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A b s t r a c t  

Two new ternary metal-rich compounds, Nb~.l_~TaxS s and Nb~Taz_=S, isostructural with 
the binary metal-rich compounds Nb21S8 and Ta2S respectively, were prepared by means 
of high temperature techniques in the ternary Ta-Nb-S system. Single-crystal structure 
refinements were carried out for crystals of Nb2~_~Ta~S8 (R/R~=O.027/O.043) and 
NbxTa2_~S (R/R~=O.040/O.043), and the compositions were determined as Nb~4.sTa~.2S 8 
and Nb0.2oTal.soS respectively from the structure refinements. Stoichiometric ranges of 
ternary solid-solution-type metal-rich compounds found in the Ta-Nb-S system were 
determined. Common structural features of these metal-rich compounds are discussed. 

1. I n t r o d u c t i o n  

Solid state chemistry in the metal-rich region of the ternary Ta-Nb-S 
system is at present being explored by means of high temperature techniques. 
Four new ternary metal-rich compounds, NbxTa11_~S4 (x=4 .92)  [1], 
Nb12_~Ta~S4 (x=5 .26 )  [2], Nb~Tas_~S2 (x~1 .72 )  [3] and Nb~Ta2_~S 
( x ~  0.95) [4], have been prepared and reported. The first three compounds 
exhibit totally new structure types and the last one is isostructural with 
Ta2Se [5] but not with Ta2S [6]. The last two compounds are new layered 
compounds with van der Waals gaps consisting of neighboring sulfur layers 
separated by five and four mixed (Ta, Nb) layers in Nb~Tas_~ $2 and Nb~Ta2_xS 
respectively, in a b.c.c, setting. 

Here we report the results of experiments designed to explore the 
composition and temperature regions of occurrence of the new phases and 
of solid solution regions of phases isostructural with known binary tantalum 
and niobium sulfides. Two new ternary metal-rich compounds isostructural 
with two binary metal-rich sulfides in the Nb-S and Ta-S systems, namely 
Nb2~_~Ta~Ss (x~6 .2 ,  I 4 / m ,  a = 1 6 . 8 1 7 ( 2 )  ~, c=3 .3450(9)  /~, Nb~.~Ss type 
[7]) and NbzTae_~S (x--0.20,  P b c m ,  a- -7 .372(1)  /~, b=5.576(1)  /~, 
c--15.198(2) /~, Ta2S type [6]) are reported. The ratios of tantalum to 
niobium, the temperature ranges of stabilities and some common structural 
features of the ternary metal-rich compounds found in this system will be 
discussed. 

0925-8388/92/$5.00 © 1992- Elsevier Sequoia. All rights reserved 
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2. Experimental  details 

2.1. Sample preparation 
2.1.1. Initial reactants 
TaeS was synthesized by heating a stoichiometrically appropriate mixture 

of  tantalum (Alpha Product,  M3N8), and sulfur (Fisher Scientific Company, 
laboratory grade) in a previously out-gassed fused silica tube  at about  400 
°C first, to consume all of  the free sulfur, and then at 800 °C for 3 days. 
Nb21Ss, NbS, "Nb~S", "Nb~.sS" (there are no known compounds  with the 
formulas "Nb2S" or  "Nbl.~S"), TaS and Ta~S were synthesized using a similar 
procedure.  TaBS was heated at 850 °C for 1 week. 

2.1.2. Nb21_~Ta~Ss (Nb21Ss type [7]) 
A cold-pressed sample of Ta6S and equimolar amounts of Nb21Ss were 

arc melted three t imes on a water-cooled copper  plate using a tungsten 
electrode in an argon atmosphere.  The sample was subsequently annealed 
for 42 h at 1350 °C in an inductively heated tungsten crucible. 

2.1.3. Nb~Ta2_~S (Ta2S type [6]) 
The mixture of  "Nb2S", TaS and tantalum with nTa:nNb:ns=l.5:0.2:l 

was pressed  into a pellet, arc melted three times in an argon atmosphere 
and subsequently annealed at 1400 °C for 11 h in an inductively heated 
tungsten crucible. 

2.1.4. Ternary metal-rich solid solution compounds in the 
Ta-Nb-S system 
Preparation procedures  for NbxTail_xS4, Sb12_xTaxS4, NbxTas_xS2, 

Nb~Tae_~S (Ta2Se type [5]), Nb21_~Ta~S8 (Nb21Ss type [7]) and Nb~Ta2_~S 
(Ta2S type [6]) are listed in Table 1. 

2.2. Sample characterization 
Guinier powder  diffraction was used as the primary characterization 

method to identify phases, obtain accurate lattice parameters,  and estimate 
the relative yields. An X-ray powder  pattern was obtained with a vacuum 
Guinier camera FR552 (Enraf Nonius, Delft) using Cu Kal radiation and 
silicon as an internal standard. The powder  pattern of the sample was 
compared with the calculated powder  patterns of  known compounds  to 
determine whether  the desired phase was a major phase or not. 

The resultant samples of  the Nb21Ss-Ta~S mixture and "Nbo.2TaLsS" 
were examined by energy-dispersive analysis by X-rays (EDAX) in a scanning 
electron microscope.  

2.3. Single-crystal investigation 
A gray-colored single crystal (0.4 × 0.3 × 0.2 mm 3) of Nb21 _~Ta~Ss found 

in the resultant sample of  the Nb2,Ss-Ta6S and a gray-colored single crystal 
(0.03 × 0.01 × 0.2 mm s) of Nb~Ta2_~S (Ta2S type) found in the sample of  
"Nbo.2Tal.sS" were used for X-ray intensity data collection. 
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Intensity data were collected using monochromatic Mo Ka radiation, 
employing the o>-20 scan technique on a Rigaku AFC6 single-crystal dif- 
fractometer. The observed intensities were corrected for Lorentz polarization 
and absorption effects. Based on three standard reflections measured every 
150 reflections for each crystal, there was no significant fluctuation or decay 
of the crystals. Subsequent data processing and structure calculations were 
performed with the program package TEXSAN. Information about intensity 
data collection for the two crystals is listed in Table 2. 

2.3.1. Nb21-x Ta,~Ss 
After processing the intensity data, the structure model of Nb21S8 was 

used to initialize the refinement. After the refinement had converged and 

TABLE 2 

Crystal data for Nb21_xTaxS 8 (x=6.2)  and NbxTa2_~S (x=0.20)  

Formula Nb14.sTae.2Ss Nb0~oTaLsoS 
Space group I4/m (no. 87) Pbcm (no. 57) 
a (/~) 16.817(2)" 7.3724(11)" 
b (.~) 16.817(2)" 5.5757(11)" 
c (/~3 3.3450(93" 15.1981(23)" 
V (/~3) 946.0(5) I 624.74(18)" 
Z 2 12 
dc~¢ ( g c m  -3) 9.665 12.029 
Crystal size (nun 3) 0.4 x 0.3 x 0.2 0.03 x 0.01 x 0.2 
/z(Mo Ka) (cm -1) 443.03 951.01 
Data collection instrument Rigaku AFC6 Rigaku AFC6' 
Radiation (monochromated in 

incident beam) Mo Ka Mo Ka 
Orientation reflections 

number 25 12 
range 28 14-35 14--35 

Temperature (°C) 22 22 
Scan method eo-20 w-2e 
Octants measured hkl, - h k l  hkl, -hk l ,  h k - l ,  - h k - l  
Data collection range 20 (deg) 0-50  0.-70 
No. of reflections measured 1045 6334 
No. of unique data points, total 

with Fo 2 > 3a(Fo ~) 416 581 
No. of parameters refined 45 49 
Transmission factors 

Maximum, minimum 1.000, 0.807 1.000, 0.350 
Secondary extinction coefficient (×  10 -7) 2.9658 0.5227 
R b, R~ ¢, GOF a 0.027, 0.043, 1.17 0.040, 0.043, 0.911 
Largest shiftJesd, final cycle 0.00 0.00 
Largest peak (e ~-3)  3.44 (0.12 /~, M6) 4.87 (1.43 ~, Wal) 

iObtained from indexing of the powder pattern. 
bR ffi X]IFo} - IF~l~IFol. 

°P~,= l XwCnFol -- IF&~n~wnFol~]"~; w =  1/o'2(IFol). 
dGOFffi :~[(IFol-IF~I)/~,I/(No.-~,.,.,.,,,.,.,.). 
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50% Nb and 50% Ta was assigned to each metal position, the multiplicities 
of the metal positions were refined. The isotropic thermal parameters were 
finally refined with the concomitant refinement of the multiplicities .for the 
metal positions and the secondary extinction coefficient. 

After isotropic refinement, F¢ values for Nb~4.aTa6.2Sa were calculated 
and used for a DIFABS absorption [8] correction for the Fo values in the 
mode that  utilizes 0-dependent systematic deviations IF0[-IF¢[. Finally an 
anisotropic refinement was carried out and the final R, R~ and GOF were 
0.027, 0.043 and 1.17 respectively. 

2.3.2. Nb~Ta2_~S 
The space group of  this compound was assumed to be Pbcm, the same 

as that  of Ta2S. First an empirical absorption correction was applied with 
the maximum and minimum transmission factors of 1.000 and 0.350 re- 
spectively. Application of direct methods resulted in an electron map containing 
four strong peaks per asymmetric unit. These peaks were assigned as tantalum 
and the refinement was initiated. Two sulfur positions were then obtained 
from a subsequent difference Fourier synthesis after initial refinements, and 
the multiplicities for the metal positions were refined after 50% Ta and 50% 
Nb was assigned to each metal position. Finally, the isotropic thermal 
parameters were refined with the concomitant refinement of the multiplicities 
for the metal positions and the secondary extinction coefficient. 

After isotropic refinement, -Pc values for Nbo.2oTaLaoS were calculated 
and used for a DIFABS absorption correction for the Fo values in the mode 
that utilizes 0-dependent systematic deviations IFoI-IF¢I. The ratio of the 
highest to the lowest transmission was 1.142. An anisotropic refinement was 
then carried out with the concomitant refinement of the multiplicities for 
the metal positions and the secondary extinction coefficient, and the final 
R, R ,  and GOF were 0.040, 0.043 and 0.911 respectively. 

3. R e s u l t s  

3.1. Nb21_~Ta~Ss (x~6.2) 
The powder pattern that resulted from the Nb21Sa-Ta~S mixture could 

be indexed as one phase, Nb21-~TaxS8 (I4/m, 16.817(2)/~, 3.3450(9)/~),  
according to indexing accomplished using data from the structure solution 
for Nb21_zTa~Sa (x--6.2)  obtained in this work. Many gray-colored crystals 
were found in the annealed sample. The powder pattern of Nb21-~Ta~Sa 
was similar to that  of Nb21Sa [7] except for changes in the intensity of some 
reflections (the most  obvious change was observed for the [110] reflection). 
The result of EDAX quantitative analysis of the resultant sample of the 
Nb2~Sa-Ta~S mixture is as follows: 52.08 at.% Nb, 17.94 at.% Ta and 27.83 
at.% S, corresponding to Nbl,.97Tas.16Sa. The composition of Nb21_zTa~Ss 
was determined to be Nb~a.aTao.2Sa from the structure refinement. The crystal 
data and atom coordinates for Nb21_~Ta~S8 (x=6 .2 )  are given in Tables 2 



304 

and 3 respectively. Listing of observed and calculated structure factors for 
Nb~4.sTa6.2S8 are available upon request from the authors. 

The projection of the structure onto the x--y plane is included in Fig. 
1. This is a solid-solution-type compound having the Nb21Ss-type structure 
in which tantalum partially substitutes for niobium, i.e. the metal coordinations 
are capped pentagonal and capped cubic prismatic while the sulfur coor- 
dinations are capped trigonal prismatic. The structure can be thought of as 
a modified b.c.c, metal structure. The fragments of modified b.c.c, metal 
networks can be easily recognized from Fig. 1. 

In the structure of Nb2 ~ _ ~ Tax Ss (x ~ 6.2) each metal position is fractionally 
occupied by niobium and tantalum. The metal positions have been labeled 
so that, as the metal indicator increases, the nwa/nNb ratio on that position 
also increases, i.e. from M1 to M6 the nwa/nNb ratio on the metal position 
increases. The numbers of coordinating sulfur atoms for M1, M2, M3, M4, 
M5 and M6 are 4, 4, 4, 3, 2 and 1 respectively, i.e. there is a trend that 
niobium (compared with tantalum) preferentially occupies the metal site 
bound to more sulfur atoms. 

The cell constants (a  = b = 16.817/~; c-- 3.345/~) of Nb~.l _~Ta~ $8 ( x ~  6.2) 
differ slightly from those ( a = b  = 16.794/~; c =3.359/~)  of Nb21S8. The radii 
of niobium and tantalum are nearly the same and these elements are in the 
same column of the periodic table, so the above similarity is not unexpected. 
Because the atomic positions and cell constants of Nbl4.sTa6.2S8 and Nb21S8 
are nearly the same, the bond distances in Nb~4.sTa6.2S8 are nearly the same 
as those in Nb21Ss. 

3.2. Nb~Ta2_xS (x-~0.20) 
The Guinier X-ray powder pattern of the arc-melted sample indicated 

that the major phase had a Ta2S-type [6] structure, and a minor phase had 
the 2s-Nbl+~S2-type [9] structure. After the arc-melted sample had been 
annealed at 1400 °C for 11 h in an induction furnace, the powder pattern 
was nearly unchanged except that  weak reflections from a ~-Ta~S-type 
compound appeared, possibly as the result of loss of  sulfur during the 
annealing process. The cell parameters of Nb~Ta2_~S (x=0 .20 )  were de- 
termined to be a =  7.3724(11) /~, b = 5.5757(11) /~ and c= 15.1981(23) /~ 
in the space group P b c m  according to indexing accomplished using data 
from the structure solution for Nbo.2oTaLsoS obtained in this work. 

The ratio nwan~ of the major phase in "Nbo.2Tal.6S" was determined 
as 12.75, which corresponds to Nbo.15Ta~.85S, by means of EDAX quantitative 
analysis. The composition of Nb~Tae_~S was determined as Nbo.2oTaL8oS 
from the structure refinement. The crystal data and atom coordinates for 
Nb~Ta~_zS (x=0 .20 )  are given in Table 2 and Tables 4 and 5 respectively. 
A listing of observed and calculated structure factors for Nbo.2oTaLsoS is 
available upon request from the authors. Figure 2 is a picture of  the structure 
of Nb~Ta2_~S ( x ~  0.20). This is a solid-solution-type compound having the 
Ta2S [6] structure type in which niobium partially substitutes for tantalum, 
i.e. the structure can be viewed as linear chains of body-centered pentagonal 
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Fig. 1. Structures of metal-rich Ta-Nb-S compounds viewed along the short axis (about 3.3 
.~): (a) Nb=Talz_=S4 (Prima; 31.210(5) ~, 3.3507(6)/~, 9.592(2) .1-); Co) Nbz2_xTa~S4 (Pnma; 
9.591(3) .~, 3.364(1) /~, 32.825(7) ~); (c) Nb2]_=Ta~Ss (Nb2zSs type; 14Ira; 16.817(2) /~, 
3.3450(9)/~); (d) NbxTas_=S 2 (I4/mmm; 3.3203(9)/~, 21.619(12)/~); (e) NbxTa2_=S (Ta2Se 
type; P4/nmm; 3.3304(7)/~, 9.093(9)/~). 
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Positional and thermal parameters and occupancies for Nb~Ta2_xS (x--0.20) 
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Atom Occupancy x y z B~q (/~2) 

Tal 0.0084(3) 0.1320(4) 0.25 0.42(5) 
M2 92% Ta+ 8% Nb 0.3523(3) 0.8715(4) 0.25 0.49(6) 
M3 90% Ta+ 1096 Nb 0.7165(2) 0.8949(3) 0.34614(7) 0.53(4) 
M4 83% Ta+ 17% Nb 0.0964(2) 0.8941(3) 0.41025(7) 0.50(4) 
S1 0.179(2) 0.25 0.5 0.6(3) 
$2 0.412(1) 0.768(1) 0.4030(5) 0.9(3) 

TABLE 5 

Anisotropic thermal parameters (/~2) for NbxTa2_~S (x~O.20) 

Atom Un U22 Usa U12 U13 U23 

Tal 0.0051(8) 0.0047(6) 0.0060(5) 0.0006(8) 0 0 
M2 0.0068(5) 0.0057(6) 0.0065(5) 0.0000(8) -0.0001(4) 0.0001(5) 
M3 0.0074(6) 0.0073(5) 0.0053(4) -0.0004(8) 0.0011(4) 0.003(6) 
M4 0.0051(8) 0.0071(8) 0.0065(6) --0.001(1) 0 0 
S1 0.007(4) 0.014(3) 0.013(3) -0.002(4) 0.002(3) 0.005(2) 
$2 0.015(6) 0.003(4) 0.004(3) 0 0 0.001(3) 

anti-prisms of  metal atoms sharing faces in one direction and interconnected 
principally via sulfur atoms in the other two directions. 

In the structure of  NbxTa2_xS (x - -0 .20)  three out of four inequivalent 
metal sites are fractionally occupied by niobium and tantalum. The metal 
positions have been labeled so that, as the metal indicator increases, the 
nNb/nWa ratio on that position also increases, i.e. from M2 to M4 the nNb/ 
nwa ratio on the metal position increases. The metal site where only tantalum 
resides is surrounded by a pentagonal anti-prism consisting only of  metal 
atoms, i.e. the center  columns running through the pentagonal anti-prisms 
of  metals consist  of  only tantalum atoms. There are no coordinating sulfur 
a toms (dM-s < 3/~) for  the metal sites surrounded by pentagonal anti-prisms 
of metals. 

The cell constants (a= 7.372/~; b =5.576/~;  c= 15.198/~) of NbxTa2_~S 
( x = 0 . 2 0 )  differ slightly f rom those ( a = 7 . 3 7 9 / ~ ;  b = 5 . 5 7 4 / ~ ;  c = 1 5 . 1 9 / ~ )  
of TaeS. The radii of  niobium and tantalum are nearly the same, so the 
above similarity is not  unexpected.  Because the atomic positions and cell 
constants  of Nbo.2oTal.8oS and TaeS are nearly the same, the bond distances 
in Nbo.2oTal.soS are nearly the same as those in Ta2S. 

3.3. Ranges o f  ternary metal-rich solid-solution-type compounds in  the 
Ta-Nb-S  sys tem 

Because the compounds  found in this research are solid-solution-type 
compounds,  they exist over a range instead of at a specific composition. 
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2. Structure of NbxTaz_x8 (Taz8 type; Pbcm; 7.372(1)/~, 5.576(1)/~, 15.198(2) ~) viewed 
the b axis: ©, Q, metal positions; ~, occupied only by tantalum. 

ause of  the chemical and size similarities of  tantalum and niobium, cell 
stants of  i b x T a l l _ x S  4 [1 ], ib12_xTaxS 4 [2], i bxTas_xS  2 [3], ibxTa2_xS 
.,Se type) [4], Nb21_xTa~Ss (Nb2,S8 type) and Nb~Ta2_~S CrazS type) 
w negligible changes with x. In this research the fractions of tantalum 
niobium were changed while the ratio (nTa+n~) /ns  was fixed at 2.75, 

.5, 2, 2.625 and 2 for Nb~Ta,,_~S4, Nb12_~Ta~S4, NbxTas_~S2, Nb~Ta2_~S 

.,Se type), Nbe1_xTa~Ss (Nb21S8 type) and Nb~Ta2_~S (TaeS-type) re- 
3tively, and then ranges in which the major components  (more than 90%) 
e of  the desired phases were taken to approximate the ranges of the 
)ective solid-solution-type compounds.  Although the compounds  found 
;his research were prepared using high temperature techniques, the 
ipounds vary in their temperature ranges of stability. The results of  the 
roximate determination of ranges of  the ternary metal-rich solid-solution- 

compounds  are listed in Table 1. In the experiments to determine the 
ge for each solid solution, the smallest change in n-ra/(nTa + nNb) Was 5%. 
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4. D i s c u s s i o n  

When n.ral(nwa+n~) is between 60 and 70% and (n.ra+n~)/ns between 
2 and 2.7, arc-melted samples consist of the two layered compounds, 
Nb~Tas_~S2 and NbxTae_~S (Ta2Se type). Because the ranges for ternary 
metal-rich compounds in the Ta-Nb-S system were determined by the method 
mentioned above, it is difficult to know whether both of the layered compounds 
NbxTas_~S2 and Nb~Ta2_~S (Ta2Se type) can be formed in the above range 
or whether first one is formed in the range 70-80% for nTa/(n.r~,+n~) and 
then the latter one is formed in the range 55-60% for n.ra/(n.ra+nNb). The 
same is true for the sample with ratios nwa/(n.r~,+n~) between 50 and 550/0 
and the ratio (n.ra+nNb)/ns of 2 (Nb~Ta2_~S (Ta2Se type) and Nbl_~Ta~S 
(NbS type [9]) coexisted). 

The compounds NbxTall_xS4 [12, Nbl2_xTaxSa [2], Nb~Ta5_xS2 [3], 
NbxTae_~S [4] (Ta2Se type [5]), Nb21_~Ta~Ss CNb2188 type [7]) andNbxTa2_xS 
(Ta2S type [6]) have been found in the Ta-Nb-S system using single-crystal 
methods. As reported previously, NbxTas_xS2 (x--1.72) and NbxTa2_xS 
(x--0.95) (Ta2Se type), as well as Nb21_~Ta~Ss (x--6.2) (Nb21Ss type) and 
Nb~Ta2_~S (x--0.20) (Ta2S type) were successfully refined anisotropically, 
while the previously reported compounds Nb~Tan_xS4 (x--4.92) and 
Nbm_xTa~S4 (x~5.26)  were refined isotropically. The crystals of the last 
two compounds, NbxTaii-xS4 (x~-4.92) and Nb~2_~Ta~Sa (x--5.26), were 
obtained from samples melted by induction heating, while crystals of the 
other compounds were obtained from arc melting samples for the layered 
compounds Nb~Tas_xS2 (x--1.72) and Nb~Ta2_xS (x--0.95), and from the 
non-melted samples for Nb2,_~TaxSa (x--6.2) and Nb~Ta¢_~S (x--0.20). 
Thus the failure of the anisotropic refinements in the case of the last two 
compounds may stem from disorder in the solids because the samples did 
not crystallize well from the melt. 

Nbx Tas_x S with both the a-Ta6S-type [ 10 ] and fl-Ta6S-type [ 11 ] structures 
were also found during the study of the ternary Ta-Nb-S system. A crystal 
of NbxTa6_~S (a-Ta~S type) was found in the sample which also contained 
Nb~Ta~1_~Sa [12. The structure was refined to R/R~=O.191/0.249 and the 
composition was determined as NbL6Ta4.4S. However, good quality single 
crystals of this compound have not yet been obtained. One possible reason 
is that a-Ta6S-type and fi-Ta6S-type phases coexisted in the prepared sample, 
and intergrowth crystals were formed. Nb~Ta6_~S (a-Ta6S type and fi-Ta~S 
type) can be found in the samples with n.ra/n~>4 and (nwa+n~)/ns>3. 

The structures of the known binary metal-rich sulfides Ta2S [62, a-Ta6S 
[10], fl-Ta6S [11] and Nb21Sa [7] in the Ta-S and Nb-S systems have been 
found with Nb-Ta mixtures on the metal sites, while the structures of TaaS2 
[12, 13[ and Nb14S5 [142 have not yet been found among the ternary solid- 
solution-type compounds in the Ta-Nb-S system. TaaS,. was synthesized at 
lower temperatures (around 1000 °C) [13], while Nb~4S5 was difficult to 
obtain and was synthesized using a special procedure [142. 



is not  surprising that in the T a - N b - S  system the solid-solution-type 
ands Nb21_~Ta~Ss ( x = 6 . 2 ) ,  NbxTaz_~S ( x ~ 0 . 2 0 )  and Nb~Ta6_~S, 
.'tural with the respective binary niobium-rich sulfides or tantalum- 
lfides, are formed. This result is expected because  of  the chemical 

similarities of niobium and tantalum. What is surprising is the finding 
new compounds,  Nb~Ta11_~S4 ( x ~ 4 . 9 2 )  [1 ], Nble_~TazS4 ( x =  5.26) 
,xTas_~Se ( x ~  1.72) [3] and Nb~Ta2_~S ( x ~ 0 . 9 5 )  [4], in which the 
• ee exhibit totally new structure types  and the last one is isostructural 
L2Se [5], i.e. the finding that these compounds  are not  isostructural 
~y known binary metal-rich compounds  in the Ta-S  or Nb-S  system. 
neral formula for the metal-rich compounds  found in the Ta -Nb-S  
and unknown in the respective two-component  systems (Ta-S and 
are M8S4 (Nb~Ta2_~S ( x ~ 0 . 9 5 ) ) ,  MloS4 (Nb~Tas_xS2 (x~1 .72 ) ) ,  
~NbxTall_xS 4 ( x = 4 . 9 2 ) )  and M12S 4 (Nb12_xTaxS4 (x=5 .26 ) ) .  
mn neither tantalum nor niobium is the dominant metallic element, 
Ta-Nb has been shown to exhibit new structural behavior different 
ither tantalum metal or niobium metal. Presumably because of  the 
action temperatures  and the great  similarities between tantalum and 
a, compounds  with Nb-Ta  mixtures on the metal sites were formed. 
~gments of the distorted elemental metal structures of  tantalum and 
a (b.c.c.-type structure) are common features in the structures of  the 
rods Nb~Tal i_xS4, Nb12-~Ta~ $4, NbxTas_~ $2, Nb~Ta2_~ S (Ta2Se type) 
b21_~Ta~Ss (Nb21Ss type). Figure 1 shows the projections of 
1-~$4, Nble_~Ta~S4, Nb~Ta5_~S2, Nb~Ta2_xS (Ta2Se type) and 
Ta~Ss (Nb2~Ss type) onto two-dimensional planes respectively; and 
gments of modified b.c.c, metal networks can be easily recognized 
ig. 1. Metal-metal  distances comparable with those of the nearest  
)rs in the elemental metal state, tantalum and niobium, were found 
solid-solution-type metal-rich compounds  in the ternary Ta -Nb-S  
and thus there is no doubt  that there are numerous strong metal-metal  

;ions in these solids. These compounds  are, in effect, modified in- 
fllic compounds  in which the non-metal bonds in such a way as to 
;e new metal-metal  interactions. 
,rare 3 is a plot showing the relation between numbers  of coordinating 
atoms and percentages of niobium for the metal positions for the 
metal-rich compounds  found in the T a -Nb-S  system. A general trend 

served that, relative to tantalum, niobium preferentially occupies the 
,ositions bound to more sulfur atoms. In Nb~Ta~I_~S4 and Nb~Ta2_~S 
ype)  there were two positions, M2 (24% Nb) and M3 (28% Nb) in 
~-xS4 and M3 and M4 in Nb~Ta2_~S (Ta2S type), contradicting the 

trend; these contradictions occur  for the cases with the closest 
a percentages in the two metal positions in each compound and thus 
~nt the experimental uncertainty. 
ing extended Htickel band theory the hypothetical binary Ta-S com- 

isostructural with Nb~Tas_~S2 [3] and Nb~Ta2_~S [4] (Ta2Se type 
~re calculated to have lower average energies than those for corre- 
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Fig. 3. Plot of the number of coordinating sulfur atoms CN(S) v s .  fraction of niobium f(Nb) 
on metal sites for the ternary metal-rich compounds in the Ta-Nb-S system: 0 ,  NbxTa~l-xS4 
(x=4.92); +,  Nb~2-xTa~S4 (x=5.26); -k, NbxTas_xS2 @=1.72); O, Nb~Ta2_~S (x=0.95); 
x ,  Nb~_~Ta~Ss (x=6.2); A, Nb~Ta2_~S (x=0.20). 

sponding niobium compounds, i.e. the TaxSy binding energy is greater than 
that of NbxSy [15]. 

The previously reported compounds (Nb,Ta)~Sy (x/y = 3, 2.75, 2.5 and 
2.0) establish the principle that mixed-occupancy Nb-Ta compounds can 
occur with stoichiometries and structures that  differ from the known binaries. 
Here we have reported three examples (x/y=2.625, 2.0 and 6.0) that 
demonstrate that  mixed occupancy on the known binary compounds is also 
possible. The general trend that the niobium or tantalum occupancy of a 
metal atom site increases as the sulfur coordination of that site increases 
emerged from these results. Coupled with the calculated result that Ta-S 
bonding is energetically more favorable than Nb--S bonding, this trend indicates 
the importance of  metal-metal  bond energy in stabilizing these compounds. 
It is suggested that  because the Ta--S and Nb-S bond energy differences 
are small the configuration entropy gain drives solid solution formation, but 
that the energy differences do favor increased Nb-S interactions (the opposite 
of what would be expected naively) because those Ta-S interactions that 
do occur decrease the metal-metal  bonding to a greater extent than the 
Nb-S interactions. 
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