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Abstract: Phase pure samples of NBg are obtained by chemical transport and molten flux reactions in sealed
niobium containers at 85850 °C. In the temperature range from 5 to 290 K the electrical conductivity is
found to be moderate metallic with a specific resistivity of 3.92 mm at 273 K. Magnetic susceptibility
measurements give weak, almost temperature independent paramagnetism~dbolle These metallic
properties are compared with the structure ob4$k which contains linear single and double chains of fused

body centered niobium cubes, separated by S and additional Nb atoms. Both physical measurements consistently
show a transition into the superconducting state below 4.1(5) and 3.7(2) K, respectively. Recently ideas were
developed that superconductivity is favored by the tendency of pairwise attraction of conducting electrons at
the Fermi level. To see whether these ideas can be appliedi&d\blectronic band structure calculations
(TB-LMTO-ASA-method) have been performed. In fact at the X symmetry point the band structure shows
two saddle points near the Fermi level giving rise to electron pairing. Other bands cut the Fermi level with
large dispersion. These two band structure features are discussed as chemical requirements (fingerprints) for
the occurrence of superconductivity in this three-dimensionally tightly bonded phase. Thereby, the applicability
of this chemical picture of superconductivity is demonstrated on this system.

Introduction

key feature of these compounds is a network of matatal
bonds.

Quite often parts of the metal atom arrangement

During the past decade the outstanding superconductin
9 P g sup gresemble the structures of the elemental metals as for example

properties of layered copper oxides have stimulated a great o ’
amount of scientific interedt. Intriguingly correlations between ~ 2Sc-metal units in Nl%?g'ls Ta;Se;® Nb;Se}” or the “pseudo
superconductivity and unique structural features are still not well 2inary” Nbo.aoTa,605.%™ A different structural motif is found
developed. First steps in this direction are recent investigationsWith interpenetrating metal icosahedra in dimorphigSFé 22
which compare the bonding and electronic structure properties (@nd isostructural substitution phases such g$ay,S (M =

of layered copper oxides with those of layered rare-earth carbideV: Cr)).?® TaS Ta$>>7?" as well as in the tellurium-
halides of the type REX,C,2® (RE: rare earth element, X;  containing phases FT&es?® and Ta(S,Te}?° The structural
halide) or of metal rich layered chalcogenides, likg N, S,.” similarities between the metal-rich chalcogenides and the
This last mentioned material belongs to an impressive array of elemental metals prompt a thorough investigation of the physical
new chemical compositions and structures which are found in properties of the former, especially in the case of niobium

the group of metal-rich chalcogenides of group 3 fo 8. One
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Table 1. Experimental Details of the Reactions, Aiming for A&

loaded composition lattice parameters

no. amount [mg]  transport or flux material T[°C] time side products (by Guinier) alA] c[A]

1 100 Nb1Ss/NbCls 950 34d ~5% Nb 16.799(2) 3.3547(9)
2 100 NbB1Ss/NbsClg 950 34d ~5% Nb 16.802(2) 3.356(1)
3 100 Nb1Se/Nbslg 950 34d none 16.801(3) 3.354(1)
4 100 Nb:Ss/CsCl 950 34d none (CsCl) 16.812(2) 3.3540(8)
5 300 Nb:iSg/none 1400 1hr ~10% NbS 16.807(3) 3.355(2)
6 700 Nb:Ss/none 850 2d ~5% Nb,~5% NbS 16.820(2) 3.355(1)
7 200 NB1S1/NbCls 950 14d none 16.809(4) 3.358(2)
8 200 NB1S1o/NbCls 950 21d none 16.813(2) 3.352(1)
9 200 NB1Sio arc-melt./950 2d none 16.817(3) 3.357(1)

compounds, since elemental Nb is long known to be supercon-to allow for all the sulfur to react and then at 850400°C for up to
ducting below 9.3 K& 34 days. One sample (no. 9, Table 1) was obtained by arc-melting of
The phenomenon of (low temperature) superconductivity is &0 appropriate mixture of NbS and Nb, followed by equilibration with
observed in a rather large number of different compounds with NPCls: used as transporting agent, at 3&0in a Nb ampule. To check
many different structure types. But no trend that correlates a the stability of Nk,Ss (especially with respect to the measurements of

ific struct " toichi trv feat ith th the superconducting state) against decomposition the powder pattern
Specilic structureproperty or stoichiometry feature wi e (see below) of one sample was retaken after exposure to air for 4 weeks.

value of Tc is recognizable. Within the chalcogenides tWo pgth the line distribution and lattice parameters did not change
classes of compounds have attracted special interest: (1) Somgjgnificantly, confirming a stable phase. Experimental details for all
hexagonal layered dichalcogenides 2H-MQM: metal of reactions are given in Table 1.

group 4, 5, or 6; Ch: S, Se, Te) show superconductivity up to  Characterization. The phases obtained were identified by com-
7.0 K (NbSe) and exhibit pronounced anisotropy. Even higher parison of their Guinier powder patterns with those calculated on the
T, values (up to 13 K) are found in intercalated compoutids. basis of single-crystal data of known structures. The patterns were
(2) The Chevrel-phases MN@hg, with M = Pb, Sn, La, Ag, recorded_with thg microcrystal_ling samples held between two pieces
... (up to 40 elements), which contain octahedral metal-clusters ©f t@pe with the aid of Cu K radiation ¢ = 1.540562 A) on an Enraf-

which are face capped by Ch atoms and exhibit SUpeI’COI"IdUCtiV-Noni.US FR552 e_vacuablg camera. The line positions,_calibrated with

. : ic fiefdss the _Ilnes from SI as an |nternal standard, were usgd in Ieast-squares

ity up to 15 K even at high e>.<ternal magnetic fie routines to obtain precise lattice constants. Phase yields were estimated
Here we report the synthesis of phase pure samples 8f Nb \isyally according to the relative intensity distribution on the Guinier

Se, the structure of which has been published by Franzen et fims (with a detection limit of better than 5%).

al.;'> and results of magnetic susceptibility and electric resistiv-  Electric Resistivity Measurements. A microcrystalline sample of

ity measurements and discuss the observed properties withphase pure NhS; was cold-pressed to a 0.6 mm thick layer onto a

reference to the structure and theoretical expectations, derivedsquare array with 4 platinum electric contacts. The resistivity was

from first principles electronic band structure calculations of measured as a function of temperature in the range from 290 to 3 K

the TB-LMTO type. and in reverse at increments of 8.8 K with use of a current of 5
mA. Further measurements were performed on a larger chunk of
Experimental Section material as well as on a single crystal with 2 contacts soldered with
indium.
General Techniques. The general synthetic techniques utilizing Magnetic Susceptibility Measurements. Magnetic susceptibility

welded niobium ampules, as well as the Guinier-powder diffraction data were obtained on several samples ofi8f The sample powders
and cell parameter refinement methods, have been described elsewere held between two fused silica rods that were in turn fixed inside
where343% Unless otherwise noted all manipulations were carried out a silica tube, filled with He, and sealed at both ends. The measurements

in nitrogen or argon filled dryboxes. for the normal state properties were carried out at three temperatures
Synthesis. First hints of the possibility to synthesize N8 by between 40 and 306 K in 10 K steps with the aid of a Quantum Design
chemical transport reactions or molten flux methods instead of the arc MPMS SQUID magnetometer. Superconducting state data were
melting procedures which were used in the prior investigatfomere measured with an external field of 10 G between 2 and up to 20 K
obtained from reactions aiming for mixed niobiuthalide—chalco- with the sample cooled with applied field (FC) as well as with zero

genide clusters (like NiS*®). In the following reactions, aiming for field (ZFC). The data were corrected for the sample holder as well as
phase pure samples of )8, a total of 100 to 700 mg of stoichiometric  for standard diamagnetic core contributidhs.

guantities of niobium powder (obtained from high purity Ames-Lab. To study the effect of increasing the external field strength on the
Nb-sheets, as well as from Strem Chemicals, Inc., purity: 99.8%) and magnetization, further measurements were performed Mith 50 G
elemental sulfur (J. T. Baker and Aldrich, purity: 99.998%) together andH = 100 G.

with less than 1 mg of halide transporting material (NHGIbBrs, or Electronic Band Structure Calculations. To gain insight into the
Nbls, sublimed prior to use) or about 100 mg of alkaline halide (CsCl bonding of NBb:Ss, especially with respect to superconductivity, the
as flux) were sealed in Nb ampules which in turn were encapsulated electronic band structure was calculated by using density functional
in silica jackets. All reactions were first heated at #8Dfor 2 days theory with the local density approximation (LDA). The one-electron
Schralinger equation was solved self-consistently with the linear
muffin-tin orbital (LMTO) method in the atomic-spheres-approximation

(30) Weast, R. C.; Astle, M. J.; Beyer, W. H., E®BRC Handbook of
Chemistry and Physic§5th ed.; CRC Press: Boca Raton, 1984.

(31) Wilson, J. A.; Di Salvo, F. J.. Mahajan, 8dv. Phys.1975 24 (ASA) including the combined correction (CE):4° This method splits
117. T o S ’ ' the crystal space into overlapping atomic (Wign8eitz) spheres whose
(32) Foner, S.; Schwartz, B. B., EdSuperconductor Materials Sci- radii were chosen to fill the crystal volume completely. The one-

ence: Metallurgy, Fabrication and ApplicationBlenum Press: New York, electron potential entering the S¢hinger equation is a superposition
1981.

(33) Cheuvrel, R.; Hirrien, M.; Sergent, MPolyhedron1986 5, 87. (37) Selwood, P. WMagnetochemistryinterscience Publishers: New
(34) Kickerling, M.; Qi, R.-Y.; Corbett, J. Dlnorg. Chem.1996 35, York, 1963; p 78.

1437. (38) Andersen, O. KPhys. Re. 1975 B12 3060.
(35) Payne, M. W.; Corbett, J. Dnorg. Chem.199Q 29, 2246. (39) Andersen, O. K.; Jepsen, @hys. Re. Lett. 1984 53, 2571.

(36) Meyer, H.-J.; Corbett, J. Dnorg. Chem.1991 30, 963. (40) Jepsen, O.; Andersen, O. K. Phys.1995 B97, 35.
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Table 2. ASA Radii, Used in the TB-LMTO Calculations
atoms ASAradii atoms ASAradii  atoms  ASA radii

Nb1 2.964 S2 2.583 E7 1.218
Nb2 3.012 El 1.707 E8 1.102
Nb3 2.813 E2 1.633 E9 1.152
Nb4 2.801 E3 1.561 E10 1.034
Nb5 2.760 E4 1.440 E11 1.101
Nb6 2.934 E5 1.280 E12 1.040
S1 2.620 E6 1.321 E13 1.042

of overlapping spherical potential wells including a kinetic-energy error
proportional to the relative overlap of the spheres. The ASA spheridizes
the charge density inside the spheres and neglects the charge outside
them. This would cause substantial errors due to large sphere overlap
and misinterpretation of the potential. Therefore it is necessary to fill
the void space with empty spheres. In general, the requirement for
choosing the radii of atomic and empty spheres is that the superposition
of the spherical potentials approximates the full three-dimensional
potential as much as possible, that the overlap error is acceptable, and
that the entire charge is inside the spheres, i.e., the sum of the spheres
volumes (atomic plus empty spheres) must be equal to the unit cell
volume.

The calculated atomic spheres radii and the radii of the added empty Figure 1. [001] view of the crystal structure of Ni&s. Nb atoms are
spheres), which were included to reduce the overlap of the atomic represented as regular dotted spheres, S atoms as irregular dotted
spheres below 16%, were calculated by using an automatic procedurespheres. The body centered cubic Nb units are emphasized.
developed by Krier et ¢ and are given in Table 2. The atomic
positions used are those from ref 15. All reciprocal space integrations conditions are similar to the original annealing conditions
were performed with the tetrahedron metiédising 14 irreducible following arc-melting!® is the binary NbS found as a side
k-points within the Brillouin zone. The muffin-tin orbitals included product.
in the calculations were 5s, 5p, 4d, and 4f states for Nb and 3s, 3p, * g |attice parameters of the tetragonal cell, as obtained from
and 3d states for S. The 4 states of Nb and the 3d states of S werejq 45t g ares refinement using the positions of the lines on the
treated by the downfolding techniqtre. o . . o

Guinier films, are also given in Table 1. They do not indicate
any significant change in lattice parameters on changing the
transporting agent. All values fall within ac4range of the

Despite the enormous amount of effort that has been devoted@Veragea = 18.809(3) A and = 3.355(1) A, values which
to understand the fascinating property of superconductivity '€ also close to the originally reported lattice parametees of
which is found in some complex layered copper oxides, this = 16:794(5) A andc = 3.359(2) A!® Furthermore, EDX
physical phenomenon is so far not understood when it comesMeasurements on a sample of reaction no. 8 (Table 1) do not
to the correlation with structural parametérdhis is also true ~ 9ive any indication of chloride incorporation into this sample.
for the much longer known “conventional” superconductors, ~ Structural Features. Even though the structure of biSs
even though the general accepted theory from Bardeen, Cooper’@s been described elsewh&raye will discuss here those
and Shriffer (BCS theory) phenomenologically describes prop- structural feature.s which are important with respect to the
erties related by the superconducting state assuming a Speci‘fjﬂ)bserved properties. The most important structural feature of

form of electron pairing initiated by electrefphonon coupling Nbz:1Sg is an extended network of metametal bonds. As
(cooper pairs}. depicted in Figure 1, two types of cluster chains, composed of

body-centered Nb cubes as the smallest building blocks, run
along [001] in the tetragonal structure.

Results and Discussion

Synthesis and Phase Distribution. To measure properties

(and especially the superconductivity) of N8, phase pure - . .
samples were synthesized by chemical transport or molten flux Th_e first cluster chaln type is made of pody-cen;ered Nb cubes
running along ¢ which are condensed via opposing faces. The

methods.  The samples obtained usually consisted of batChessmallest unit of the second type of cluster chains consists of
of thin needles, grown along [001], which were up to 2 mm yp

- . " - two face sharing body-centered Nb cubes. A second double-
long. Details of reaction conditions, products, and obtained cube chain is fused into this, being rotated by $élative to
lattice parameters are listed in Table 1. g g

) . the first one. Thereby the Nb atoms in the centers of the first
~Samples 1 and 2 contain besides,ij traces of elemental o, pje-cube chain are the edges of the shared face of the second
niobium. Since Nb is not found in reactions 7 and 8 which

o " ; ] double chain. These two types of “metal-tubing” as highlighted
were run under similar conditions the first two were obviously

. - ; g . ! in Figure 1 show the close relation of this binary sulfide to the
a little niobium rich (sulfur deficient), possibly due to reaction glemental niobium. In fact the NENb distances inside the

of some sulfur with the Nb walls of the ampules in the early . pas (2.822.95 A) are as short as the shortest metaétal

stages of the reaction. Loading slightly sulfur rich (nominal yistances in the elemental Nb (2.864 A). In the compound the
composition Ni;Syo) takes care of this problem. Interestingly,  cqordination environment is not perfectly cubic with edge

no NbS;, which can be chemically transported quite viéiis lengths ranging from 3.202 to 3.427 A. The metal-tube

found in any reaqtion product. iny when reaction times are gescription of Nb,Ss shows some similarity to thé-tungsten
short, or if there is no transporting agent, and/or the reaction gi,cture of the NEZ compounds (Z= Sn, Ga, Ge). These

(41) Jepsen, O.; Andersen, O. Bolid State Commuri971 9, 1763. compounds are technologically used super_conductorsWEh .
(42) Krier, G.; Jepsen, O.; Andersen, O. K. Unpublished resuilts. above 18 K. The Nb atoms are arranged in Z-centered chalns
(43) Sctlier, H.; Fuhr, W.J. Less-Common Me1965 8, 375. parallel to the edges of the cubic cell. They can be derived
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0 S0 100 150 200 250 300 Figure 3. Temperature dependence of the molar magnetic susceptibility
T [K] of a microcrystalline sample of NI in the range of 40 to 306 K.
Figure 2. Temperature dependence of the specific resistivity of a
microcrystalline sample of NiSs. The inset gives an enlarged view
of the superconducting transition. 0.0 = ®
from Nb cubes, with the shared faces being distorted to o
rectangular (instead of square) planigs. E -0.5
Using a different approach, the metal atom arrangement in %
Nb21Sg can be described as being built up from compressed E
and fused Npoctahedra, allowing nicely for comparison with s -1.0
the structures of many other metal-rich compoutid&urther, B
recently investigated compounds which have interesting struc- ¥
tural similarities to Nb;Ss are the isostructural 3€o,P4 and -1.5
ngNi2P4.46
Resistivity Measurements. From the extended metaimetal 2 4 ’?[K] 8 10

bonding, Nb;Sg can be expected to be a metallic conductor.
Indeed, the results of the four-probe resistivity measurement of Figure 4. Transition into the superconducting state ofi#g as shown
the cold pressed microcrystalline sample indicate metallic by the diamagnetic shielding effect (zero field cooled data, zfc) and
behavior in the temperature range from 5 to 290 K (Figure 2). the Meissner effect (fc) using an external field of 10 G.

The specific resistivity at 273 K is 3.90 & cm and decreases
on lowering the temperature to 0.65Xhtm at 5 K. Compa-
rable results were obtained from the two-point measurement
on the larger chunk of sample as well as on a single crystal.

Since the first mentioned measurement was performed ON clemental niobium by an additional transition in the range of

microcrystalline samples, where grain boundary effects and g o o 5« in the magnetization curves. That traces of niobium

cry stal defect§ cannot t')e. estimated correctly, a d'r.eCt ComMparson:an pe found in this way has been confirmed by the addition of
with the specific resistivity of the elemental niobiums) =

R . Nb to a NB;Sg sample. At this point it is of crucial importance
sty than tnat of slemental Nb & & moderats conductor, 0 VETY that NS actually exniits superconduciviy and
Similar resistivities are found for NBzTag 263,.” This behavior ' not some tiny amount of impurity like Nb oxides, Nor
. Q2 %.26%2. ) elemental Ni#7 Therefore, the volume susceptibility = Mpy/
is not completely unexpgcted from t_he structure, which can be H, using the mass densipy = 7.739 g/c as computed from
understood as a metal diluted and ripped apart by sulfur atoms

. ) X . the X-ray datd? was calculated. The value gf = 0.021 at
(see structural discussion above). At 4)1K5a major drop in 29 K (F)é: data), which is 26% of the theorgttical valuel(
resistivity occurs, indicating a transition into the superconducting '

state (Figure 2, inset) 4:1), indicates bulk §uperconductivity. _Figure 5 shows zero-

- ' : . field-cooled magnetic data for three different field strengths.
Magnetic Measurements. The normal state metallic prop-  \wjth increasing fields the transition broadens, the supercon-
erty, as found by the electric resistivity measurements, iS gycting volume fraction decreases slightly, and the onset occurs
confirmed by the rgsults of magnetic measurements on sampleg; 4 slightly lower temperature (though this becomes more
no. 3 (Table 1) which are depicted in Figure 3. Above 40 K gigricyt to define as the transition broadens). These properties

the magnetic susceptibility of NiSs is paramagnetic in g6 consistent with a type Il superconducibr.
character and relatively small at room temperature in accordance : ' —
with the metallic behavior found in the resistivity measurements. 233 g;fll‘;'v WS;F;: 2'?"‘2'\”_9%(;2;“g'sg‘?rf\}la‘t’:’:u'ggﬁ”n‘_i 1J9_9‘[‘)-r0ns
The superconducting transition occursTat= 3.7(2) K and is kowski, R.; Rouxel, JAngew. Chem1996 108, 837. T
confirmed by the Meissner and diamagnetic shielding effect.  (49) Simon, A.Angew. Chem1987, 99, 602.

Figure 4 shows the results of the measurements on sample no. (50) Simon, A.; Mattausch, H.-J.; Eger, R.; Kremer, RAfigew. Chem.

9. The same value df; is found for all the other samples (nos. 1991 108 1210.

The superconducting transition occursTat= 3.7(2) K and
is confirmed by the Meissner and the diamagnetic shielding
effect (Figure 4). The width of the transition is 0.7 K. These
samples do not show any indication of the occurrence of

(51) Mattausch, H.-J.; Simon, A.; Felser, C.; Dronskowski ARgew.

3,4,7,and 8). Chem.1996 108 1805.
(52) Simon, A.; Yoshiasa, A.; B&er, M.; Henn, R. W.; Felser, C;
(44) Hyde, B. G.; Andersson, $organic Crystal Structures]. Wiley Kremer, R. K.; Mattausch, HZ. Anorg. Allg. Chem1996 622 123.
& Sons: New York, 1989; p 356ff. (53) Felser, C.; Cramm, S.; Johrendt, D.; Mewis, A.; Jepsen, O.;
(45) Simon, A.Angew. Chem198§ 100, 164. Hohlneicher, G.; Eberhardt, W.; Andersen, O.Euro. Phys. Lett1997,

(46) Kleinke, H.; Franzen, H. Anorg. Chem.1996 35, 5272. 40, 85.
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Figure 5. Zero field cooled magnetization data of the superconducting Figure 7. Fat-band representation of the Nb2 d-levels (left) and Nb6
transition of Nb;Sg at external magnetic fields of 10, 50, and 100 G. d-levels (right) in the self-consistent band structure obSbin the
vicinity of the Fermi level.
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Figure 6. The total density of states (DOS) of NBs as obtained by

self-consistent (LMTO) band structure calculations. The projection of
all the sulfur p-functions is presented hatched and that of all the Nb
d-functions is crosshatched. The dotted line marks the Fermi EBvel r X — P

. . . Figure 8. Expanded part of the band structure of,ig in the vicinity
Electronic Band Structure Calculations. Electronic band of the X-symmetry point at the Fermi level.

structure calculations on Ni{Sg were performed with use of
the TB-LMTO-ASA methof®4° The total density of states kg
(DOS) together with the projection of sulfur p- and niobium
d-levels is shown in Figure 6. The energy zero is taken at the
Fermi levelEg. In the lower part the sulfur s-levels are located
(from ca.—16.3 to—15 eV), which are clearly separated from
the other states. The energy region from€8.4 to—4.6 eV
covers the sulfur p-functions. The Nb d-states are primarily
located above these. The Fermi energy cuts through a maximum
in the DOS curve witiN(Eg) = 20 states/(eV cell). To analyze
the bonding properties of the sulfur atoms a three-dimensional
charge density grid was calculated. The S atoms appear as
almost regular spheres indicating that it is possible to character-
ize them as & ions. With the density of states at the Fermi
level being composed of roughly 76% Nb d-states, it is clearly
dominated by niobium states.

A small energy window of the LMTO-band structure in the
vicinity of the Fermi level, calculated along several lines of Figure 9. Plot of the Brillouin zone of NpSs with the symmetry
high symmetry within the Brillouin zone, is depicted in Figure lines and points marked as used for the band structure calculations.
7. The band structure is plotted from the zone border Z (0, pands are responsible for the relatively high density of states at
b'/2, 0) to the zone centdr (0, 0, 0), and further to X&/2, Er. According to recent investigations of Simon et al., the
b/2,0), P €/2,b'/2,¢'/2), and N (0b'/4,¢'/2). A graphical  occurrence of both types of bands can serve as a hint for the
representation of this Brillouin zone ShOWing the SpeCial occurrence of superconductivity (fingerpriﬁ%)‘ﬁz This hy_
symmetry points is given in Figure 9. Several high dispersive pothesis states that the tendency of the formation of supercon-
bands cut the Fermi level in accordance with the metallic ducting Cooper pairs is favored by a pairwise localization of
properties. Also visible are bands (alohg— X and X— P) conduction electrons. Therefore flat bands which represent
which are basically flat in the vicinity of the Fermi level. These electronic states with small Fermi speed of the electrons as well

(54) Nagata, S.; Aochi, T.; Abe, T.; Ebisu, S.; Hagino, T.; Seki, Y.; as highly dispersive bands are necessary, i.e., the coexistence
Tsutsumi, K.J. Phys. Chem. Solids992 53, 1259. of localized electron pairs and itinerant electrons seems to be a
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(chemically) necessary requirement for the occurrence of developed ideas of the electronic requirements for supercon-
superconductivity. These features are observed in the bandductivity. Within the numerous investigations concerned with
structures of layered oxocuprate superconductors as well as inthe phenomenon of superconductivity this work extends the
the layered (REX2C, (RE=Y, La; X = Cl, Br, I) and others. chemical point of view which was developed on the basis of
At the X-symmetry point of the band structure of M two layered compounds toward the three-dimensionally tightly
flat bands form a saddle point in the energy surface, coinciding bonded system NiSs.

almost with Ex (+0.02 eV). These so-called "van-Hove
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