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BaNb4S;_5 and BaNbS; were prepared by heating desired
amounts of BaCQ; and Nb,O; under CS;/N, flow. We found that
nominal composition of BaNbg ¢S has sulfur defect, and therefore
should be written as BaNby3S;_;. XANES experiments of Nb
K-edges and XPS experiments proved that the oxidation state of
Nb is the same in BaNbg 3S;- ; and BaNbS,. To understand their
structures, the electronic and physical properties of the BaMX;
(M =V,Nb, X =5; M = Ta, X =5, Se) phases are compared. In
spite of their structural similarity, they exhibit rather different
physical properties. It has been known that BaVS; is a metal and
undergoes a metal to semiconductor transition at 130 K, and this
phase shows the ferro antiferromagnetic transition at a lower tem-
perature. However, BaNbS; and BaTaS; are diamagnetic semi-
conductors at room temperature. The major factor stabilizing the
semiconducting state for BaTaX; and BaNbS; may be a large
spin—orbit coupling rather than a structural distortion. o 1995
Academic Press, Inc.

INTRODUCTION

Ternary sulfides and sclenides of the stoichiometry
BaMX:(M =Ti, Nb, X = §; M=V, Ta, X = S, Se)
(1-11) are isostructual with AMCl; system (M = V, Cr,
Mn, Fe, Co, Ni, Cu; 4 = Cs, Rb, N{CH.),) (12-29), and
have been known for more than 20 years. All of these
chalcogenides consist of face-sharing octahedra along the

chain axis and each metal is located at the center of a

face-sharing chalcogen octahedron. The crystal structure
of BaM X, at room temperature is hexagonal with space
group of P6;/mmc, and the chains are separated by large
barium ions. The intrachain metal-metal distances are

! To whom correspondence should be addressed.

2.81-2.87 A, which are short enough to form metal—
metal bonds (2, 30), but the interchain metgl—metal dis-
tances are long, with the range of 6.7-7.0 A.

In spite of the structural similarity, the face-sharing
octahedral chains of the chalcogenides BaMX; and the
chlorides AMCl; exhibit different physical properties.
While the chlorides are magnetic insulators, the sulfides
are either metals or semiconductors, Whangbo et al.
studied how the chlorides and sulfides have different
properties (31) in great detail. However, it has not been
fully understood why BaV.X,; (X = S, Se) systems behave
differently from their congeners BaNbS; and BaTaX;.

BaV§; shows a metallic behavior and a paramagnetism
at room temperature. It can be said that one J electron
(V#*) per each metal makes this system behave paramag-
netic. As the temperature decreases, its resistivity in-
creases mildly in the temperature range between 130 and
70 K, and sharply between 70 and 4.2 K (32). The sharp
rise in the resistivity at 70 K coincides with the paramag-
netic to antiferromagnetic transition and is not caused by
a structural phase transition such as a Peierls distortion
(33, 34). However, BaVS8, undergoes a structural distor-
tion from hexagonal to orthorhombic near 250 K (8, 10,
11}, which makes the V** ions slightly zigzagging but
causes no-drastic change in the conductivity.

BaTaX; and BaNbX; systems are diamagnetic semi-
conductors (2, 35). It is speculated by Geertsma et al.
(36) that the observed semiconductivity of BaTaS; results
from the large spin—orbit coupling constant of Ta%*,
which stabilizes the semiconducting state. In that case,
the ground state is fourfold degenerate with zero mag-
netic moment. Therefore, BaTaS; is a diamagnetic semi-
conductor at room temperature. However, the observed
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diamagnetism of this quasi-one-dimensional system with
one d-electron per MX3™ unit prompted us to reinvesti-
gate if Peierls distortion favors over spin—orbit coupling,
especially in BaNbS;.

In the present work, the structures, the oxidation
states of Nb and the electronic properties of BaNbS; and
BaNb, S, arc investigated on the basis of X-ray diffrac-
tion, magnetic susceptibility, and electrical resistivity
measurements. We also carried out X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near-edge
structure (XANES) studies,

Previously, it was reported that BaMS; (M = Nb, Ta)
phases are always nonstoichiometric (i.e., BaM;;S;),
with unidentified MS, phase (35). Further, it was sug-
gested that BaM;sS; (M = Nb, Ta) contains M3+ ions
thereby rationalizing the observed diamagnetic semicon-
duting behavior. However, the present work reports dif-
ferent conclusion.

EXPERIMENTAL

BaM,_.S; (M = Nb, Ta, x = 0.0, 0.2) samples were
prepared by heating desired amounts of BaCQO; and
Nb,Os (or Ta,0s) at 800°C for 24 hr under CS2/N; flow.
Products were ground and reheated under the same con-
dition from 24 to 48 hr to ensure complete reactions.

Powder X-ray diffraction measurements were carried
out at room temperature using a Siemens X-ray diffrac-
tometer and CoKa radiation. X-ray diffraction data were
analyzed using a Rietveld-type full-profile refinement
technique with a measuring step of 0.02° (in 26) and a
counting time of 6 sec. For a low-temperaiure X-ray
study, powder samples were mixed with nitrocellulose
and spread on sample holder with thermocouple at-
tached. A temperature of 210 K was reached by blowing
liquid nitrogen directly onto the sample.

Electrical resistivities were measured using the stan-
dard four-probe method, in which four wires were con-
nected to sintered pellets. Sintered samples were pre-
pared by heating pressed pellets in an evacuated quartz
tube at 500°C for 5 hr. For the low temperature (liquid
helium range) experiments, four wires were connected to
the sample by indium contacts. For higher temperature
(from room temperature to 750 K) experiments, tungsten
wires were pressed to the sample directly and measure-
ments were carried out under an argon atmosphere. DC
magnetic susceplibilities were measured at temperatures
ranging from 5 to 300 K using a Quantum Design SQUID
magnetometer.

XPS experiments were carried out with a Surface Sci-
ence Instrument. Samples were mounted on an alumin-
ium plate, Nonmonochromatic Al Ke radiation was used
as an exitation source (hy = 1486.6 ¢V). During the mea-
surement, the spectrometer was pumped to a residual
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pressure of about 1079 Torr. The sample surfaces were
mechanically scraped with a metal brush in the spectrom-
eter, in order to expose fresh surfaces. The 1s binding
energy of carbon, 284.6 eV, was used as an internal stan-
dard.

XANES experiments were carried out on beam line
10B at KEK-PF (Photon Factory, National Laboratory
for High Energy Physics, Japan), operating at 2.5 GeV
with ca. 300-360 mA of stored current. Samples were
prepared in the form of layers of fine powder rubbed on
the adhesive tape. To check the reproducibility of data,
the first and second differentials of reference (Nb,0s)
spectra were compared after each set of sample measure-
ment.

Band calculations were carried out employing the ex-
tended Hiickel tight binding (EHTB) method (37, 38).

Combustion analysis was carried out at 800°C in air; in
this procedure BaNbS; was oxidized to BaSO, and
BaNb,Os.

RESULTS AND DISCUSSION

X-Ray Diffraction Analysis

The products of nominal composition BaNbS, and
BalNby 87 were homogeneous black powders. The pow-
der X-ray diffraction patterns of BaNbS; and BaNb S
were similar except for slightly different relative peak
intensities. No extra peak was observed in BaNbggS;.
However, very weak extra peaks at 4 = 6.21, 4.15, and
2.36 were observed in BaNbS;, which were identified as
the strong peaks of the BalNb,Ss phase {(39). The major
phase obtained from the starting composition BaNbS;
was not BaNbg4S;. It was previously reported (35) that
the products are always nonstoichiometric, BaNb;¢Ss,
with an impurity phase, regardless of the starting reagent
ratios of Ba/Nb, Even though the powder X-ray diffrac-
tion patterns of BaNbS; and BaNb, 3S; were similar, the
relative peak intensities were different. As shown in Fig.
1, the intensity ratios of the 110 and 021 reflections were
strongly dependent on the compositions and were repro-
ducible for two starting reagent ratios Nb/Ba. In Fig. 1,
the four triangles indicate the /1, o ratios for the nomi-
nal composition BaNby gS3, and the four circles represent
those for BaNbS,. The solid line indicates the theoreti-
cally calculated Iy;/1 g ratios with varing Nb content and
with fixed sulfur content. Within one standard deviation,
the extrapolated composition of Nb agrees well with the
starting composition in BaNbS;, but it does not corre-
spond to the starting composition of BaNb;3S:. How-
ever, the niobium content was in complete agreement
with the starting Nb/Ba ratio under the assumption that
sulfur is deficient in BaNbggS; (squares in Fig. 1). The
dotted line indicates the theoretically calculated ratios
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FIG. 1. Relative intensity ratios of 021 and 110 peaks of BaNbS; and
BaNby S, 1. Solid lines indicate the calcwlated Ty /I ratios. Triangles
indicate the Iy /1y ratios of four samples with nominal composition
BaNb,sS; and circles indicate the Iy, /1); ratios of four samples with
nominal composition BaNbS8,. The dotted line indicates the calculated
ratios with 8% sulfur defect. Squares indicate the Iy, /1, ratios of four
samples with BaNby S, 7. Standard deviation of values is ~5%.

with 8% sulfur defect, and this concentration of sulfur
defect was obtained from the results of the Reitveld re-
finement (40) as described below. Rietveld-type full-pro-
file refinement was carried out to obtain the scale factor,
zero point, back ground parameters, thermal parameters,
cell parameters, and atomic positions and occupancies
(Fig. 2 and Table 1). The results of Rietveld analysis
suggest that the sulfur octahedra are slightly expanded in
BaNby 4S; (Nb-S distances = 2.529(2) A) as compared to
BaNbS§, (Nb-S distance = 2.455(2) A), and that the sulfur
content of the BaNby sS, phase is slightly deficient (i.e.,
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FIG. 2. Comparison of BaNbg;S, (top) and BaNbS, (bottom) pow-
der diffraction. Vertical strokes indicate calculated Bragg peak posi-
tions. Dotted lines indicate calculated the patterns and the solids lines
indicate the observed patterns.

BaNbgS; 76+0.02 , hereafter denoted as BaNbpsS;_;). The
refinement results for the two compositions are in good
agreement with the results of the combustion analy-
sis. The resulting compositions of the BaNbS; and
BaNbyg S;_; were BaNbS; p4x0.02 and BaNbyg §5; 810,02, TE~
spectively.

XPS and XANES Experiments

XPS experiments were carried out to examine the oxi-
dation state of niobium, in BaNbS, and BaNbg3S:_;. The
XPS spectra of BaNbS; contain an extra peak, which is
considered to be that of the minor phase, BaNb,S; (Fig.
3). Otherwise, the XPS spectra for the niobium 3d core
levels of BaNbS; and BaNby 5S;_; were exactly the same.

TABLE 1
Refined Unit Cell and Atomic Parameters in P6;/mmc
Position
Composition Atom x ¥ z Occupancy (%) Thermal (A2

BaNb§; Ba 1/3 213 3/4 100(1)" 1.7614

Nb 0.0 0.0 0.0 98(1) 1.7614

S 0.17093) 0.3417(3) 1/4 100(1) 1.7614
BaNby ¢S, Ba 1/3 213 3/4 100(1) (.4103

Nb 0.0 0.0 0.0 82(1) 0.4103

S 0.1766(2) 0.3521(4) 1/4 92(2) 0.4103

Note, The hexagonal cell dimensions are a = 6.840(2), ¢ = 5.745(2) A for BaNbS,; and a = 6.836(2),
c = 5.748(2) A for BaNbysS8;. Ry, = 3.8% Overall isotropic temperature factors were used.

2 Error.
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FIG. 3. Nb 34 core level XPS spectrum for BaNb,S;_; (top) and
BaNb§; (bottom).

Of the three peaks, the weak one at the highest binding
energy disappeared after scraping the sample surface,
which suggests that the highly oxidized species are
present mainly on the sample surface. The three peaks
could be resolved into two pairs of Nb dy,z and ds;, (Fig.
3, Table 2). The first doublet at 208.8 and 206.0 eV as-
signed to Nb’* originates from the sample surface, and
the second doublet at 207.2 and 204.5 eV assigned to
NBb**8 originates from the bulk (41, 42). An extra doublet
in BaNbS; appears to originate from the minor BaNb,S;s
phase. The exact structure and niobium oxidation state of
the BaNb,Ss phase are not known. BaNb;Ss; may have a
layered structure of alternating BaS and NbS, (X = 1 or
2) layers.

TABLE 2

Niobium 3d;;;, 3ds;; Binding Energy of BaNb,S;_;
Binding energy (eV) FWHM (eV) Area (%) State

(i) BaNbS;
209.4 1.67 6 dyz (Nb*9)
206.3 1.61 9 dgiy (ND
207.4 1.81 28 dy;z (Nb*4x)
204.6 1.82 44 ds;z (Nb™%)
205.6 1.57 5 dsz (NbtHe
202.6 1.60 8 ds;z (NbH4)=

(ii) BaNbyS;-5

209.6 1.84 7 daiz (NB*5)
206.5 1.78 9 ds;; (Nb*5)
207.3 1.81 33 dsp2 (Nb+4x}
204.5 1.82 49 gz (NB*4%)

2 Nb* from BaNb,S,.
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In order to obtain information about the oxidation state
of the absorber atom in the bulk as well as the metal-
ligand covalency, XANES experiments were carried out.
Figure 4 exhibits the NbK-edge XANES spectra of
BaNb:S:—; and BaNbS;, including various reference
compounds. Owing to the dipolar selection rule, the NbK
absorption edges are related to the local density of states
of p character around the cations. It is clearly seen that
the absorption edge shifts towards the lower-energy side
as the oxidation state of the niobium decreases (from
Nb,0s to NbQ;, BaNbO; and sulfides). The Nb**-sulfide
compounds exhibit the absorption edge at the lower-en-
ergy side compared to the Nb**-oxide compounds. This
result is not surprising because, as one goes from oxide to
sulfide, the effective charge on the niobium ion decreases
due to greater covalency between metal ions and sulfur
ligands. But the absorption edges of BaNbggS;_; and
BaNbS; are observed at slightly higher energies (~1.0
eV) than that of NbS; (in contrast, BaNbO; and NbO,
show the same absorption edge). Thus the oxidation state
of the niobium in BaNby3Ss_; and BaNbS; seems slightly
higher than the tetravalent state. These XANES results
are in good agreement with the XPS results discussed
above. Note that there is no discernible shoulder below
the absorption edge except for the case of Nb,Os. The
shoulder is primarily associated with the dipole-forbid-
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FIG. 4. Normalized NbK-edge spectra of BaNbS:, BaNbggS; ;.

Nsz, BaNbOH, NbO}, and szOs.
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FIG. 5. Normalized resistivity as a function of temperature for
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den 1s — 44 transition, and, for compounds having cen-
trosymmetric local environments with low oxidation
states, the intensity of this peak becomes very weak. To
obtain spectroscopic information on the d band structure
of the transition metal, we are currently performing Nb-
and Tal y-edge XANES studies for the system BaMS§;
(M = Nb, Ta). The latter involves the dipole-allowed
transition from the atomic p state with a narrow core hole
width to the 4 band.

Electrical and Magnetic Properties

The temperature dependency of the electrical resistiv-
ity for BaNbS; and BaNby gS;-5 is shown in Figs. § and 6.
The BaNbgS; phase showed semiconducting behavior;
the activation energy was 0.3 eV with resistivity of 5.4 x
[0 @ cm at room temperature. For stoichiometric
BaNDbS8;, negative dp/dT behavior above 240 K and posi-
tive dp/dT behavior below 240 K were ohserved. The
resistivity at room temperature was on the order of 8.9 X
1072 O cm. For BaTa;~,S; (x = 0.0, 0.2), similar dp/dT
behavior was observed. The activation energy of
BaTapsS; (nominal compositionj was slightly larger
(about 0.1 eV larger) than that of BaNby, ,S;. However, in
the BaNbS; and BaTaS; phases, a small amount of metal-
lic BaM,S; (M = Nb, Ta) phase was present (less than
5%), and the reported resistivities of BaNb,S; and Ba-
Ta,Ss were on the order of ~10-3 and ~10~%  ¢m, re-
spectively (39, 43). Considering the metallic propertics of
this impurity, the anomalous maximum in the resistivity
seems to be due to this impurity phase, BaM,Ss. Both the
BaTaS$; and BalNbS; systems are semiconducting at room
temperature and are diamagnetic even though they have
spins on their d-orbitals. The magnetic susceptibility data
as a function of temperature suggest that BaNbS§; is
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FIG. 6. Normalized resistivity as a function of temperature for
BaNbS§;.

diamagnetic, The rapid increase of susceptibility at low
temperature indicates that the compound contains a
small amount of paramagnetic impurity {(Fig. 7). Unlike
diamagnetic BaNbS;, BaVS; shows typical paramagnetic
behavior down to 35 K and very weak ferromagnetic be-
havior below 35 K, as shown in Fig. §. The magnetic
moment calculated from the region following the Curie—
Weiss law was 1.74 pp, which is close to the expected
value from a  spin localized on each V** (1.73,5). Mas-
senet and co-workers (8) have found that the magnetic
properties of BaVS, are very sensitive to sulfur content.
In stoichiometric BaVS;, a transition from the paramag-
netic to the antiferromagnetic state was reported to occur
at 70 K (32). This magnetic behavior agrees well with the
present results for BaVS;_, rather than with those for
BaV$; (8).

The reason the isostructural BaVS,; behaves differently

-
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FIG. 7. Temperature dependence of magnetic susceptibility for
BaNbS;.
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FIG. 8. Reciprocal magnetic susceptibility vs. temperature for
BaVS373.

from its congeners BaNbS; and BaTaS, could be under-
stood based on the nature of their d electrons. Magnetic
states are preferred when on-site repulsion (U) is greater
than its bandwidth (W) (31). Here the d-block bandwidth
depends on the degree of overlap of metal-metal or
metal-nonmetal contacts. In Table 3, all metal-metal in-
trachains are compared to their sums of metailic radii, ry
(30). Notice that the interatomic distance of V-V is
longer than 2 X ry (44(a)), while those of Nb—-Nb and Ta—
Ta are close to its respective values. For reference, V4t~
V4+ distance of VO, is 2.65 A (44(b)). The average metal~
metal distance of Ta;S; is 2.91 A, which is 0.02 A shorter
than that calculated from the Paulings bond order relation
(44(c)), and the Ta-Ta single bond distance is 2.71 A
(44(d)). Therefore, the 34 electron in the V8§~ chain is
more localized per metal atom throughout the chain than
the 4d or 5d electron in NbS?™ or TaS?™ chain. Generally,
although not invariably, the 34 metal-metal bond is
weaker than the 44 or 54 bond (44(e)).

It is quite surprising that BaMX; (M = V, Nb, Ta), as
nearly one dimensional materials with one electron per
site, are not Peierls insulators at room temperature (33).
Band calculation was carried out for an ideal MX3™ chain
and for a system with pairing distortion. In the distorted
chain, the M—M bond lengths were made to alternate in
such a way that a cooperative Peierls distortion was

TABLE 3
Metal-Metal Bond Distances of Face-Sharing
Octahedral MX?~ Chains

BaVs; BaVSe; BaNbs; BaTa$,
Intrachain 2.812 2.931 2.874 2.872
Interchain  6.712 6.999 6.836 6.846

Note, Distances are in A.
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FIG. 9. The system with pairing distortion.

present (Fig. 9). The short metal-metal distances are
made 0.2 A shorter. Figure 10 shows the d-black bands of
a typical MX3™ chain. The essential features of these
bands were identical to those of the previous results (31,
45). The degeneracies at zone edge for ideal geometry in
Fig. 10 are split off for the distorted geometry in Fig. 10.
Consequently, la Nb3* bands filled with two electrons
are stabilized and their counterparts, 2a Nb** bands, are
destabilized due to the gain and loss of bonding and anti-
bonding character. Thus metals with d! + d! electrons in
chain tend to pair up in a bonding band. Therefore, 2.6
keal stabilization energy is gained for the chosen geome-
try. We have not optimized the distance due to the weak-
ness of the EHTB method.

Even though our calculation shows energetic prefer-
ence, such pairing distortion was not observed at room
temperature and at a lower temperature (210 K). No su-
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FIG. 10. (a) The d-block bands of a typical MX3™ chain are shown.

For clarity, sulfur bands are not shown. The essential features of these
bands are identical to those of previous results, The levels are with
respect to the Cg point group. In the calculation the z-axis is chosen for
the chain axis for convenience, which is unusual for octahedral geome-
iry, and every X-M-X angle is set to 90°. (b) The d-block bands calcu-
lated for the MX3 systent in the pairing distortion, in which the short
metal-metal distance is 0.2 A shorter.
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perstructure peaks or lattice distortions were observed in
the X-ray diffraction data, and only one Nb**é NMR peak
was observed at room temperature (46). These X-ray and
®BNb NMR data agree well with the results of XPS and
XANES as described above.

Therefore, structural distortion is not a major factor
stabilizing the semiconducting state for BaNbS;. The ob-
served nonmagnetic semiconducting properties might be
due to large spin—orbit coupling as in BaTaS; (Table 4)
(36, 47-49). The eletrical conduction in the d-band in-
volves electron transfer from one metal to another
through a d! + d' — d? + d° process. This process re-
quires an energy U(on-site repulsion). In principle, spin—
orbit coupling increases on-site repulsion (L), and this
will stabilize the d' + d'(?A)) state relative to the d? +
d%A,) state. This is the reason the (Nb or Ta)Si™ system
prefers the d! + d'(?A,) state (Table 4), BaMS; (M = Nb,
Ta) systems also have a wider width W of the d-bands
than BaVS,, which is a better condition for electron delo-
calization in BaMS; (M = Nb, Ta). However, conduction
will occur if I/ is smaller than W; if U becomes larger
than W, the compounds becomes a semiconductor.
Therefore, BaNbS; and BaTaS, systems with large spin—
orbit coupling prefer the semiconducting state, while the
isostructural compound BaV S, prefers the metallic state.
Also, the ground state of the 4! ion in octahedral coordi-
nation is fourfold degenerate (I'y) state with zero mag-
netic moment (g = 0); thus it is diamagnetic.

In summary, BaNbygS;_; and BaNbS; phases were
synthesized. A small amount of impurity phase,
BaNb,S;, affects the measurements of electrical proper-
ties in the BaNbS; phase. XANES experiments using
NbK-edges and XPS experiments proved that the oxida-
tion state of Nb in these two phases was the same, It
seems that the major factor stabilizing the semiconduct-
ing state for BaTaS; and BaNbS$, is large spin—orbit cou-
pling rather than structural distortion.

APPENDIX

Alf calculations employed the extended Hiickel imple-
mented tight binding method (37, 38). The Nb H; shown
in Table 5 were obtained from the solid state charge itera-
tion method. Orbital exponents were obtained from Cle-

TARBLE 4
Spin—Orbit Coupling Con-
stants for d! Transition Metals

A unit Ve Nb#+ Ta*+
eV 0.03 0.09 0.2
cm™! 250 750 1610
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TABLE 5
Parameters for EH Calculgtions

Orbital  H;, eV £ & b ot

\ 3d —11.10 475 170 4755 7052
ds - 880 130
ap - 580 0.90

Nb 44 -12.10 408 164 .6401 .5516
Ss -10.10  1.89
Sp - 68 185

S 3s -20.00 1.82
p 1330 1.82

7 Siater-type orbital exponents.
b Coefficients used in double-¢ expansion.

menti and Roetti (50}). The property calculation used a 50
K point mesh. V-S bond distances are averaged.
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