D_ 3 300 |
(<] =
S30} i A 1152, 2
® A o -
r “ 200
20F £ J10 |
I S
100
10 - H05
L o L
0 - P L i N I I L L L 0.0 ) \
140 160 180 200 220 240 260 280 300 320 T/K

0 1
300 350 400 450 K

Figure 7. Electrical conductivity (left) of BaAusTers and Ba 7éClp.asTe14 and Seebeck coefficient measurements ofMBaTe;4 (right).

the slope of the Cu conductivity, witR? = 0.9989 andEga, with the Cu content being higher than the Au content, there
= 0.4 eV, which is evidently smaller than the 0.6 eV of the are deficiencies on one Ba site (Ba2) in the case of the ternary
Cu compound. These results qualitatively confirm the trend copper compound, which are also required because of the
of the gaps as calculated with the LMTO approach, that is, short Ba2-Cu2 distance. Assuming that Na, Cu, and Au are
the gap is smaller in the case of the Au compound (calculatedin the +I state, there are 16 positive charges in all cases,
to be 0.7 eV, compared to 1.0 eV for the Cu compound). within the standard deviations (B¥U1 o950 €140 15.995(9);
Because of the small electrical conductivity of BagzsafClbaxzles 15.9(1)), equalizing the 16 negative
Bas7¢Clz.aoTe1s, its Seebeck coefficient could not be  charges of the 14 Te sites, considered as fivie Bad three
determined. The Seebeck coefficient for;Ba,Tes at Tes2 units.
300 K is aroundt+490 uV/K and decreases té&r355uV/K
at 470 K (right part of Figure 7). The charge carriers of
Na(Ba')s(Cu)sTews were predominantly p type as well, with
a Seebeck coefficient of 100 uV/K.

Both materials are semiconductors, with calculated gaps
of 0.7 and 1.0 eV. These gaps are larger than ideal for the
thermoelectric energy conversion, which is reflected in a low
electrical conductivity of both materials.
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