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Abstract: The compound BaBiTewas prepared by the reaction of Ba/Bi/Te at over 7Q0in either KTe, or

BaTe; flux and was recrystallized in a Ba/Bagl#ux. The black rod-shaped polycrystalline material crystallizes in

the orthorhombic space grol®;2;2; (no. 19) witha = 4.6077(2) Ab = 17.0437(8) Ac = 18.2997(8) AV =

1437.1(2) B, Z = 8, anddcqc = 6.74 glcrd. Number withFo2 > 30(F.)? 3373, number of variables 92, and sin

(6/1) < 0.7. The finalR'R, = 4.55/5.61%. The structure is BaBigpe and may be described as layers made up

from interdigitating columnar [Bile;o(Tey)]. “herring-bone” shaped segments. 2Béons are in distorted tri-capped

trigonal prismatic sites between the layers. From band structure calculations, a formal charge distribution taking
into account the occurrence of short-bonding-Tee contacts in the structure can be written as™gBist,Te? gTel 4.

The electrical conductivity, thermopower, thermal lattice conductivity, and infrared absorption properties of this
material suggest that it is a narrow gap semiconductor. These results are discussed in the context of the band scheme.

Introduction K2BigQ13 (Q = S, SeP* ABizSs (A = K, Rb, Cs)> 7 RbBIQ,
(Q =S, Se} B-,y-CsBiS,* and CsBi;Se,.° Past exploratory
Interest in Group 15 chalcogenides is increasing because suclwork in bismuth telluride compounds has concentrated on
materials may possess enhanced thermoelectric properties.introducing a heavy metal into a binary Bi/Te system to give
Bi,Tes and its solid solutiors are currently the leading ternary phases such as in PpBa,'%12 PhBi,Tes,214
thermoelectric materials for room temperature cooling applica- PbBisTe7,*1~13 PyBi,Tero, 't TIBiTe,, ' TIBiTes, 6 TIBi Tes, '’
tions. This reflects the fact that this material exhibits the unusual TlsBiTes,'® SbBiTe,'® ShBiTe,? ShBi,Tes'® and SkBi,-
combination of simultaneously high electrical conductivity, high Teis'® With the exception of ABiTg (A = Li, Na, K, Rb,
thermoelectric power, and Iovy thermal conductivity. The orig.in (3) Kanatzidis, M. G.. McCarthy, T. J.- Tanzer, T. A Chen, L-H.:
of this phenomenon is not entirely understood. In most materials |organidis, L.; Hogan, T.; Kannewurf, C. R.; Uher, C.; Chen,@em.
high electrical conductivity is characterized by low thermoelec- Mater. 1996 8, 1465-1474. )
tric power and vice versa. Therefore, it is difficult to come up . (&) McCarthy, T. J.; Ngeyi, S.-P.; Liao, J.-H.; DeGroot, D. C.; Hogan,

. X Kannewurf, C. R.; Kanatzidis, M. GChem. Mater1993 5, 331—-340.
with a robust theoretical framework to search for new thermo- 5y McCarthy, T. J.; Tanzer, T. A.; Kanatzidis, M. G.Am. Chem. Soc.

electric materials. Nevertheless, new materials incorporating 1995 117, 1294-1301.

. . . (6) Schmitz, D.; Bronger, W. ZZ. Naturforsch.1974 29b, 438-439.
bismuth have not been extensively explored during the past three (7) Kanischcheva, A. S.: Mikhailov, J. N.: Lazarev, V. B.. Trippel, A.

decades, and thus we have embarked in a chemically based. Dokl. Akad. Nauk. SSSR (Krisil8Q 252, 96—99.
approach to prepare and study the properties of structural and_ (8) Voroshilov, Y. V.; Peresh, E. Y.; Golovei, M. Inorg. Mater.1972

\ Pref o 8, 777-778.
chemical derivatives of BQs (Q =S, Se, Te). The variation (9) Cordier, G.; ScHar, H.; Schwidetzky, CRev. Chim. Miner.1985

in properties of such materials could reveal interesting trends 22, 676-683. )
from which we could benefit in constructing better theoretical __(10) Zhukova, T. B.; Zaslavskii, A. Sav. Phys. Crystallogr1971, 16,

. N . 796-800.
frameworks for understanding and designing efficient thermo- (11) Chami, R.; Brun, G.; Tedenac, J.-Rev. Chim. Miner.1983 20,

electric materials. Recently, several new ternary alkali metal 305-313. )

Group 15 chalcogenides were Synthesized such aﬁdﬁb,?’ 46.5)12) Zhukova, T. B.; Zaslavskii, A. llnorg. Mater. 1976 12, 467—
(i3) (a) Golovanova, N. S.; Zlomanov, V. P.; Tananaeva, @ndrg.
Mater. 1983 19, 669-672. (b) Abrikosov, N. Kh.; Skudnova, E. V;
Poretskaya, L. V.; Osipova, T. Anorg. Mater.197Q 10, 1424-1427. (c)

Frumer, M.; Hof&, J.J. Phys. Status Solidi 4971, 6, k133-k137.
(14) Petrov, I. I.; Imamov, R. MSa. Phys. Crystallogr1969 14, 593—
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(15) (a) Hockings, E. F.; White, J. G\cta Crystallogr.1961, 14, 328.
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Csy* and the Zintl phase §BiTes],?? few phases have been  approximately 60% based on Bi. A small amount of Rk impurity
prepared with alkali or alkaline earth metals in the ternary was presentin this sample as well. A quantitative microprobe analysis
bismuth telluride system. One of the challenges in this with a SEM/EDS system was performed on several crystals from both

chemistry is the high stability of BTes in the temperature range ~ Methods and gave an average ratio 0 8, .Tes.
from 200 to 800°C. Recrystallization and Single Crystal Growth. A 0.35-g sample

. . . . .. of raw product isolated above was ground to fine powder and mixed
In this work we have examined the Ba/Bi/Te system in detail with 0.093 g (0.68 mmol) of Ba and 0.464 g (0.89 mmol) of BaTe

and re_port on t_he syntheS|_s,_ structure, mfrared_ absorption After the mixture was loaded into an alumina thimble (9.5 mm e.d.
properties, electrical conductivity, and thermoelectric power of g 5 mm i.d.x 75 mm) it was sealed inside a quartz tube (13 mm o.d.
BaBiTe;. We also report thermal conductivity measurements x 11 mm i.d.). The tube was slowly heated to 78D over 2 days
which show that this material has one of the loweasflattice and kept there for 3 days to complete the recrystallization process. It
thermal conductivity) values known for crystalline metal chal- was then slow cooled at the rate of@/h to 150°C. The relatively
cogenides. Extended ldkel and LMTO band structure cal- large crystals¥1 mm) were isolated in degassed water and the purity
culations were also carried out to probe the-Te interactions ~ Of the BaBiTe phase was checked by Differential Thermal Analysis
observed in this compound and to get a deeper insight of the (PTA) and X-ray powder diffraction (XRD). There was no sign of

electronic structure near the Fermi level and the electrical 2" Impurities including Biles. . o
properties of BaBiTe Physical Measurements. (a) Electron Microscopy.Quantitative

microprobe analyses of the compound were performed with a JEOL
E . tal Secti JSM-35C Scanning Electron Microscope (SEM) equipped with a Tracor
Xperimental section Northern Energy Dispersive Spectroscopy (EDS) detector. Data were
Reagents. Chemicals in this work were used as obtained: (i) acquired using an accelerating voltage of 20 kVdaa 1 min
bismuth powder, 99.999% purity, —100 mesh, Cerac, Milwaukee, ~ accumulation time.

WI, (i) tellurium powder, 99.95%,—200 mesh, Johnson Matthey/ (b) Differential Thermgl Analysis. Differential Ther_mal Analysis
AESAR Group, Seabrook, NH; and (iii) barium metal, granules, (DTA) was performed with a computer-controlled Shimadzu DTA-50
mm, 99% purity, Aldrich Chemical Co., Inc., Milwaukee, WI. thermal analyzer. The ground single crystal2(Q mg total mass) were

Synthesis. All manipulations were carried out under a dry nitrogen ~ S€aled in quartz ampules under vacuum. A quartz ampule containing
atmosphere in a Vacuum Atmospheres Dri-Lab glovebox. Crystals of alumina of equal mass was sealed and placed on the reference side of
BaBiTe; could be obtained with Ba/Bi/Teie, or Bi/BaTe flux the detector. The samples were heated to the desired temperature at
reactions. 10 °C/min, then isothermed for 3 min followed by cooling at 40/

BaTes. A mixture of 13.94 g (0.11 mol) of Te @b g (0.036 mol) min to 100°C and finally by_rapid cooling to room temperature. The
of Ba metal of granule type was added to a 250-mL, round-bottom reported QTA temperature is the p_eak temperature. The D_TA sample
flask. A 150-mL volume of liquid NHwas condensed into a round- ~ Was examined by powder X-ray diffraction after the experiment.
bottom flask at-78 °C (dry ice/acetone) under nitrogen to give adark  (€) Infrared Spectroscopy. Optical diffuse reflectance measure-
reddish brown solution. The solution was stirred overnight and the Ments were made on the finely ground sample at room temperature.
NH; was removed by evaporation under a flow of nitrogen as the bath The spectrum was recorded in the infrared region (68€ED cnr?)
slowly warmed to room temperature. The black solid was dried under With the use of a Nicolet MAGNA-IR 750 Spectrometer equipped with
vacuum overnight and ground to a fine powder. Great care was taken@ Collector Diffuse Reflectance of Spectra-Tech. Inc. The measurement
to avoid exposure of the product to air. of (_iiffuse reflectivity can be_used to obtain valut_as for the band gap

Better crystallized BaTecould be prepared by the stoichiometric ~Which agree rather well with the values obtained by absorption
reaction of elemental Ba and Te at 58023 measurements from single crystals of the same material. Absorption

BaBiTes. Method I. A mixture of 0.439 g (0.75 mmol) of Kles, (a/S) data were calculated from the reflectance data using the Kubelka

0.103 g (0.75 mmol) of Ba, 0.104 g (0.5 mmol) of Bi, and 0.096 g Munk function?* The band gap was determined as the intersection

(0.75 mmol) of Te was loaded into a carbon-coated 6-mL quartz tube, POINt between energy axis at the absorption offset and the line
The tube was evacuated to a residual pressuredd* Torr and extrapolated from the linear portion of the absorption edgedrSass
flamed-sealed. The mixture was heated to 76®ver 24 h and kept ~ E POt -
at that temperature for 4 days followed by a slow cooling@4h) to (d) Charge-Transport and Thermal Conductivity Measurements.
200°C. The product was isolated by removing the excess flux with DC €lectric conductivity and thermopower measurements were made
degassed dimethylformamide and water under a nitrogen atmosphere®n Single crystals and polycrystalline compactions of the compound.
Black rods of BaBiTe mixed with BiTe; were obtained in ap- Conductivity measurements were performed in the usual four-probe
proximately 50% yield based on Bi. This mixed phase product can be 9eometry with 60- and 2&m gold wires used for the current and
recrystallized in a KTe/BaTe flux at 720°C (3.5 days, cooling at 4  Voltage electrodes, respectively. Measurements of the pellet cross-
°C/h) to yield single crystals of p-type BaBiTe sectional area and voltage probe separation were made with a calibrated
Method Il. A mixture of 0.377 g (0.96 mmol) of GSe, 0.066 g binocular microscope. Conductivity data were obtained with the
(0.48 mmol) of Ba, 0.1 g (0.48 mmol) of Bi, and 0.489 g 1(3.83 mmol) computer-automated system described elsewligr@hermoelectric
of Te was loaded into a carbon-coated 6-mL quartz tube and heated at?©Wer measurements were made by using a slow ac teclifiguitn
600 °C for 4 days. After cooling to 200C at a rate of £C/h, the 60-um gold wires serving to support and conduct heat to the sample,
product which gave an 80% yield of large rods of BaBiBad 20% as well as to measure the voltage across the sample resulting from the
plates of BiTe; was isolated as above. EDS analysis showed no Cs applied temperature gradient. In both measurements, the gold electrodes
in the compound. This procedure yields n-type material. were held in place on the sample with a conductive gold paste.
Method IIl. A mixture of 1.120 g (2.2 mmol) of Baeand 0.150 Conductivity specimens were mounted on interchangeable sample
g (0.72 mmol) of Bi in a carbon-coated quartz tube was heated at 700 holders, and thermopower specimens were mounted on a fixed sample
°C for 5 days. After the mixture was cooled to 150 at a rate of 4 holder/differential heater. Mounted samples were placed under vacuum

°C/h, the product was isolated as above. The yield of Bapitas (1072 Torr) and heated to room temperature fer£h to cure the gold
contacts. For a variable-temperature run, data (conductivity or ther-

(19) Stasova, M. M.; Abrikosov, N. Khnorg. Mater. 197Q 6, 953— mopower) were acquired during both sample cooling and warming to
56.

(20) Smith, M. J.; Knight, R. J.; Spencer, C. \l.. Appl. Phys1962 (24) (a) Wendlandt, W. W.; Hecht, H. QReflectance Spectroscapy
33, 2186-2190. Interscience Publishers: New York, 1966. (b) KotuG. Reflectance

(21) Eisenmann, V. B.; Scfer, H. Z. Anorg. Allg. Chem1979 456, SpectroscopySpringer-Verlag: New York, 1969. (c) Tandon, S. P.; Gupta,
87-94. J. P.Phys. Status Solidi97Q 38, 363-367.

(22) Eisenmann, B.; Zagler, RZ. Kristallogr. 1991, 197, 257—258. (25) (a) Lyding, J. W.; Marcy, H. O.; Marks, T. J.; Kannewurf, C. R.

(23) Cordier, G.; Shwidetaky, C.; Stiea, H. Z. Naturforsch1984 39B, IEEE Trans. Instrum. Mead.988 37, 76—80. (b) Chaikin, P. I.; Kawk, J.

833—-834. F. Rev. Sci. Instrum1975 46, 218-220.
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check reversibility. The temperature drift rate during an experiment Table 1. Observed and CalculatetiSpacings (A) for BaBiTe
was kept below 1 K/min. Typically, three to four separate variable- Determined from the Lazy Pulverix Progréiand Observed
temperature runs were carried out for each sample to ensure reproduc/ntensities

ibility and stability. At a given temperature, reproducibility was within h k | Oealc Jobsd lobsd
+5%. 0 1 1 12.47 12.47 6.59
Thermal conductivity measurements were taken using a pulse g 0 2 9.15 9.15 1.46
technique in a computer-controlled system. The technique described 0 2 0 8.52 8.53 6.73
by Maldonado was modified to incorporate a four probe measurement 0 1 2 8.06 8.07 1.46
configuratior?® In this measurement, both thermal conductivity and 0 2 1 7.73 7.74 2.05
thermoelectric power are simultaneously measured. For comparison, O 2 2 6.24 6.23 3.51
thermoelectric power measurements were also taken in a separate 0 3 1 5.43 5.42 3.37
measurement system using .the slow-ac technique mentionepl above and 8 ;23 g igg igg ggg
showed good agreement with results from the pulse technigue. 0 1 4 4.419 4.415 512
(e) Crystallography. The compound was examined by X-ray 1 1 1 4.322 4.320 3.81
powder diffraction for the purpose of phase purity and identification 0 3 3 4.157 4.156 10.10
(see Table 1). Accurate unit cell parameters were determined by a 1 2 1 3.958 3.964 6.73
least-squares refinement from data collected on a CPS 120 INEL X-ray 0 4 2 3.862 3.861 10.40
powder diffractometer using monochromatized radiation Cu,K¢L 1 1 3 3.594 3.598 23.57
= 1.54059 A) and equipped with a position-sensitive detector calibrated 0 5 1 3.351 3.357 28.55
. ' : . 1 0 4 3.247 3.249 11.27

with NaCaAl.F14 as standaré® The refinement of the diagram in 1 1 4 3.189 3.192 100
the 16-114° 26 range yleldfa = 46077(2) A,b = 170437(8) A, and 1 3 3 3.087 3088 13.47
c =18.2997(8) A. 1 2 4 3.034 3.036 45.68
A single crystal of BaBiTgwith dimensions 0.03« 0.06 x 0.52 0 5 3 2.976 2.975 4.69
mm was mounted on the tip of a glass fiber. The crystallographic data 1 1 5 2.826 2.828 3.66
were collected at room temperature on a Siemens P4 diffractometer 0 4 5 2.776 2.776 4.54
(Euler geometry, Ag K-k radiation, and graphite monochromator). i g g % gég ggég 12 gg
Ag K-Lym radie_ltion was used to minimize the absprption correction 1 5 6 2437 2:437 351
problem. The |nFenS|t|es of _three standard _reflectlons were _checked 1 4 5 2378 2379 586
every 100 reflections to monitor crystal and instrument stability. No 1 6 2 2.338 2.339 5.27
significant decay was observed during the data collection period. The 2 0 0 2.304 2.309 11.71
data were collected with the omega scan technique. The unit cell 0 5 6 2.273 2.271 3.51
parameters were determined from a least-squares refinement using the 1 6 3 2.248 2.252 19.77
setting angles of 28 carefully centered reflections in the 29 < 25° 0 2 8 2.209 2.210 3.66
range. The structure was solved by direct methods using the SHELXS- 1 4 6 2.184 2.184 15.67
86%° software program. After Gaussian-type absorption corrections and (1J ? g % égé %éé? g g?
averaging of equivalent reflections, refinements with full-matrix least- 0 8 5 5075 2.076 507
squares techniques and Fourier synthesis calculations were carried out 0 1 9 2019 2:020 4.98
with the SDS prograr®. All atoms werehrefined anisotropically. Tgble 0 2 9 1.978 1.977 5.12
2 shows the crystal data and the details of the structure analysis. The 2 0 5 1.950 1.951 2.05
fractional coordinates and the equivalent atomic displacement param- 1 3 8 1.927 1.924 3.51
eters Beg) Of all the atoms with their estimated standard deviations are 0 7 6 1.903 1.902 6.88
given in Table 3. Selected bond lengths and angles in the compound 2 5 2 1.869 1.872 6.15
are summarized in Tables 4 and 5. 1 7 5 1.856 1.856 2.93
(f) Electronic Structure Calculations. The charge balance and the é ? ? i %’g i?gi g gg
nature of the internal redox competition between,TBig rods and 0 9 4 1.750 1.750 3.22
would-be [Te] “chains” were probed with tight-binding band structure 1 9 2 1.720 1.723 1.90
calculationd! using an extended Hkel-type Hamiltoniar¥? A modi- 2 2 7 1.694 1.693 11.57
fied Wolfsberg-Helmholz formula was used to calculate the non- 1 2 10 1.668 1.668 2.49
0 6 9 1.653 1.653 2.34
(26) Maldonado, OCryogenics1992 32, 908-912. 1 9 4 1.636 1.635 3.51
(27) Yvon, R.; Jeitschko, W.; ParthE. J. Appl. Crystallogr.1977, 10, 0 9 6 1.609 1.610 3.66
73-74. 2 2 8 1.595 1.596 6.59
(28) (a) Deniard, P.; Evain, M.; Barbet, J. M.; Brec,Nfater. Sci. Forum 1 10 2 1.575 1.573 12.59

1991 79-82, 363-370. (b) Evain, M.; Deniard, P.; Jouanneaux, A.; Brec,
R. J. Appl. Crystallogr.1993 26, 563-569. ) _

(29) Sheldrick, G. MCrystallographic Computing;3Sheldrick, G. M., diagonalH; values®® The ionization potentials (eV) and exponents
Kruger, C., Doddard, R., Eds.; Oxford University Press: Oxford, England, |,5ed were the following:—15.19 and 2.56 for Bi 6s:7.79 and 2.072

1985; pp 175-189. ; 34 _
(30) (a) Petricek, VSDS 94 Institute of Physics: Praha, Czech Republic, for Bi 6p>* —20.78 and 2.51 for Te 5s, and13.20 and 2.16 for Te

1994. (b) There is no particular problem when the very high angle data are 5P* Although the results of these calculations depend on the initial
included except that the residues are somewhat high:8 and 7.2 e/A Hi parameters, we found that variations of these parameters did not
the former being found at = 0.234,y = 0.876, andz = 0.071, the latter qualitatively affect the interpretation of the final results. Calculations
atx = 0.265,y = 0.089, andz = 0.531. The intensities of these residues  on a [Bi;Tey)] & sheet were performed with a 100 k-point grid in the
decrease substantially t6.47 and-5.82 e/ after exclusion of the high ey ciple first Brillouin zone. A k-point mesh of 60 was used for

angle data and the reliability factors drop frét= 4.98% andRy = 5.87% . e .
to R= 4.55% ancRy = 5.61%. These results were found more satisfactory 1€ [BiuT€wn rods and [Tg, “chains’. The calculations were

because they leave the atomic positional parameters unchanged whilePerformed without taking into account Ba atomic orbitals. In effect,
maintaining a fair number of data/number of variable ratio. Most likely, Ba is much more electropositive than Bi and fga(= 0.89, ysi =

the high residues stem from absorption problems (Ba, Bi, and Te are heavily 2.02, 1. = 2.10 according to the Pauling electronegativity scale), and
absorbing elements). Low-temperature data collection would not help much

in this case. (33) Ammeter, J. H.; Bigi, H.-B.; Thibeault, J.; Hoffmann, Rl. Am.
(31) Whangbo, M.-H.; Hoffman, Rl. Am. Chem. So&978 100, 6093 Chem. Soc1978 100, 3686-3692.
6098. (34) Lohr, L. L.; Pykko, PChem. Phys. Lettl979 62, 333—-338.

(32) Hoffmann, RJ. Chem. Physl963 39, 1397-1412. (35) Canadell, E.; Whangbo, M.-khorg. Chem199Q 29, 1398-1401.
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Table 2. Summary of Crystallographic Data for BaBile

empirical formula
formula wt

crystal habit

crystal size

space group

aa

b2

ca

volume

formula units per cell
calcd density
temperature
radiation,/l(Ag K-L||v|||)
linear absorptiony(Ag Ko
scan mode

26 range for data collection

hkl range

absorption correction

BaBiTe
729.110¢g
black rod
0.03< 0.06 x 0.52 mn?
P212121 (nO. 19)
4.6077(2) [4.626(1)] A
17.0437(8) [17.070(2)] A
18.2997(8) [18.320(4)] A
1437.1(2) A
=8
6.74 g/cnd
298 K
0.56087 A
111.18 cni?
w
2-64.0
-1<h=<7,-1<k=27,
—29=<1<29
Gaussian method

Chung et al.

Table 4. Selected Distances (A) in BaBiTaith Standard
Deviations in Parentheses

Bi(1)—Te(1) 3.355(1) Bi(2) Te(1) 2.960(2)
Bi(1)—Te(2) 2.933(1) Bi(2)} Te(1) 3.123(2)
Bi(1)—Te(3) 2.985(2) Bi(2) Te(3) 3.235(2)
Bi(1)—Te(3) 3.280(2) Bi(2} Te(3) 3.440(2)
Bi(1)—Te(5) 3.087(2) Bi(2) Te(3) 3.504(1)
Bi(1)—Te(5) 3.514(2) Bi(2)} Te(4) 2.931(1)
Te(5)-Te(6) 3.098(2) Te(6YTe(6) 3.170(2)
Te(5)-Te(6) 3.672(2)

Ba(1)-Te(1) 3.564(1) Ba(2)Te(1) 3.775(2)
Ba(1)-Te(2) 3.419(2) Ba(2) Te(2) 3.453(2)
Ba(1)-Te(2) 3.459(2) Ba(2)Te(2) 3.478(2)
Ba(1)-Te(4) 3.417(2) Ba(2) Te(3) 3.883(2)
Ba(1)-Te(4) 3.476(2) Ba(2)Te(4) 3.404(2)
Ba(1)-Te(5) 3.630(2) Ba(2) Te(4) 3.485(2)
Ba(1)-Te(6) 3.531(2) Ba(2)Te(5) 3.606(2)
Ba(1)-Te(6) 3.592(2) Ba(2) Te(5) 3.820(2)
Ba(1)-Te(6) 3.717(2) Ba(2)Te(6) 3.887(2)

total recorded reflcns 8979 2 Calculated using the cell parameters refined from the powder X-ray
independent reflcns with> 3o(1) 4543 diffraction diagram.
independent reflcns with> 30(l) and 3373
sin (0/A) < 0.7 Table 5. Selected Angles (deg) in BaBiJ&ith Standard
][]0- |0f f/‘ﬂflf;ed parameters 92/ . Deviations in Parentheses
g;[;zdfeig of fit 4'15?225'61 & Te(1)-Bi(1)~Te(2) 174.19(5) Te(H)Bi(2)-Te(l) 98.46(4)
diff Fourier max and min peak intensity 5.475.82 e/A3 Te(1)-Bi(1)—Te(3)  91.14(4) Te(1yBi(2)—Te(3) 171.04(4)
T Te(1)-Bi(1)-Te(3) 87.20(4) Te(BHBi(2)—-Te(3) 176.93(4)
aValues in brackets are determined from the single crystal measure- Te(1)-Bi(1)—Te(5) 82.81(4) Te(HBi(2)—Te(3) 90.27(4)
ments.P See ref 300° R = Y (|Fo| — |Fe[)/3|Fol. Ry = (SW(|Fo| — Te(1)-Bi(1)-Te(5) 80.07(4) Te(BHBi(2)-Te(3) 89.71(4)
IFeDZ Y wiFo)Y2 Te(2)-Bi(1)-Te(3) 94.67(4) Te(H)Bi(2)-Te(3) 83.96(4)
, , _ ) _ Te(2-Bi(1)—Te(3) 92.60(4) Te(H)Bi(2)-Te(3) 86.16(3)
Table 3. Fractional Atomic Coordinates and Equivalent Atomic Te(2)-Bi(1)—Te(5) 96.48(4) Te(L)Bi(2)-Te(4) 92.12(4)
Displacement ParameteB¢) Values for BaBiTe with Estimated Te(2)-Bi(1)-Te(5) 94.15(4) Te(H)Bi(2)—Te(d) 94.87(4)
Standard Deviations in Parentheses Te(3)-Bi(1)—Te(3) 94.58(4) Te(3)Bi(2)—Te(3) 87.25(4)
atom N y 2 B2A2 Te(3)-Bi(1)—Te(5) 170.55(4) Te(3)Bi(2)-Te(3) 91.92(3)
: 2 Te(3)-Bi(1)—Te(5) 94.08(4) Te(3)Bi(2)—-Te(3) 88.56(3)
Bi(1) 0.2731(2)  0.21721(4)  0.29794(3)  1.64(2)  Te(3)-Bi(1)-Te(5) 81.62(4) Te(3)Bi(2)—Te(d) 175.30(5)
Bi(2) —0.2382(2)  0.36949(4)  0.46806(4)  1.58(2) Te(3)-Bi(1)—Te(6) 166.89(4) Te(3)Bi(2)-Te(d) 89.12(4)
Ba(1) 0.2334(3)  0.60527(6)  0.40411(5)  1.24(2)  Te(5)-Bi(1)-Te(5) 88.30(4) Te(3}Bi(2)—-Te(4) 86.91(4)
Ba(2) 0.2439(3) ~ 0.46063(6)  0.16501(6)  1.50(2)  Bj(1)-Te(1)-Bi(2) 95.67(4) Bi(l}-Te(3)-Bi(2) 93.40(5)
Te(1) 0.2384(4) ~ 0.40075(6)  0.36362(6)  1.40(2)  Bj(1)-Te(1)-Bi(2) 91.34(4) Bi(1>Te(3-Bi(2) 90.84(4)
Te(2) 0.2601(4)  0.06173(6)  0.22940(6)  1.28(2)  Bj(2)-Te(1)-Bi(2) 98.46(4) Bi(1}>Te(3)-Bi(2) 178.68(5)
Te(3) 0.7296(3)  0.17490(7)  0.40677(6)  154(2)  Bj(1)-Te(5)-Te(6) 92.43(5) Bi(1}Te(3)-Bi(2) 171.93(5)
Te(4)  —0.2570(3)  0.53002(6)  0.52536(6)  1.27(2) Bi(1)-Te(5)-Te(6) 146.49(5) Bi(2}Te(3)-Bi(2) 91.31(3)
Te(5) 0.2066(3) ~ 0.20792(7) ~ 0.81008(6)  1.53(2)  Te(5)-Te(6)-Te(6) 95.96(6) BI(2)Te(3)-Bi(2) 87.99(3)
Te(6) 0.2982(3)  0.26416(7) ~ 0.05800(7)  1.95(2)  Te(5)-Te(6)-Te(6) 170.70(7) BI(2)Te(3)-Bi(2)  87.25(3)
Te(6)-Te(6)-Te(6) 93.25(5)

a Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter definedBas= (87%3)[a’B11 +
b?B,, + €?Bgs + ab(cosy)Biz + ag(cosB)Bis + bc(cosa)Byg. The
anisotropic temperature factor expression is ex?(Bia*?h? + ...

+ 2Bja*b*hk + ...)].

a Calculated using the cell parameters refined from the powder X-ray
diffraction diagram.

examined as an effective reaction medium in this research. The
it can reasonably be assumed that it provides f#er atom to the Bi/ BaTe; flux improved slightly the yield and size of the crystals,
Te framework. Ba acts thus essentially as an electron donor and compared to the Kre, flux, but a very slow and stepwise
BaBiTe; can be considered as a Zintl phase. heating process was necessary due to a violent exothermic
reaction starting at 300C. BaBiTe was also prepared at high
yield by using a Ca e, flux. From these synthetic experiments,

Synthesis and Thermal Analysis. The known BaSbh@(Q we found that Ba, r_ather than akali me_tal, incorporates_ the Bi/
— Se, Te) and BaBiSavere synthesized by direct combination 1€ Systém even in high concentration of the akali metal
of a mixture of elements or alkaline earth metal acetate with POlytelluride flux. A byproduct was identified to be Bies by
Group 15 metal and elemental chalcoderin contrast, KTes, ?(-ray powder diffraction analysis. Pure' BaBgrwas obtained
BaTe, and CsTe, were adopted in this work as the reaction ina Ba/BaTe flux at_750°(_: by _recrystalllz_lng_the raw product
media. The flux reaction is particularly useful in growing single |sola_ted. The reaction using dl_rect complnatlon of the elements
crystals and stabilizing structural fragments which are not stable &t Slightly below 800°C gave silvery white agglomerates of a
at high temperatur®, During our studies with alkali metal ~ microcrystalline mixture of BaBiTgand BpTes.
polytelluride fluxes, we noticed that potassium metal was rarely ~ Differential Thermal Analysis (DTA) experiments performed
incorporated in most reactions with the Bi/Te system in ©On BaBiT& showed that the compound undergoes slow de-

temperatures between 400 and 8@ Thus, KTe, was first composition when brought to melting at 643°€. X-ray
powder diffraction analysis of the residue material showed

peritectic decomposition to Bie; and an unknown product,

Results and Discussion

(36) Volk, K.; Cordier, G.; Cook, R.; Scffer, H. Z. Naturforsch198Q

35B 136-140. . . .
(37) Sutorik, A. C.; Kanatzidis, M. GProg. Inorg. Chem1996 43, presumably a ba”.um polytelluride melting at .4556‘
151-265. Structure Description. The structure of BaBiTgis layered
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Figure 1. The layered BaBiTgstructure viewed down tha-axis.

(Figure 1) with [BiTg] slabs sandwiching Ba cations in pseudo-
trigonal prismatic sites. The Bacations occupy sites between

J. Am. Chem. Soc., Vol. 119, No. 10, 199509

composed of columnar [BTeigl. Segments alternating with
parallel “zigzag” Tg@"~ “chains” with Te- - -Te contacts (i.e.
Te(5)-Te(6) at 3.098(2) A, see Figure 3a). In the second, the
slabs can be thought of as composed of interdigitating columnar
[BisTew(Tey)]w “herring-bone” shaped segments, according to
Figure 3b. Within the would-be zigzag Fe “chains” the
Te(6)-Te(6) distance is constant at 3.170(2) A. The Te(6)
Te(6)—Te(6) angle within the “chain” is 93.25(3)similar to
that of elemental tellurium but much smaller than the-Te—
Te angles observed in various ()% fragments (around 1084
The Te(5>Te(6)-Te(6) angle is nearly linear at 170.70(7)
There is a second type of Te(5Je(6) distance between Te
atoms in the would-be “zigzag” chain and Te atoms bound to
an adjacent [BiTe;q] segment at 3.672(2) A. The latter is
comparable to 3.623(4) and 3.728(4) A of TEe distances
found between the neighboring sfe anions in the simple Zintl
phase BaT#? in which they are not considered bonding. On
the other hand, such short contacts were found to be bonding
in Cdl,-type polymeric TiTe and IrTe with a charge transfer
from the Té~ sp band to cation d-levefd. The bonding
situation between the Te atoms in BaBiTie reminiscent of
the zig-zag Te chain of NaB@uwsTe 442

While the Te(6)-Te(6) and Te(5) Te(6) distances are longer
than the normal covalent single ¥&e bond length (2.69

layers and are surrounded by nine Te atoms which form a 2:80 A)*® nonetheless, they lie well below the Van der Waals
distorted tri-capped trigonal prism. Interestingly, in the coor- region of 4.6-4.2 A suggesting possible significant bonding
dination polyhedra of both cations one of the capping Te atoms character to them. Because the Te(bg(6) distance is 0.072

actually caps an edge, while the other two Te atoms cap squar

faces. There are short distances betweett Bad the singly-
bonded terminal Te(2) and Te(4) atoms in the,R4 ). rods

A shorter than the Te(6)Te(6) distance one is inclined to prefer

the interdigitated “herring-bone” description of the structure;
however, the Te(6) Te(6) distances are too short to be ignored

at~3.45 A, probably due to the stronger Coulombic attraction from the bonding picture. In order to get a deeper insight into

of the terminal atoms to Ba. The remaining BaTe distances

the nature of Te Te bonding in this region of the structure we

range from 3.531(2) to 3.887(2) A. The Coulombic interactions Carried out electronic band structure calculations.

between B&" and the nine Te atoms in its coordination

Description of the Electronic Structure. From a structural

polyhedron seem to be important in stabilizing this structure Point of view, the [BiTe]o"~ layers can be divided, as

type. We point out that BaBikg BaBiSe, and BaShTgare
all isostructuraf®-38while the strontium compoun#&®°are not,
probably because a smaller cation such & 8annot accom-

suggested above, into [Hie;o] rods and [Te] “chains” linked
together via Te(5) Te(6) interactions. However, the structural
data do not allow us to infer a clear view of these interactions.

modate nine Te atoms in its immediate coordination environ- Nevertheless, this model can give a starting point for the
ment. The size of the alkaline earth metal appears to play an description of the electronic structure of the material and a path
important role in determining the structure type of ternary Group to clarify the redox competition between these two building
15 chalcogenide compounds. blocks. If there is substantial ¥&'e bonding within the [Tg

The coordination sphere of Bi is best described as distorted ‘€hains” then the parameters that will mostly influence the
octahedral. Each slab contains parallel, rod-shaped columnarlectronic structure and the charge balance will probably be the
[BisTexd. segments with a NaCl substructure which are made Nature of the Te(5)Te(6) interactions at the border between
of edge-sharing BiTgoctahedra. Figure 2 shows different (he [BisTew] and [Te] building entities.
views of one of these segments. The averageTRi bond General Qualitative Electronic Structure Approach. The
length is 3.196 A and the average-TRi—Te angles (two types) ~ Main aspects of the band_ structure (for aT@y, cell content),_
are 89.88and 172.48 Although the compound is isomorphous ~ Which can be understood in a very simple way, are the following.
to BaSbTeg there are notable differences in the degree of A 13 oxidation state has to be assigned to bismuth. Hence its
structural distortion around the metal atoms from the ideal €lectronic configuration should be?6g° with the two remaining
octahedral motif, with the Sb octahedra being significantly more €l€ctrons acting as a lone pair (which of course becomes
distorted than those of Bi. This distortion is due to the tendency SOmeéwhat delocalized through interactions with the nearest
of the € lone electron pair to stereochemically express itself N€ighbors). I\:Ioreover, the Bi p orbitals are engaged in highly
and is consistent with its greater tendency to do so in Sb than destabilizingo*si—re bonds (right upper part of Figure 4). On

in Bi. (40) (a) Bitcher, P.Angew. Chem., Int. Ed. Engl988 27, 759-764.
The most notable feature of this structure type is the short (b) Jobic, S.; Brec, R.; Rouxel, J. Alloys Compds1992 178, 253-283.

Te—Te contacts. The BaBiTeontains polytelluride fragments, (41) (a) Canadell, E.; Jobic, S.; Brec, R.; Rouxel, J.; Whangbo, M.-H.

.o S J. Solid State Chem.992 89, 189-199. (b) Jobic, S.; Deniard, P.; Rouxel,
as can be deduced by assigningtaghd a 3- formal oxidation J.; Jouanneaux, A.; Fitch, A. Ii. Anorg. Allg. Chem1991 598/599 199

state to Ba and to Bi, respectively. The average formal oxidation 215. _ _
state of Te then is-1.667, raising the expectation for ¥&e (iz) Zhang, X Schindier, . & Hogan, 1., Albiitten-Thomas, J.
bonding. This leads to two possible descriptions of the Kannewurf, C.R. Kanatzidis, M. Gingew. Chem., Int. Ed. Endla95

: , 34, 68-71.
compound. In the first, the Bi/Te slabs can be thought of as  (43) (a) Pauling, L.Nature of The Chemical Bon@rd rd.; Cornell
University Press: Ithaca, NY, 1967; p 246. (b) Burns, R. C.; Gillespie, W.
C.; Slim, D. R.Inorg. Chem.1979 18, 3086-3094.

(44) Chauvin, RJ. Phys. Chem1992 96, 9194-9197.

(38) Cook, R.; Sctfer, H. Studies Inorg. Chen1983 3, 757-760.
(39) Cook, R.; Sctfer, H. Rev. Chim. Miner.1982 19, 19-27.
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Teo side groups

interdigitating Tex side groups

Figure 3. The extended framework of a layer viewed down lhaxis showing the two alternative extremes in bonding description regarding the
polytelluride part of the structure: (A) [Bieid. Segments alternating with parallel “zigzag” Te“chains”, (B) interdigitating columnar [BTei(Te)]«
“herring-bone” shaped segments. The barium atoms are omitted for clarity.
the other hand, Te(1), Te(2), Te(3), and Te(4) give rise to a 32 Te(6) orbitals (one s and three p) are engaged as follows: two
orb!tal block based ong;-te ponds and formal “non-interacting”. o Te(6)-Te(6) bonds (onevree)-Tes) bONding block, one
orbitals (left I0\_/ver part of Figure 4)._ In view of_the great atomic  g* 1), 1) antibonding one), onerre(s)-tes) bond (the two
energy level difference between Bi and Te, this 32-orbital block yemaining orbitals of the # orbital block), and the last i
is expected to be much more stabilized as compared to theg4 s+ honds between Te(5) and Te(6). Owing to the long
former two (see Experimental Section above, paragraph ON o Te distances (Te(6)Te(6)= 3.170(2) A, and Te(5)Te(6)
electronic structure calculations). _ ' .

- . = 3.098(2) A) as compared to a normal-Tge single bond

Now, let us consider the orbitals based on the Te(5) and Te(6) . .
(e.g., 2.835(2) A in elemental Te), ther 4rbitals (based onyp

atoms. In a simple model, one Te(5) based orbital is involved . - .
in & 0i(1)_Te(s)pON (D5i(1)_Te(s) blOCK), two others are engaged atomic orbitals) are expected to be located in a narrow energy

in one o bond, and one is involved in ares)-Te( bond range and completely filled. In addition, because the Te(5)
(207e(s)-Te() @Nd 2* 1e(s)-Te(s) blocks, and 2 orbitals of thes# Te(6) distances are shorter than the Te(B¢(6) distances, the
orbital block), the last orbital acting as a formal “lone pair” (2 0*Te(sy-Te(s) bOnds are expected to be much more destabilized
lone pair Te(5) orbital block) (see Figure 4). Also, the four than theo*re@)-Te) bond. Assuming the occurrence of*Bi
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Figure 4. Schematic one-electron energy diagram of aTBiz].>" S 7.0 . Te(5)
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band filling per [BikTe1®~ fragment. é" 8.0 Bi2) - |
5l
-9.01 — 4
Te(6,
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i Figure 6. Band dispersion and atomic contribution to the total density
ol ™~ of states alond™—X for the following: (a) an isolated [BTeq] rod,
E B (b) an isolated [Tg “chain”, and (c) combined [BiTeo] rods and [Tg]
“chains” with Te(5»-Te(6) distances of 4.810 A. The dashed line
represents the Fermi level calculated for the observedl i 5"
(Te(5)-Te(6), 3.098 A).
10 . ] the two highest based on Te(5) and Te(6) orbitals with a slight
e contribution of the Bi s orbitals. The Fermi level crosses slightly
r X M rz M

two partially filled bands along th&—X axis suggesting a
Figure 5. Calculated electronic band dispersion of aJ&i],*~ layer. metallic behavior. However, we have to keep in mind that such
The Fermi level is represented by the dashed llnes (0,0,0), X= calculations do not yield accurate band positions and in
(20,0), 2= (0,0.72), M = (/2.0.2). borderline cases, like the one dealt with here, it is difficult to
the four filled lone pairs of Bi have to lie between the two ascertain the electrical properties of the phase, e.g. metallic or
antibonding blocks. semiconductor.

Hence we end up with the final band scheme of Figure 4 for  In order to follow the orbital interactions in going from
a [BisTe] & layer. The dotted line represents the expected isolated [BiTeyd rods and [Te] “chains” to the real [BiTe;] 8"
Fermi level for a 100e band filling per [BiTe; 78~ fragment. layers, Figures 6 and 7 represent the band dispersion along the
A semiconductor behavior is expected if th€res)-tes) and commonI'—X direction for different Te(5)Te(6) distances.
the Bi lone pair blocks are separated by a gap, but with a strong The horizontal dotted lines in the figure represent the calculated
degree of mixing of the orbitals of the Bi block and those of Fermi level for the [BiTe;J],®" structure, and it is used here
the Te(5)-Te(6) block, this gap may disappear leading to a for comparison purposes only with respect to other energy levels
metallic behavior. This issue is addressed experimentally below.in the diagrams.
Notice that in any case the last occupied levels should be The band dispersion calculated for a hypotheticakTBj|
essentially based on Bi-s orbitals and the first unoccupied levelsrod is represented on Figure 6a. The four bands located in the

on Te(5)>Te(6) based orbitals. —10 to—7 eV window are based on Bi s atomic orbitals (the
Extended Huckel Calculations. The band dispersion along Te-based s, p band is found belowl2.6 eV and is not
the high symmetry axis is represented on Figure 5. In-thé represented on the picture). Therefore, the Bi-based and Te-

to —6 eV range, six bands are observed, the four lowest basedbased contributions are well separated. Figure 6b shows the
on the so-called Bi lone pairs hybridized with tellurium orbitals, band dispersion for a hypothetical isolatgfire,] “chain”. All
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(a) Table 6. Mulliken Gross Population and Net Atomic Charge in
[BisTei®™ Rod and [BiTei].f Layer
5o gross population net atomic charge
’ [BisTewn™™ [BisTe® [BisTewn™ [BisTei] 8"~
S a0l Te©6) | rod layer rod layer A
IO N Bi(1) 3.27 3.05 +1.73 +1.95  0.22
& Tes) | Bi(2) 3.25 3.17 +1.75 +1.83  0.08
g -80] Te(1) 7.32 7.26 -1.32 -1.26  0.06
H Te(2) 7.64 7.60 —-1.64 —1.60 0.04
9.01 H 7 Te(3) 7.22 7.11 —-1.22 -1.11 0.11
9\ Te(d)  7.63 7.61 ~162 —161 001
100 , Te(5) 7.67 7.16 —1.67 -1.16 0.51
r X DOS DOS Te(6) 7.04 —1.04
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Figure 7. Band dispersion and atomic contribution to the total density Lo

of states alond’—X for the following: (a) same as Figure 6¢ but with ! !

Te(5)-Te(6) distances of 3.697 A, (b) same as Figure 6¢ but with o%[BithC]Z] sheet
Te(5)Te(6) distances of 3.279 A, (c) same as Figure 6¢c but with
Te(5)-Te(6) distances of 3.098 A. The dashed line represents the Fermi

. 1 [BigTe10] chain
level calculated for the observed [Bie;J.8"~ (Te(5)-Te(6), 3.098 A). ®

;[Tez] chain
the bands (eight) lie between9 and—22.4 eV (only the two Figure 8 Schematic b:_;md diagram illustrating the ir_1f|uence of a
upper ones are represented). Therefore, as th@¢gj, and decreasing Te(5)Te(6) distance on the Te(5)e(6) o orbital energy
[Te] entities approach each other side by side one would expect/€V€!s:
electron transfer from the Bi s-based band to the Te(6) s, p-basedetween the Te(5) and the Te(6) atoms, because they are too
band. far away from the interface between the [B&yg], rods and

As we decrease the Te(5Je(6) distance, we observe a shift the [Teg] “chains”. Figure 8 sums up the interactions which
to higher energy via some hybridization between the Te(5)- and take place when the fragments get closer. The higher contribu-
Bi-based bands and the Te(6)-based bands (Figure 6c to Figurdion of Te(6) to theo* re(s)-Te(s) DlOCk originates from the fact
7c). The evolution of the atomic contributions of Bi(1), Bi(2), that Te(5) is more stabilized in energy in view of its direct
Te(5), and Te(6) to the total density of states alongltheX interaction with the Bi cation (polarization effect) and by
axis, as the bands disperse with decreasing distance betweeronsequence contributes more to the bondifigs)-re) bonds
the [BisTeig]n rods and [Tg “chains”, is illustrated in Figure 6 than to theo*tes)-Te) ONES. The proposed charge balance,
and 7. As the one-dimensinonal infinite fragments get closer, not taking into account the slight hybridization of Bi(1) with
the energy of the two bands based on Te(6) atoms increases tae(5) and Te(6), is BA4Bist,Te2gTel 4. We note that the
levels higher than those made of Bi lone pairs. Moreover, a integrated calculated overlap population/f®nd) at the Fermi
Mulliken population analysis performed on a hypothetical level for the Te(5FTe(6) (3.098(2) A) and Te(6)Te(6)
infinite [BisTew] 8" rod and a [BiTe,] 8" layer confirms this (3.170(2) A) bonds are 0.051 ane.032, respectively. The
trend (Table 6). Going from the rod (with formally Feanions) Te(5)-Te(6) interactions are bonding in character, while the
to the layer, we notice a considerable decrease of the electronicTe(6)-Te(6) contacts are antibonding. The Te{3e(6) bond
population on Te(5) with a concomitant increase of the qualitatively resembles the bond found in isolatecfTepairs,
population on Bi(1). The other atomic sites (Bi(2), Te(1), Te(2), but differs quantitatively since the Te(6) atoms are perturbed
Te(3), and Te(4)) seem insensitive to the decreasing distanceby the contact of neighboring [Bie;7] blocks. On the other
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one cannot unequivocally conclude that BaRiibea metal since
hand, the overall negative overlap population between Fe(6) the magnitude of the Seebeck coefficients is too large for a

Te(6) rules out the occurrence of a fJig“chain”, and the Bi- typical metal. The over.all behavior is s!milgr to the parent
Te layers in this compound should be thought of as formed by Pinary phase Bires, albeit the ternary derivative has a lower

the zipper-like interaction of interdigitating [Bie.s]&" blocks electrical gonduct|V|ty. _Therefore, at thls_ stage neither the
(see Figure 3). It can thus be said that there is ng|[Thain” extended Haokel electronic structure calculations nor the charge

in BaBiTes. The particular Te-Te short contact is to be seen transport measurements are sufficient to distinguish between a
as the result of a particular sphere packing required by the fuly metallic behavior from a semimetallic or narrow gap
structure to accommodate successivaTBiz],2" ribbons. This semiconductor behavior. Further work is needed to unequivo-
explains (see below) why the Te(6Je(6)-Te(6) angle is so  cally address this issue, see below. _
different from the expected angles for a chain. Model for the Transport Properties and Existence of

Charge Transport Properties. The nature of the electronic ~ ENergy Gap at Er. As previously mentioned, the extended
band structure suggests strongly that the material will have Hickel calculations suggest the occurrence of a metallic
interesting charge transport properties. The electrical propertiesPehavior with a poor conductivity in relation with a low density
of BaBiTe; were measured from single crystal samples. The of states at the Fermi level. This agrees qualitatively with the
conductivity at room temperature was found between 20 and observed electrical conductivity of the material; however, the
50 S/cm with a weak negative temperature coefficient consistentMagnitude of conductivity is too low for a normal metal and
with a metal-ike or semimetallic material, see Figure 9. closer to that of a semi-metal of a narrow-gap semiconductor,
Qualitatively, the temperature dependence is similar to that of Similar in nature to the semiconductor,Bes. However, a
Bi;Tes1o45 The nature of the carriers was probed with metal-like model does not explain (1) the magnitude of the
thermoelectric power measurements as a function of tempera-thermoelectric power with the temperature and (2) the different
ture. We find it interesting that we can obtain both n-type and Nature of the charge carrier according to the crystal preparation
p-type samples of this material based on the preparation methodroute. For these reasons, self-consisaminitio band ;tructure
The n-type material forms from Te-rich cesium polytelluride Calculations within the TB-LMTO-ASA methd&*’ were
flux, and the p-type forms from potassium polytelluride flux. undertaken to predict with more accuracy the electronic behavior
In CsTe, flux Te substitution of Bi atoms could account for ~©f the compound. Al the atoms were taken into account.
the n-type nature of the material. Given the similar size of K~ In contrast to the extended"lekel calculations, which are
and B&", one may speculate that in-Re flux some substitution not suitable for the estimation of band gaps, the more rigorous
of Ba&2* by KT atoms renders the compound p-type by creating TB-LMTO-ASA calculations® suggest an opening of a small
holes in the valence band. In both cases the room temperaturdndirect gap (0.3 eV) between the so-called bismuth lone pair
Seebeck coefficient is quite large,—200 and~+200 uV/K, block and theo™ re(s)-Te(e) block leading to a semiconductor-
respectively, see Figure 10. These values decrease and ten8/Pe behavior. Notice that this calculation method is known to
toward zero at lower temperatures. The p-type samples exhibitunderestimate the band gap. Th|s model is more consistent with
a kink of unknown origin at~215 K and an unusual sign  the measured transport properties.. In the 300 Ktemperature
reversal below 185 K. The sign reversal to negative values is fange, the “exhaustion regime” might be reached (in a narrow
smooth and continuous as the data cross through. zero and (46) Andersen, O. K.. Jepsen, Phys. Re. Lett. 1984 53, 25712574
suggests that electrons at low temperatures are either moreyng references therein.
numerous or more mobile than holes. This behavior is not  (47) Krier, G.; Jepsen, O.; Burkhardt, A.; Andersen, OTKe TB-LMTO-
observed in the n-type samples where the Seebeck coefficienﬁs_A Pfggfaf? VefSloln 455% cl)\g%g-??rtltck-l?sgtut FUFestkoperforschung:

f . elsenpergstrasse 1, D- uttgart, Germany.

decreases but remains negatwe. Un(joubtedly, the thermOpower (48) (a) Exchange and correlation were treated in the local spin density
data reflect the substantial complexity of the electronic band approximation. All the relativistic effects except spiorbit coupling were
structure at the Fermi level of this material, as is suggested bytaken into account using the scalar relativistic approximation. Since the

: - structure of the present compound is not closely packed, special care was
Fhe ,band Strucwre _Calcmat_'ons' C?rta'nly' the band Strucmretaken in filling the interatomic spaces with interstitial spheres (ES). Optimal
in Figure 5 is consistent with the simultaneous occurrence of positions and radii of those empty spheres were determined by the automatic
holes and electrons as carriers. Despite the metal-like temper-procedure described in ref 48b. Tkapace integration was performed with
the tetrahedron method and the charge self-consistency was obtained with
(45) Buist, R. JCRC Handbook of Thermoelectrid®owe, D. M., Eds.; 801 irreduciblek-points. (b) Jepsen O.; Andersen O. X.Phys. B1995
CRC Press, Inc.: Boca Raton, FL, 1995; p 143. 97, 35—47.
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3 Figure 12. Variable-temperature thermal conductivity data for single

crystals of p-type BaBiTe

spectroscopy on BaBigeat room temperature revealed the
presence of absorptions which can be assigned to a band-gap.
Two closely spaced absorptions at 0.28 and 0.42 eV are
observed and the shallow slope of the lowest energy transition

E"g~0.42eV
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Figure 11. A comparison of infrared absorption spectra of (a) BaBiTe

(b) PbS, and (c) BTes. The semiconductor energy gaps are indicated
in the spectra.

is consistent with the LMTO calculations which predict a narrow

indirect gap. The transition at 0.42 eV could be assigned to

excitations between other more widely spaced bands.
Thermal Conductivity. Thermoelectric applications demand

a very low thermal conductivity in the temperature range of

interest. Therefore, the thermal conductivity of BaBjTeas

measured as a function of temperature, Figure 12. The data

show a remarkably low thermal conductivity with respect to

gap semiconductor) explaining the metal-like properties with a that of BbTes (k. ~1.6 W/(mK)).4%® Using the measured
low conductivity. According to the temperature, the different values of the electrical resistivity in conjunction with the
nature of the charge carriers could originate from the differential Wiedemannr-Franz lant® we estimate the maximum possible
depopulation of the valence and conduction bands and from value of the electronic thermal conductivity contribution to be
the greatly differing mobilities of the holes and electrons. At below 1% of the total thermal conductivity of BaBiZeThus,
low temperatures hole localization may leave electrons as theessentially all heat in the compound is carried by lattice phonons.
only carriers and to n-type conductivity. That the materials can Hence, at least from the perspective of thermal transport, the
be doped both n- and p-type implies the occurrence of donor BaBiTe; satisfies one of the key requirements for a useful
and acceptor levels in the gap. The acceptor levels may bethermoelectric material, and in fact, it possesses one of the
based on a slight excess of Bi situated on Te sites, while the lowest thermal conductivity values ever reported for a potential
donor levels would suggest the occurrence of a slight excess ofthermoelectric material. The very low thermal conductivity of
Te on Bi sites. Such a non-stoichiometry is common among BaBiTe; implies that the modification of the structure and
heavy chalcogenides and should be probed further because itomposition of BiTe; by the incorporation of Bakeor A;Te,
could permit the tuning of the properties of BaBiTand the into it is a correct approach in lowering its lattice thermal
achievement of good thermoelectric performance. The key conductivity. The calculatedT at room temperature using
property to be improved is the magnitude of the electrical = 42 S/cm,S= 205uV/K, and x = 6.3 mW/(cmK) is 0.085
conductivity, since the thermal conductivity is already very low, compared to~0.9 for BiTes. If ways could be found to
see below. enhance the electrical conductivity and, at the same time,

To experimentally address the important issue of whether the preserve or even increase the already large thermopower a
compound is a metal or a semiconductor we performed optical promising thermoelectric material might be obtained. To
measurements over a wide range of wavelengths. The techniqueachieve this we need additional information regarding the
of diffuse reflectance spectroscopy in the infrared range is well transport properties including carrier concentrations and mobili-
suited for the determination of band gaps in narrow band ties. Then optimization of these properties could be ac-
semiconductors. The use of known materials with gaps in the complished by controlling accurately the stoichiometry of these
same range as standards confirmed the reliability of the materials. This work is currently underway.
measurements. With PbS, PbSe, andl'Bj as standards at )
room temperature we obtained gaps of 0.36, 0.26, and 0.13 eV, Concluding Remarks
respectively, in excellent agreement with the literature values  Qur studies of structure and bonding in BaBjEhaow that
of 0.37, 0.26, and 0.15 e¥,see Figure 11. Diffuse reflectance  there are no zigzag Te “chains” in this material. Rather, the
compound is better described as one-dimensional in which
infinite [BisTeys]8"~ rods assemble side-by-side into layers
leading to interdigitating (T¥), side groups. BaBiTgis a

(49) (a) Pankove, J. IOptical Process in Semiconductpr®over
Publications, Inc.: New York, 1971; p 413. (b) Encyclopedia of Materials
Science and Engineering;hermoelectric SemiconductorIT Press:
Cambridge, MA; Pergamon Press: Oxford, 1986; p 4968. (c) Li, C. Y.;
Ruoff, A. L.; Spencer, C. WJ. Appl. Phys1961, 32, 1733. (d) Austin, I.

G. Proc. Phys. Socl958 72, 545.

(50) Kittel, C. Introduction to Solid State Physic8th ed.; John Wiley
& Sons, Inc.: New York, 1986; p 150.
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