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Abstract: A new quasi-one-dimensional compoundsBlgSI has been synthesized and its crystal structure
determined from single-crystal X-ray diffraction data. The structure gBINSI consists of[iNisBigs]
columns separated by iodine atoms. Conductivity and magnetic susceptibility measurements (down to 4.2 K)
show that NéBigSl is a one-dimensional metal and exhibits Pauli paramagnetic properties. These observations
are in good agreement with the results from electronic structure calculations. An analysis of the chemical
bonding employing difference electron charge density maps reveals strong multiceni&rbeinds and pair

Ni—S interactions within the{iNigBigs] columns. Only electrostatic interactions are inferred between the
columns and iodine atoms.

Introduction conducting metal columns are separated by insulatiramions.
The core of the metallic column is made of Ni atoms forming
square antiprisms, surrounded by Bi atoms, and with S atoms
in every second Ni antiprism. The title compound was
unexpectedly obtained during an attempt to grow crystals of
Ni11BisS4,° a possible new low-dimensional conducting material,
y chemical transport reaction with using the stoichiomet-
ically annealed charge. In this paper we discuss the crystal and
electronic structure and physical properties ofBigSI.

Low-dimensional systems of metallic bonds have been

attracting great interest from chemists and physicists for several
decaded. Among these systems, one-dimensional polyhedral
columns of metal atoms represent a family of less-studied
compounds. Separate columns of metal atoms are observed onl
in two types of phases. They are the so-called condensed Chevre
phase$ of a generic formula MMgChs (M = K, Rb, Cs, T,
In; Ch = S, Se) and tantalum/niobium ternary tellurides
M4TesE3~5 (M = Nb, Ta; E= Al, Si, Cr, Fe, Co, Ni). Also
known are the phases in which similar columns are joined into
three-dimensional networks, e.g.38a° Y4OsBn,” and Tas- Synthesis NigBigSI was synthesized by annealing the stoichiometric
SibSe.8 mixture of elements (Ni 99.99 Aldrich, Bi 99.99, S 99.9999.99) in

The core of a 1D column in the examples mentioned consists @" evacuated quartz ampule at 50 (170 h) followed by grinding

of early 4d or 5d metals having quite a small number of valence and further annealing under the same conditions. A black solid of
intergrown, needle-shaped crystals formed in the course of synthesis.

ele(;:t_ll’_onts."Su_(éh a C(l).rehlts ?nvelofe? by Chaémg.entﬁtoms'tm N]EJThe X-ray powder pattern (Cudg radiation, STADI/P (Stoe)) showed
and Ta tefluriaes a ight element atom resides In the center Ol o, ojent agreement with the theoretical pattern generated from the

the metal polyhedron. _ _ _ single-crystal X-ray diffraction data (see below); no impurities were
Here, we report the first one-dimensional compoungBigt found. The substance is stable in air.

S| of a new type of low-dimensional compounds, in which To obtain good single crystals for the crystal structure determination
and physical properties measurements, the sample synthesized (approxi-
mately 0.4 g) was placed in a quartz tube (%.20 cm) together with

Experimental Section
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' Department of Materials Science, Moscow State University. I, (approximately 0.03 g), which was evacuated and sealed off. The
Royal Institute of Technology. growth was carried out in a horizontal gradient furnace at 570 (at the
§ Department of Chemistry, Moscow State University. sample) and 500C (at the empty end of the ampule) over 170 h.

HInorganic Chemistry Institute. Needle-shaped black crystals were found in the “cold” part of the

(1) Rouxel, JAcc. Chem. Red.992 25, 328.

(2) () Huster, J.; Schippers, G.; Bronger, WWLess-Common Met983, ampule. —— . .
91, 333. (b) Potel, M.; Chevrel, R.; Sergent, Kcta Crystallogr. BL98Q Crystal Structure Determl_natlon. A suitable single crystal was
36, 1545. mounted on a CAD4 (Nonius) goniometer head for the structure
(3) Neuhausen, J.; Finckh, E. W.; Tremel, Whem. Ber.1995 128 determination. Mo K radiation and a graphite monochromator were
(6), 569. . used. The tetragonal unit cell was refined based on 24 well-centered
(4) Badding, M. E.; DiSalvo, F. Jnorg. Chem.199Q 29 (20), 3952. reflections in the angular range 1228 6 < 13.25. The data set was
(5) Badding, M. E.; Gitzendanner, R. L.; Ziebarth, R. P.; DiSalvo, F. J. lected at bient t t ; 20 d ith the dat
Mater. Res. Bull 1994 29 (3), 327. collected at ambient temperature in an-260 mode wit e data
(6) Kim, S.-J.; Nanjundaswamy, K. S.; Hughbankslribrg. Chem1991, collectlpn parameters listed in Table 1. A semiempirical abs_orptlon
30, 159. correction was applied to the data basedyescans of 4 reflections
(7) Dorhout, P. K.; Corbett, J. Ol. Am. Chem. Sod.992 114, 1697.
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Table 1. Crystallographic Data for MBigSI potential). The HartreeFock and DFT [local density approach (LDA)
formula NiBisS! with t.he \(osko—WiIk—Nusair exchange correlation potential (VWN)]
formula mass (amu) 2300.23 Ham!lton!ans were used to check the dependence_ of the results on the
space group P4 (No. 75) Hamiltonian model used. A mesh of 28 k-points was used in
a(h) 9.774(1) calculations. The analysis and visualization of difference electronic
c(A) 4.197(1) charge densities were performed with use of the TOPONDAa8&d
volume (A3) 401.0(5) gOpenMot* program packages.

Z 1 Basis Set and ECPTo make the HayWadt basis set and ECP
T(K) 293 applicable for calculations of extended systems, several modifications
Omax (deg) 3 27.99 were made. The-fg term of the original ECP for Bf was eliminated
Peaica (g CNT) 3'85268 (CRYSTAL98 does not handle orbitals with> 2). One too diffuse
Gégndn;es)s-of-fit all data i5()518 exponent £0.1) of a p-type Gaussian in the original Bi basis%efts
largest diff peaI’< and hole (e&) 4.698 and-5.455 remove.d,. gnd the contraction was complet.ely split to provide a basis
no. of measd/independent/parameters 608/549/43 set f!e_X|b|I|ty._ Our test _calculafuo_n of bulk_blsmuth metal showed_th_e
R(F) for F2 > 40(F2) 0.0671 modified basis set to give realistic properties (DFT calculations within
Ra(Fo2)P 0.1594 the Vosko-Wilk —Nusair exchange-correlation potential in agreement
with ref 15).

AR(F) ={3]|Fol — \Zl:/%\}/{Z\FOI}- *w = 1/[0*(F?) + (0.103(P)7]

whereP = (B¢ + 2F) The smallest s- and p-exponents of the original basis?sets S

and | were uncontracted (their coefficients were allowed to vary) to

Table 2. Positional and Thermal Parameters fogBiiSI provide a higher degree of basis set flexibility. These modified basis
sets have been proven to perform well in other calculations carried out
Wyckoff xla y/b zc ued in our group.
Bi(1) 4(d) 0.8762(1)  0.3590(1) 0.528(1) 0.0167(5) An additional d-exponent of value 0.20 was added to the modified
Bi(2)  4(d) 0.6604(1)  0.1737(1) 0.030(1) 0.0169(6) Hay—Wadt small-core basis s¥tAfter this modification, the electronic
“:gg iggg ggggiggg 8%8%2%23 88%%28 881223 structure of the bulk nickel (both para- and ferromagnetic) was
S 1) 0 0 0.790(6) 0.002(d) represented well, in good agreement with the results of ref 17.
I 1) 12 1/2 0.563(9) 0.064(4)
Results
having theiry angles close to 90 An analysis of the data collected Crystal Structure. NigBigSI is made of[;NigBisS] one-
showed the absence of systematic extinctions. The space BAo{no. dimensional infinite columns and rows of iodine atoms packed

75) was chosen for the structure solution. The positions of bismuth in a square manner (Figure 1). Square antiprisms gfsNare
and iodine atoms were found from direct methods (SHELX®)97  common square faces forming the infinite columns running
Nickel and sulfur atoms were localized by a sequence of Ieast-squarespara||e| to the crystallographizaxis. The Bi atoms reside close
cycles andAp(xy2 syntheses. The absence of correlations between g the edges of each Nsquare. The sulfur atoms are situated

atomic coordinates conflrmed_ the choice of the space group. An attemptapproximately at the centers of thegNintiprisms, occupying
to solve the crystal structure in the centrosymmetric space ¢edim half of them in a regular way (every second)
failed, thus confirming the right choice of the noncentrosymmetric space 9 y y ’

group. The final anisotropic refinement &4 (SHELXL-979) led to The interatomic distances fall in the following ranges:—Ni
R, = 0.0671. Atomic positions and thermal parameters are listed in Bi 2.679(1)-2.753(1) A, Ni-Ni 2.519(1)-2.810(8) A, and
Table 2. Ni—S 2.248(1)-2.279(1) A. The N-Bi separations are the
same as those observed in NjBf and NiBi!® The Ni—Ni is
Measurements of Properties of NiBigSI only slightly longer in distance than in Ni mef&12.49 A, while

(a) Thermal Properties. The pure substance was placed in a small the N'__S contacts are typical for binary su_lfl_des, SUCh asMi
quartz ampule, which was evacuated and sealed off. The differential 2* or NiS 22 (2.25-2.40 A). The shortest BiBi separations of
thermal analysis curve was recorded &@min heating rate. 3.487(6)-3.646(5) A are significantly longer than in discrete

(b) Resistivity Measurements.The electrical resistivity of a small  bismuth cluste® (3.0-3.3 A). The iodine atoms are surrounded
crystal (needle, length 1 mm, thickness 0.01 mm) was measured parallelby 12 bismuth atoms, the Bi contacts being 3.930(24.06(1)
to the needle axis in the temperature range-6Q0 K employing the A These are significantly longer than in mixed nickbismuth
standard four-probe technique with use of silver paste contacts. Thejyqije24 (3.3-35 /—\) and Bi binary iodides (3:63.3 A)_zs
contact resistivity was found to be ohmic and about 1 Ohm.

(c) Magnetic Susceptibility MeasurementsA small amount (0.004 (13) Gatti, C. TOPOND 98 User's ManualCNR-CSRSRC: Milano,
g) of the ground single crystals of §HigSI was placed in a plastic 1999.
capsule. The magnetic susceptibility was measured with the use of an  (14) Laaksonen, LgOpenMo] version 1.4: http://www.csc.fiflaaksone/

MPMS2 SQUID (Quantum Design) magnitometer in the temperature 9openmol/gintro.html. _
range of 4.2-100 K. (15) Shick, A.; Ketterson, J. B.; Novikov, D. L.; Freeman, ARhys.
Rev. B. 1999,60 (23), 15484.
. . (16) Freyria-Fava, F. Thesis, Turin, 1997.
Calculation Details (17) Jarlborg, T.; Freeman, A. J. Magn. Magn. Mater198Q 22, 6.
General. The electronic structure of kBisSI was calculated with 19&?) Ruck, M. Habilitationsschrift, University of Karlsruhe, Karlsruhe,
the use of the CRYSTALY8 program package. The Heywadt (19) Ruck, M.Z. Anorg. Allg. Chem1999 625, 2050.
effective core potential (ECP) and basis*@athich had to be modified (20) Swanson, H. E.; Tatge, Eatl. Bur. Stand. (U.S.1953 Circular
(see below), were used for calculations (B3LYP exchange-correlation 539, 13.
(21) Parise, J. BActa Crystallogr. B198Q 36, 1179.

(10) (a) Sheldrick, G. M.SHELXS-97 Program for crystal structure (22) Rajamani, V.; Prewitt, C. TCan. Mineralog.1974 12, 253.
solution; University of Gtlingen: Gdtingen, Germany, 1997. (b) Sheldrick, (23) (a) Von Schnering, H. G.; von Benda, H.; Kalveram ZCAnorg.
G. M. SHELXL-97 Program for crystal structure refinement; University of  Allg. Chem.1978 438, 37. (b) Beck, J.; Brendel, C. J.; Bengtsson-Kloo,
Gottingen: Gitingen, Germany, 1997. L.; Krebs, B.; Mummert, M.; Stankowski, A.; Ulvenlund, Shem. Ber.
(11) Saunders, V. R.; Dovesi, R.; Roetti, C.; Causk; Harrison, N. 1996 129, 1219.
M.; Orlando, R.; Zicovich-Wilson, C. MCRYSTAL98 User's Manual (24) (a) Ruck, MZ. Anorg. Allg. Cheml1995 621(12), 2034. (b) Ruck,
University of Torino: Torino, 1998. M. Z. Anorg. Allg. Chem1997, 623 (2), 243.

(12) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82 (1), 270. (25) Trotter, J.; Zobel, TZ. Kristallogr. 1966 123 67.
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Figure 2. Distortion of the[NigBigS| column. The directions of the
distortion are shown by arrows.

The units (i.e. antiprisms) of tH&NigBigS] columns are not
equivalent. The “heights” of the antiprisms with and without S
inside are different: the former type is “taller” than the latter
by approximately 0.13 A. In addition, the Bi atoms are slightly
shifted (approximately 0.020.04 A) out of the plane of the
square face of the hiantiprism toward the S atoms as can be
seen in the atomic coordinates (Table 2). Furthermore, the S
atoms are not exactly located in the center of theadtiprisms,
but are shifted by 0.07 A (Figure 2). ConsequentlysBiiSI
crystallizes in a noncentrosymmetric space group.

Physical Properties: (a) Thermal properties:Two resolved
endothermic effects at 596 5 and 601+ 5 °C were registered
in the DTA experiment (heating mode). Together with the visual
observation of the solidified melt upon cooling this indicates a
peritectical melting of NjBigSI.

(b) Electrical properties: The compound has a metallic type
of conductivity (Figure 3). The resistivity at room temperature
was found to bep;(300) = 30 uQ cm. The temperature
dependence of the resistivity;(T) can be approximated in the
range 4.2-50 K by the dependence

en(T) = po + kT (1)
wherepp = 1.0582542 cm andk = 0.00112401Q2 cm K2,

J. Am. Chem. Soc., Vol. 123, No. 49, 202377
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Figure 3. Temperature dependence of resistivifyy(T), in the
temperature range 4500 K. The solid curve is a low-temperature
fit according to eq 1.
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Figure 4. Temperature dependence of the magnetic susceptik(ity,
in the temperature range 4:200 K.
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(c) Magnetic properties: The susceptibility curve is shown
in Figure 4, beingy(77 K) = 6.5 x 1075 emu/g. NiBigSlI
exhibits a temperature-independent Pauli paramagnetism. The
raise of susceptibility below about 40 K is caused by paramag-
netic impurities and the container material.

Electronic Structure and Bonding. The calculated total

Such dependence is characteristic of quasi-one-dimensionaljensity of states (DOS) and the band structure are presented in

conductorg® At higher temperatures the resistivity increases
linearly up to 600 K.

(26) Oshiyama, A.; Nakao, K.; Kamimura, H. Phys. Soc. Jpri97§
45 (4), 1136.

Figure 5. According to the bands close to the Fermi level; Ni
BigSI should have metallic properties of strong anisotropy. The
bands providing the conductivity (i.e. in the proximity of the
Fermi level) are mainly composed of Bi p- and Ni d-orbitals.
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Figure 5. Band structure and total density of states fogB¥iSI.

While there are two crystallographically unequivalent Ni and
Bi atoms, their projected DOS (pDOS) curves are very similar.
The DOS in the energy range shown in Figure 5 displays two
strong peaks. The analysis of the pDOS of the elements shows
that they essentially correspond to Ni d-orbitals. The splitting
of these peaks corresponds to$ bonding/Ni-Bi nonbonding
(the lower) and Ni-S nonbonding/Ni-Bi bonding (the higher)
combinations. The Ni d-orbital angular components are shown
in Figure 5. The bonding character of the bands was revealedgigyre 7. Difference charge density\p = +0.01 & au) in Nig-

by the analysis of the difference electron charge densities (seegigs| close to the1 anion.

below).

The comparison between the pDOS and the occupancy levelphserved surrounding the S atom inside the square antiprisms
shows that the Ni d-based orbitals are almost fully occupied, of the Ni atoms. The difference between the C1 and C2 maxima
as well as the Bi, S, and | s-orbitals. The p-orbitals of Bi are s |ess pronounced.
approximately half-filled. The p-orbitals of S and | are es-  Figuyre 7 illustrates the difference charge density close to the
sentially fully occupied, whereas the Ni s- and p-orbitals are | 5tom. The interaction between the iodine a[idNiBBiSS]
close to empty. _ = columns appears to be predominantly electrostatic, since the

Since the Ni d-states are almost completely filledgBWSI jsosurface has essentially a spherical shape. A Mulliken charge
should be Pauli paramagnetic. That is in a good agreement withyaysis shows that the iodines essentially can be regarded as
the magnetic measurement data. . . I~ anions, and hence tHgNigBigS|" entity should have the

The difference electron charge densit¥p( defined as a charge+1. Also, the lone s-pairs of the Bi atoms can be
calculated charge density minus the superposition of atomic observed in Figljre 7 (labeled D1 and D2).
charge densities) was visualized to analyze a real-space repre-
sentation of the bonding in BBigSIl. Maxima of the difference
electron charge density can be observed as isosurfaces. Suc
maxima could be interpreted as centers of regions where the
chemical bonds are located. In terms of the topology of the
difference charge density gradient field, they can be called
attractors in accordance with the terminology usually employed

In summary, the most important stabilizing interactions in
isBigSI are multicenter interactions between Ni and Bi, and
wo-center Ni-S interactions within th§;NigBigS] " columns.
An electrostatic interaction then ties the 1D charged columns
and I~ anions together.

. X . . Discussion

in the analysis of the charge density gradient fféldlhe _

difference charge density maps [gNigBigS] are presented in The compound NBigSI represents a novel type of one-
Figure 6. The levels of isosurfacég value) were chosen to  dimensional metallic conductor. However, the principal building
clearly display all maxima. unit, the [;NigBigS| column, resembles strongly MesE col-

The strongest interaction can be observed as thick rodsumns found in a series of isostructural compoundg=€a@e?,
(marked A in Figure 6). They correspond to 5-center (4Ni  TasTeyNi, TasTesAl, TasSiTey?, NbsTesSi, NbyTesFe, NbyTes-
Bi) interactions, and since the crystal structure has two un- Co, TaTesCr, and TaTesCo2 It is thus appropriate to discuss
equivalent Bi atoms, there are two types of maxima Al and the crystal and electronic structure and properties of the title
A2. One can observe a slight difference in shape between theseeompound in comparison with the Nb and Ta ternary tellurides.
two maxima. The maxima of the type B seem to correspond to  In the reported crystal structures of ;T&E (E = Si, Fe),

a 5-center (Bi4+ Ni) interaction. Again, there are two types of the Ta atoms form almost regular square antiprisms sharing
such maxima with different shapes. common square faces, in a similar way as the Ni atoms in the
The maxima of type C correspond to pairwise—§i crystal structure of NBigSIl. The Te atoms reside around the

interactions. Eight such maxima with a disk shape can be Ta; squares such as the Bi atoms inBlgSI do. In contrast to

(27) Bader, R. W. FAtoms in molecules. A quantum theoBlarendon (28) Ahn, K.; Hughbanks, T.; Rathnayaka, K. D. D.; Naugle, DOBem.
Press: Oxford, 1990. Mater. 1994 6, 418.
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NigBigSl, the Si or Fe atoms in the tantalum tellurides are  Noticeably, NiBigSl and TaTesE differ by the nature of the
trapped in the center of the gantiprisms and form almost  d-element. The late transition metal, Ni, has more valence
linear chains with short SiSi or Fe-Fe contacts. In this way,  d-electrons than the early transition metal, Ta. Consequently,
the linear column{;iTa4Te4E] are formed in those compounds. whereas in Tal eE the interstitial element provides the electrons
Unlike NigBigSl, Ta;TesFe and TalesSi crystallize in centro- to stabilize the structure, in BBigSI the interstitial element,
symmetric space groups, and consequently no distortions of thesulfur, and the surrounding iodine serve as electron sinks
columns exist in those phases. Also, the way these columnswithdrawing the excess electrons from the intermetallie Bli

are packed in the crystal structures of, TexE differs from the core.

situation in NjBigSI and exhibits a hexagonal array in contrast

to the square array in pBigSI. Conclusion
The resistivity at 300 K (3«Q cm) for NigBigSI is more NigBigSI provides a new type of a quasi-one-dimensional
than 1 order of magnitude lower than that reported fojT&gM conductor constructed of “molecular wires” separated by iodine.

(M = Cr, Fe, Co, Nif 2 p = 340-23004Q cm, indicating It exhibits physical properties typical for one-dimensional
that NigBigSl is a better conductor than low-dimensional Ta and compounds. Being made of the 1D infinite, charged columns
Nb ternary tellurides. EH calculatiotshave shown that the  [-NigBigS|" and I ions, it displays a strong anisotropy in its
conductivity in TaTesFe is mainly provided by d-states of the band structure and electrical properties corresponding to a 1D
interstitial Fe atoms. Our calculations at the DFT level for metal with Pauli paramagnetism of conducting electrons. These
NigBigSI show that the conductivity occurs through the whole properties are in good agreement with the results of the
Ni—Bi intermetallic system. Thus, the §figSI columns can electronic structure calculations.

be regarded as “molecular wires”. The susceptibility value for It can be expected that §BigSI is the first member of a larger
NigBigSI (y = 6.5 x 1075 emu/g) is 3-10 times higher than  series of one-dimensional conducting compounds based on late
those reported for Tde;M (M = Cr, Fe, Co, Ni) transition metals. The search for new members of the family is

The analysis of difference charge densities reveals the mostunderway.
important interactions between metal atoms to be multicenter

in character, corresponding toNBi rather than Ni-Ni bonds. Acknowledgment. The authors thank Prof. K. V. Rao and

Dr. L. Belova (KTH, Sweden) for the magnetic measurements.
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