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(M",Ti)sShs was prepared from the melt by arc-melting suitable mixtures of Ti, Ji8hd MShy, respectively.
This phase exists at least with' M Zr, Hf, Nb, and Mo. A significant phase range forsZis-sShs was found

to be within 1.10(8)< 6 =< 3.9(3). All (M',Ti)sShs representatives investigated occur in the same, yet hitherto
unknown structure type, as determined by single-crystal analyses. E.g., the lattice dimensiofEs0f3
range froma = 654.49(3) pmgc = 2662.4(2) pm ford = 1.10(8) toa = 671.06(6),c = 2679.7(4) pm ford =
3.9(3) (space groupt22, No. 98,Z = 4). The three chemically inequivalent metal sites are statistically occupied
by different mixtures of the M atoms Mand Ti, included in a three-dimensional network of Sb atoms on 6- to
8-fold Sb coordinated positions. SI$b bonds of intermediate lengths occur in addition to the predominating
heteronuclear MSb bonds. Physical property measurements of (&Shyreveal these phases being metallic
exhibiting specific resistances of severdlrem and a small Seebeck coefficient at room temperature, in agreement
with the results of the electronic structure calculations on the LMTO and extenddaHeavels. The calculations
indicate a possible change to semiconducting properties by heavy doping.

Introduction are small differences in the electronegativities of the constituent
Among the Sb-rich transition metal antimonides, the filled _elements, heavy cons_tltuent element_s, crystal structu_res ‘?Xh'b“‘
ing low symmetry, mixed occupancies on several sites in the

skutterudites LnMShy, (Ln = lanthanoid, M= Fe, Co, Ni, ...} ' )
have attracted wide interest based on their enhanced thermo-StrUCtureS' and eventually rattling of atoms, which would be

electric properties which result mainly from the low thermal expressed in high displacement parameteiéost recently,

conductivity? The rattling of the Ln atom, which is located in Earrr:atlndg L%‘tl' aI.de:;s,(;]oiverrned ta rmranv;l i;hefrrr:cl)evlvej[:trrlnc rr:a:errlal,
a cage of Sb atoms, leads to an effective scattering of the amely, LSE11€, WhICh IS most promising for low-temperature

i i 0
phonons, thus causing the extraordinarily low thermal conduc- ap\?\}ﬁ?ﬁgzéht of different anproaches to achieve nonmetallic
tivity. The use of the skutterudites as thermoelectric materials 9 bp

at elevated temperatures, however, is inhibited by their decom-Properties of the ‘?a”y transition me“?" antimonides. We are
position points of ca. 1000 K currently investigating several pseudobinary systems (M3¥,

In an attempt to improve on the latter while conserving the tssatrch_lr_]g f?r nevvl ctor(;]poutntljstwnh smaIII ba(;‘? gtﬁps%. Thet_fact
other physical properties, one might want to turn to the Sbh-rich fa mlxmgt_ wo r_z ated metal & Om]f’ ma)é ea 9[ te dO”T‘tﬁ I'?hn
antimonides of the valence-electron-poor, for simplicity often 8. new an |mfor|1_|”<_ars_ gvtisnsgcifsssu {2 ;m\(;nssr;en Wld €
called “early”, transition elements because of their higher |sco'vegiso.( ’h') A bga.ff( " .)l|3f o anl .
melting/decomposition points which are related to the higher (Zr, T)S ;- using the DFSO CO’?‘?ept( fifferential fractional site
covalency of the metalSb bonds. However, no promising occupancies on the metal positions) introduced by Franzen et

15,16
binary candidate was found in the literature, as all of the al.

antimonides MSp(M = Ti, Zr, Hf, V, Nb, Ta) known in this new Sh-rich phases consisting of titanium and a second early

class are reported or calculated to be metéaffidNote that e PO
metallic properties most likely lead to unfavorable thermoelectric transition metal M(M" = Zr, H, Np’.MO)' The§e phases oceur
n a new structure type and exhibit a metal:antimony ratio of

properties, since the Seebeck coefficients are expected to b -8 which is unorecedented amona the transition metal anti-
very low. Most reasonably good thermoelectric materials exhibit =™ . P 9 -
onides. The crystal structure, the electronic structure, and the

small band gaps, i.e., are so-called good semiconductors, an ) 2 . o .
rather complicated densities of states in the vicinity of the Fermi physical properties including the Seebeck coefficient (sometimes

level 5~8 Other criteria for enhanced thermoelectric properties

With this article, we present the first results, which comprise
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Table 1. Crystallographic Data for (MTi)sShs
chemical formula AU 10)Ti3.005ks Zra @245k Zr3o@iniShy Hf2.601)Ti2.45ks
fw/(g/mol) 1261.2 1327.2 1381.4 1549.8
T/K 295 295 295 295
space group 14,22 (No. 98) 14,22 (No. 98) 14,22 (No. 98) 14,22 (No. 98)
alpm 654.49(3) 665.06(6) 671.06(6) 661.37(7)
c/pm 2662.4(2) 2668.0(4) 2679.7(4) 2685.0(5)
V/(10° pre) 1140.5(1) 1180.1(2) 1206.7(2) 1174.4(3)
4 4 4 4 4
calcd density/(ecm2) 7.35 7.47 7.60 8.77
abs coeff/cm? 220.7 216.5 214.2 422.0
R(Fo),2 Ry(Fo?)P 0.030, 0.066 0.048, 0.108 0.046, 0.106 0.029, 0.037
AR(Fo) = Y IIFol = IFell/XIFol. ® Ru(Fo?) = [ [W(Fe® — FAF/ 3 [w(Fe?)] >
Table 2. Positional Parameters and Equivalent Displacement Parameters
Uedpn?
atom site x2 ya z ZI’1,1Ti3,QSb3 Zl'z,sTiZASQ Zr3,9Ti1,;|_Sb; Hfz,eTi2,4SQ
Sbh1 8e 0.8281(2) X 0 124(3) 177(7) 139(7) 109(9)
Sh2 169 0.2035(3) 0.3418(2) 0.06153(4) 160(2) 205(5) 209(6) 144(6)
Sh3 8f 0.6564(3) Yy g 233(5) 299(10) 309(11) 221(12)
M1 8c 0 0 0.0977(2) 103(7) 119(11) 108(10) 73(7)
M2 8c Y, 0 0.0468(2) 128(9) 150(20) 110(20) 126(14)
M3 4b , Y, 0 165(13) 280(40) 290(30) 170(20)

aValues for Zg 1Tiz oShs.

misleadingly called thermopower) are discussed, as are the

Table 3. Occupancy Factorf; of the Metal Site%

relations to binary antimonides, especially to TiSband
ZrShy.18

Experimental Section

Synthesis. The binary antimonides TiSh ZrSk, HfSh,,'® and
NbSk?® were prepared first for use as starting materials. For these
syntheses, the elements were mixed in the stoichiometric 1:2 ratio and

then placed into a silica tube, which was subsequently sealed under

vacuum. The mixtures were heated in conventional tube furnaces over
a period of 3-7 days at 650C, i.e., slightly above the melting point

of antimony (630°C). Guinier diagrams taken after the reactions
indicate the presence of the desired antimonides MS$huantitative
yields.

The main reaction was carried out by arc-melting cold-pressed pellets
under a flow of argon of 3 L/min, the pellets consisting of the previously
prepared antimonides Mgkand additional metal in powder form,
following the scheme in eq 1. The excess of antimony was used to

M

site  Znio@)li390S  Zrae@)i245  Zrag@eliniShs  Hf261)Ti2.4Sks
ML 0.72(2) 0.36(4) 0.07(4) 0.41(1)
M2 0.73(2) 0.48(7) 0.37(6) 0.46(3)
M3 1.00 0.69(9) 0.25(8) 0.66(3)

a Assuming full occupancy, i.e.,  fri + fu.

The shifts of the lines in the powder patterns reveal a decrease in
the lattice dimensions by going from ZiiShs through ZrTiShs; through
(Nb,Ti)sShs to (Mo, Ti)sShs, which reflects the different atomic radii
(rri < rz; rz+ > 'nw > I'wo). IN addition to the powder diagrams, the
products were confirmed via EDX analyses using an electron micro-
scope with an additional EDX device. Attempts to prepare sSiyl
phase without Ti or with only Ti as the M atom failed so far.

Structure Determination. For the investigations of the phase range
of ZrsTis—sShs, we collected single-crystal data sets on selected single
crystals with nominal Zr:Ti ratios of 1:4, 1:1, and 4:1. The structure

compensate for evaporation losses. EDX analyses of the vapor showedolutions and refinements using SHELXS/SHELXlwere straight-

the presence of antimony only and proved the metal:antimony ratio to
be 5:8. No impurities were detected.

1<06=<4:
(4.5— 8)TiSb, + OM'Sh, + 0.5Ti— M',Tis_,Sh; + St (1)

Single phase samples could be obtained fgTigr.sShs with 6 being
within 1 < § < 4; reactions aiming at < 1 ord > 4 resulted in the
formation of TiSh or ZrSk as the main products. First substitution
attempts also yielded isostructural (Hfs8Js (nominal Hf:Ti ratio=
1:1), (Nb,TisShs (Nb:Ti = 1:4, with NTi;—sSh, as a major side
product), and (Mo, T§Shs (Mo:Ti = 1:4). For the latter, the reaction
was started from Mo, Ti, and Tighsince the only known binary
molybdenum antimonide, M8k, decomposes above 78Q into the
elements?! (Mo, Ti)sShs was observed only in poor yields, besides
unreacted TiSpand elemental Mo.
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forward, except that mixed Zr/Ti occupancies had to be assumed. The
refinement procedures were carried out as described recently for (Zr,Ti)-
Sh. To prove that the same structure occurs in the other systems with
Hf, Nb, and Mo, we tried to find suitable single crystals containing
these elements as well. However, we succeeded only in the case with
Hf as the third constituent element besides Ti and Sb, while a Nb-
containing crystal gave reasonable lattice dimensiars 650.19(8)
pm,c = 2638.1(4) pmy = 1115.2(3)x 10° pm?, nominal Nb:Ti ratio

= 1:4), but diffracted too poorly for a refineable data set. Crystal-
lographic details may be found in Table 1. Positional parameters,
equivalent displacement parameters, and occupancy factors are listed
in Tables 2 and 3, respectively.

Band Structure Calculations. For the calculations, we chose the
structure of ZriTizeShy as experimentally determined, all M sites
treated as being occupied solely by Ti, i.e., modeling hypothetical
TisSk, since mixed occupancies cannot be handled within the theories.
The extended Hekel theory®2> was used to calculate the Mulliken
overlap populations for the different interactions, which serve as a

(22) Sheldrick, G. MSHELXS-86/SHELXL-9University of Gdtingen:
Guottingen, Germany, 19861997.

(23) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(24) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod.978 100, 6093.

(25) Program EHMACC, adapted for use on a PC by Mckarling,
Gesamthochschule Duisburg, 1997.



A 3D Extended Sb Network in (MTi)sShs

Figure 1. Projection of the structure of ZgTi,.Shs along [100].
Vertical: c axis. Left: large, gray circles, Sb; small, white circles, M
atoms. Higher Zr contents are reflected in larger circles. Thick lines:
Sb—Sb bonds< 320 pm. Thin lines: 330 pn¥ dsp-sp < 345 pm.
Dashed lines:dvy-m < 370 pm. M—Sb bonds are omitted for the sake
of clarity. Right: unit cell showing anisotropic displacement parameters,
atom labels, and MSb bonds only.

Table 4. Parameters Used for Extended ditel Calculations on the
Model StructureTisSky

orbital Hii/eV G1 C1 G2 Co

Ti, 4s —=7.775 1.50

Ti, 4p —4.050 1.50

Ti, 3d —8.033 4.55 0.4391 1.600 0.7397
Sb, 5s —18.80 2.32

Sh, 5p —11.70 2.00

relative measure for bond strengffisising a mesh of 11R points of
the first Brillouin zone of the primitive unit cell. After taking the"ekel
parameters for Ti and Sb from standard souféethe ionization
potential parameters of Ti were optimized by charge iteration on,TiSb
(Table 4).

Since the Huokel theory depends strongly on the parameters used,
self-consistent tight-binding LMTO calculations (LMT& linear
muffin tin orbitalsy®-3° were carried out in order to get more reliable
results for the band structure. Therein, the density functional theory is
used with the local density approximation (LDA). The integratiok in
space was performed by an improved tetrahedron méthoda grid
of 1030 irreduciblek points of the first Brillouin zone (DOS and COHP:

32 234 k points). Principal differences in the results of dkel and
LMTO calculations were discussed before and occur herelaféo.

Physical Property Measurements.The properties of a sample of

the nominal composition 4£Fi,Shy were determined. Temperature

Inorganic Chemistry, Vol. 40, No. 1, 200B7

Table 5. Selected Interatomic Interactions

dpme  dpmt  dipm*  dipm?  MOP: PBO?
Sbl-Sbl 1x 318.2(2) 317.5(4) 318.5(4) 317.0(5) 0.157 0.214
—Sb2 2« 315.5(2) 318.0(4) 319.4(4) 317.1(6) 0.216 0.237
Sb2-Sbl 1x 315.5(2) 318.0(4) 319.4(4) 317.0(5) 0.216 0.237
—-Sb3 1x 329.1(1) 333.4(3) 336.1(3) 333.5(8) 0.143 0.141
—Sb2 1x 337.4(2) 340.7(5) 341.6(5) 340.4(7) 0.068 0.102
Sb3-Sb2 2 329.1(1) 333.4(3) 336.1(3) 333.6(5) 0.143 0.141
M1-Sb2 2« 277.6(2) 283.1(5) 285.9(4) 281.1(5) 0.411 0.776
—Sb3 2« 287.4(2) 292.4(4) 294.8(4) 291.0(5) 0.340 0.533
—Sb2 2« 294.7(5) 296.3(9) 296.8(7) 296.9(7) 0.294 0.403
—Sbl 2« 304.9(5) 306.1(9) 308.3(7) 307.9(7) 0.182 0.272
—M2 2x 354.2(3) 359.9(6) 364.0(4) 359.6(4) 0.047 0.031
—M1 2x 358.1(3) 362.2(6) 364.4(4) 360.4(5) 0.046 0.027
M2-Sbl 2« 272.6(3) 276.6(5) 278.3(4) 274.6(5) 0.462 0.940
—Sb3 2« 283.9(4) 286.5(8) 289.7(5) 288.3(6) 0.447 0.610
—Sb2 2« 298.7(2) 304.6(4) 308.5(4) 302.3(5) 0.258 0.345
—Sb2 2 334.1(5) 333.7(1) 333.2(7) 333.5(8) 0.065 0.089
—M3 2x 350.2(2) 354.9(4) 357.3(3) 352.7(3) 0.044 0.037
—M1 2x 354.2(3) 359.9(6) 364.0(4) 359.6(4) 0.046 0.031
M3—-Sb2 4« 274.3(1) 276.4(3) 278.9(3) 276.6(4) 0.509 0.881
—Sbl 2 303.7(1) 311.5(3) 315.3(3) 309.1(4) 0.220 0.285
—M2 4x 350.2(2) 354.9(4) 357.3(3) 352.7(3) 0.044 0.037

a ZrlllTi3lgstb. b ZI'2,5Ti2,4Sb3. ¢ Zr3,9Ti1,18Q. d Hfz,sTi2,4Sb3.
e TisSky; MOP, Mulliken overlap population; PBO, Pauling bond order.

Results and Discussion

Crystal Structure. The crystal structure of (MTi)sSks is
depicted in Figure 1, showing Z¢Ti, sShks as one representative.
This presentation was chosen to give an impression of the
complexity of the crystal structure, emphasizing the three-
dimensional extended network of Sb atoms. The heteronuclear
M—Sb interactions, which dominate by far with respect to
number and shortness, are omitted in the left part of Figure 1
for clarity.

For the major interactions are the-\bb bonds, they are
discussed first on the basis of the local coordination spheres.
Every M atom is surrounded by six (M3) to eight (M1 and M2)
Sb atoms in the first coordination spheres. The closest M atoms
appear in the second coordination sphere; every M atom is
surrounded by four other M atoms in distances between 350
and 360 pm (Table 5). Remarkable are the significant differences
in the Sb surroundings of the M atoms. In 23k, the M1
atom is coordinated by eight Sb atoms in distances between
278 and 305 pm which form a quite irregular polyhedron. M2
is surrounded by six Sb atomd & 273—299 pm) and two
farther apart onesd(= 334 pm), corresponding to a (6 2)-
coordination. On the other hand, M3 is coordinated by four Sb2
(distanced = 274 pm) and two Sb1 atomd € 304 pm), which
can be viewed as a (# 2)-coordination. All of these distances
except the largest one (334 pm) increase in the seri@3$sZ5Shs
with increasing Zr content, reflecting the differences in the
Pauling single bond radiir{; = 132,rz = 145 pm§¥® as well

dependent resistance measurements down to 10 K were performed oS in Slater’s empirical atomic radii{ = 140,rz, = 155 pm)3

a cold-pressed bar of the dimensions 0.2 gn0.1 cm x 0.25 cm
applying a four-contact method. Absolute Seebeck coefficients were

Typical Ti—Sb distances include 280 pm in TiSb (coordination
number CN= 6)3” and 292 pm in TiSp(CN = 8), and typical

determined on the same cold-pressed bar at room temperature applyingr—Sb distances range from 284 to 311 pm in ZrSb (€N

six different temperature gradients in order to check for consistency.
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(31) Blochl, P. E.; Jepsen, O.; Andersen, O. Rhys. Re. 1994 B49,
16223.

(32) Dronskowski, R.; Blohl, P.J. Phys. Chem1993 97, 8617.

(33) Kleinke, H.; Felser, CJ. Solid State Chen1.999 144, 330.

(34) Kleinke, H.; Felser, CJ. Alloys Compd1999 291, 73.

5—7)% and from 295 to 303 pm in ZrSb(CN = 8-9).
Correspondingly, the Zr content per M site increases with
increasing CN and increasing M5b distances in the three
studied examples of (Zr,T§pks, as was also observed in the
representatives of the (Zr,Ti)Sb phase. The analogous trends

(35) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
University Press: Ithaca, NY, 1948.

(36) Slater, J. CJ. Chem. Phys1964 41, 3199.

(37) Nowotny, H.; Peal, Monatsh. Chem1951, 82, 336.

(38) Garcia, E.; Corbett, J. DJ. Solid State Chen1.988 73, 452.
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Figure 2. Part of the Sb network showing the strongest-Sb bonds,
emphasizing the (Sb2Sb1-Sb2} unit via thick lines.

take place in (Hf, TigShs, also, since the size of a Hf atom is
comparable to that of a Zr atom (e.g., Pauling radjys= 144
pm, Slaterry; = 155 pm).

Kleinke

as oxidation states of1 for H and —4 for C in CH,; with
electronegativities of 2.20 for H and 2.5@.55 for C.

Following this argumentation, every Sb atom may form one
Sb—Sb bond with a bond order df,, or a correspondingly
higher number of fractional bonds. Summing over al-Sib
bonds<340 pm per Sb atom yields total S&b Pauling bond
orders (PBOs) of 0.69 for Sb1, 0.48 for Sb2, and 0.28 for Sb3,
which averages to PB& 0.48~ 1/, per Sb atom in ZrTSks.
This correlates well with the formulation (M)s(Sb=29g despite
the lack in precision of the PBO method.

More reliable results were obtained using the extendackélu
approximation to calculate the Mulliken overlap populations
(MOPs). The MOPs calculated for hypothetidasSks; reveal
bonding character of all interactions350 pm. The multitude
of M—Sb bonds all have MOPs betweeif0.51 and+0.14
electron per bond, which are most definitely positive and thus

On the other hand, the (pseudo)homonuclear distances, i-€.jngjcative of strong bonding character. Similarly, the MOPs of

M—M and Sb-Sb, are rather long, which is especially true for

the Sb-Sb distances<350 pm vary from+0.22 (316 pm) to

the M—M distances. With more than 350 pm in length, these 4 o7 (337 pm), suggesting that all of these are significantly

contacts are longer than in the corresponding binary antimonides

e.g.,dri—1i = 315 pm in TiSb and 290 pm in Tigbanddz—z
= 339-340 pm in ZrSb and 344 pm in ZrgbEspecially in
the case of the Ti-rich (MTi)sShs phases, the MM interactions

‘bonding as well, as comparable values show: typicatSib

bonds exhibit MOPs of 0.65 (for the single bonds in KSb), 0.62
(single bond in TiSP, 0.53 (291 pm) and 0.08 (335 pm) in
elemental antimony. Note that the latter, the interlayer interac-

are assumed to be at best very weak. This is reflected in smalljon s proven to be bonding because of the three-dimensional
Pauling bond orders, which are calculated according to the yhysical and mechanical properties of antimony. Interactions

equationd(n) = d(1) — 60 pm x log n (with n = bond order).
Using d(1) = 2ry; = 264 pm, the largest MM Pauling bond
orders (PBOs) are 0.04 in ZrBhs (as listed in Table 5),
compared to 0.14 in TiSb and 0.37 in TiSb

with a bond order ot/, exhibit MOPs of roughly 0.3 electron
per bond, e.g., 0.26 in L&iShs,*® 0.38 in (Zr,Ti)Sh, 0.34 in
(2rV)11Shs, and 0.36 in (Zr,V)sShio. The smaller MOPs
correspond to those found for SBb distances between 324

The Sb-Sb distances, however, are intermediate in length, 5,4 350 pm, e.g., in ZrSb (0.6®.09), Z&NisShy (0.03)* and

starting at 316 pm (PBG- 0.22). This is significantly longer

(Zr,Ti)Sb (0.03-0.07), indicating weak bonding interactions in

than typical single bonds, as found in the structures of KSb every case. Even longer contacts were discovered to be of

(283 and 285 pmj? cyclo-Shs>~ (between 281 and 291 prff),
and Sh3~ (between 276 and 285 prf),or the shortest bond
in elemental antimony (291 pm). Single-S8b bonds are also
present in TiSp (284 pm) and ZrSh(288 pm), and bonds
comparable to those in ks occur in ZrSb (324325 pm).
The Sb-Sh bond of 326 pm in LBb has a bond order éf,*?
which is comparable to the Stsb distances in K5ks. The
shortest SbSb distances in MBky are much shorter than the

interlayer distance of 335 pm in elemental antimony, the three-

bonding nature, e.g., in [(GHSb—Sb(CH;)]» by measurements
of the force constant (0.125-bim™1) of the intermolecular Sb

Sb interaction (368 pm), which is about 11% of the value for
the intramolecular single bond of 284 pm (1.1ch1).45 For

a detailed overview, see ref 46.

The cumulated ShSb MOPs per Sb atom follow the same
trend as the PBOs, i.e., MOP(Sb%) 0.59 > MOP(Sb2)=
0.43> MOP(Sh3)= 0.28. The fact that stronger Si$b inter-
actions occur with a smaller reduction of the Sb atoms and

dimensional mechanical properties of which suggest at leastqrefore smaller Mulliken gross populations was shown earlier
modest, but definitely positive, orbital overlap between the Sb j, {he reports dealing with 2vShy,47 (Hf, Ti),Shy, (Zr, Ti)Sb

atoms of neighboring layers.

Concentrating on the shortest -S8b bonds in MShs,
the Sb atom substructure comprises oligomey 8hts, inter-
connected via longer StBSb contacts (329342 pm, depicted

in Figure 2 by thin lines) to the three-dimensional extended

Sb atom network. The Shunit comprises two nonlinear $b

chains (Sbh2Sh1-Sb2), which are arranged in a staggered

(ZrV)11Sks, and (Zr,V)sShyo and is also reflected in the
electronic structure ofisSks: the Mulliken populations increase
from Sb1l (5.12) over Sb2 (5.27) to Sb3 (5.40).

Last, the Mulliken overlap populations of the-\M distances
suggest weak, but apparently bonding character: the MOPs
range from+0.04 to+0.05, thus being smaller than in TiSb
d = 315 pm, MOP= 0.16), TiSh (d = 290 pm, MOP= 0.18),

conformation and connected through a bond between the central, 4 clemental titaniumd(= 289 pm, MOP= 0.24:d = 295

Sb1l atoms.
Electronic Structure. Considering the MM interactions in

pm, MOP = 0.22). It is concluded that the structures of the
MsShs phases are stabilized to some extent by (pseudo)-
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completely oxidized, and the oxidation states must thus be
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Figure 3. DOS (left) and COHP curves (right) of the model structure Figure 4. Band structure of the model structuf@Sk.
TisShs.

EleV =
These considerations are also supported by the results of the —
LMTO calculations. The densities of states (DOS) and their 05

.
4

N

projections on the Ti and Sb atoms, respectively, are shown in

the left part of Figure 3. Two main peaks occur within the energy 0.0
window shown, the first (at the bottom betwee and 0 eV)
comprises Sb p states (dotted line), and the second (starting '°-5§
around—1 eV) mainly consists of Ti d states (dashed line).
Both peaks overlap strongly, and the Fermi leiel(held at A0 X P N 10 20 30 DOS
0.0 eV) is located above the lower part of the Ti peak, with a
significant number of states filled directly Bt, while a tail of

the Sb peak goes well abot. Thus, the Sb atoms are rather
far—though not completetyreduced, whereas some Ti electrons
remain available for the formation of FiTi bonds. Further-
more, the contributions of the Ti atoms at lower energies (i.e.,
below ca.—1 eV) to the Sh-dominated region result from strong
mixing and therefore suggest covalent character of theSbi
interactions.

The crystal orbital Hamiltonian populations (COHP curves),
as obtained by weighing up the densities of states, are exhibited
in the right part of Figure 3 cumulated over all bonds per
primitive unit cell for the three different kinds of interactions
in TisSks, namely, Ti~Sb (solid line), T+Ti (dashed), and
Sb—Sb (dotted). The dominance of the heteronuclearSb
interactions is obvious. Only bonding-¥8b and TiTi states
are filled, whereas antibonding Si$b states start to become
filled at ca.—2.5 eV belowEg. However, clearly more bonding
than antibonding SbSb states are filled, confirming the overall
bonding character of the StSb interactions. It should be noted
that the huge differences between the-Bb and Sb-Sb bonds
are in part a consequence of the different multitude.

A gap is found in the COHP curves, about 0.8 eV abBye
which separates bonding ¥8b from antibonding FSb
interactions. The gap in the COHPs is reflected in a pseudo
band gap in the DOS curve. Raising the Fermi level by
increasing the number of valence electrons to this gap (i.e., 1
electrons per formula unit) would result in a gain in—H8b ) .
and M—M interactions, but a (minor) loss in St8b interaction ~ SUPPorted by the results obtained experimentally. For example,
due to more filled antibonding states. the specific resistance of Zl'nSb; is 16 nQ-gm at room

While the densities of states, being a projection of the band temperature, decre_asmg slowly_ without ano_mahe_s with decreas-
structure, already suggest metallic characteFighhs, the band N9 temperature (Figure 6). While the slope is typical for metals,
structure itself has to be exploited to see if bands actually do € absolute value of the specific resistance is approximately

cross the Fermi level. We therefore show the dispersion of the 10° higher than the one of elemental copper, the commercially
bands along four selected symmetry lines, with the special mostly used metallic condU(_;tor. AIthough this difference is
points chosen according to Bradley and Crackffeficcording ~ Probably partly due to grain boundaries, we characterize

to the calculation TisSky exhibits three-dimensional metallic (Zr!_Ti.)SStB as a poorly COHQQCting metal. In additionAZiSbs
exhibits a Seebeck coefficient 6f0.5(1) uV/K at ambient

(48) Bradley, C. J.; Cracknell, A. Fhe Mathematical Theory of Symmetry ~ cONditions, which compares well with other n-type metals, i.e.,
in Solids Clarendon Press: Oxford, 1972. niobium (—0.44 uVIK) or rhenium 5.9 uV/K).

Figure 5. Band structure (left) and DOS (right) of the model structure
MosSk in the vicinity of the Fermi level.

properties, as some bands directly EgtalongI’—Z (parallel
to ¢*) and I'—X (parallel toa*).

The band structure also reveals that a band gap might easily
open up at cat+0.8 eV aboveer. To check whether this could
happen, we calculated the band structure for hypotheé#logbly
in the (M, Ti)sSks structure, using different decreased unit cell
parameters betweem= 630 and 650 pm and = 2500 and
2630 pm, since Mo atoms are smaller than Ti (after Pauling:
rvo = 122 pm). Within this range of lattice parameters, the
results all were the same: hypothetitédsSk; exhibits a small
band gap (ca. 0.3 eV) directly at the Fermi level (Figure 5). It
can thus be concluded that as&ty phase with 70 valence
electrons-provided it can be synthesizeds semiconducting.

We already found the Bk structure in the NbTi—Sb and
Mo—Ti—Sb systems, which proves that the number of valence
electrons can be modified to some extent. However, the
preparation of a MSh; phase with 70 valence electrons has yet
to be done, which could possibly be achieved by substituting
on the Sb sites as well. E.g., the hypothetical antimonide telluride
Mos—sTisSks—2sTes Wwould possess 70 valence electrons per
formula unit.

Physical Properties.The metallic character of (MIi)sShs
Owith 60 valence electrons, e.g., ™ Zr or Hf, as proposed on

the basis of the band structure of hypothetidaShs, is
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20 (pseudo)homonuclear VM bonds. With 60 valence electrons,
1 i.e., M = Zr and Hf, (M,Ti)sSks is metallic, as shown by
161 resistance and Seebeck coefficient measurements. On the other
T 1™ hand, a hypothetical Bks phase with 70 valence electrons,
o127t e.g., Mos_sTisShs_2sTexs, should be semiconducting with a
g 1 band gap of ca. 0.3 eV, according to the LMTO calculations.
= 87T Such a compoundprovided it would form—should be an ideal
& candidate for use in thermoelectric energy conversion. Aside
T from the charge carrier concentration, the antimonideSiy
0 ] N . . ] , comply with the other basic criteria for enhanced thermoelec-
S trics, namely, a crystal structure exhibiting low symmetry
0 50 100 150 200 250 300 . L .
compared to the skutterudites orBé;, mixed occupancies on
TIK] the three M sites, and partly enlarged atomic displacement
Figure 6. Temperature dependence of the specific resistance of parameters. Therefore, the synthesis of <58 phase with 70
Zr,TiShs. valence electrons remains as a challenging goal.
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structure is stabilized by the dominating8b bonds as well

as homonuclear SbSb and alseto the smallest extentby IC000767S





