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A nonstoichiometric ternary vanadium sulfide, Ba,VeSs (x = 0.41—0.48), was synthesized.
This solid-state compound crystallizes in the hexagonal space group P6s/m (no. 176) with a
=9.2080(3) A, ¢ = 3.3169(2) A, V = 243.55(2) A3, and Z = 1. The structure of this solid is
similar to that of its parent compound V3S,, consisting of face-sharing, distorted octahedral
VSe units. A superconducting transition of the solid at approximately 2.5 K was observed.
A computational analysis of the electronic structure using the extended Huckel method is
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presented.

Introduction

Superconducting transitions are well-known for the
Chevrel phases MyMo0sSg and MxMosSeg where M is a
dopant metal such as Pb, In, TI, or La.l?2 Not many
ternary group 5 transition metal chalcogenides of
similar composition, however, are known to be super-
conductors. The NbsS, and isostructural VsS, phases
present good candidates for superconductivity as the
large channels parallel to the ¢ axis can accommodate
a variety of ions, allowing for the fine-tuning of the
electronic configuration of the structure.3—% Recently,
superconductivity of the TI- and In-doped vanadium
sulfides TIVeSg and InyVWeSg (x = 0.03—0.78) was
reported for the first time by Bensch and co-workers.*”
The superconducting transition temperature T, ranges
from 3.7 to 4.8 K. Alkali-metal- and silver-doped com-
pounds such as KyVgSg and AgyVeSs, nevertheless, did
not exhibit superconductivity.® On the other hand, many
Ba-containing vanadium sulfides have been synthesized.
Examples include BaVSz,° 13 Bag5VsSs,'4 and BaVS; gss.1°
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None of these compounds has been reported to exhibit
superconducting properties.’® In our own measure-
ments, we did not observe a superconducting transition
for BaVS; above 2 K. This leads to speculation that a
group 13 dopant element is required for the occurrence
of superconductivity. In this contribution, we report the
synthesis and observation of a superconducting transi-
tion for the Ba-doped compound BayVeSg (x = 0.41—
0.48). The electronic structure is also analyzed using
the tight-binding extended Huckel method.17:18

Experimental Section

The synthesis of BasVsSs was carried out using the flux
growth method. KCI powder was used as the flux and was
previously dried at 250 °C under a vacuum over a period of
48 h. The synthesis was initiated by placing powdery BaSs, V,
and S in a quartz ampule in the molar ratio of 1:1:0.55. The
total weight of the sample was approximately 0.5 g. Two grams
of KCI flux was added to and mixed with the sample. The
quartz ampule containing the sample and flux was evacuated
to about 10~ Torr and sealed. A computer-controlled furnace
was used to heat the ampule from room temperature to 400
°C in 12 h to allow the sulfur component to react first, and
the temperature was increased subsequently from 400 to 900
°C in 12 h. The reaction temperature was held at 900 °C for
72 h. The ampule was then cooled from 900 to 600 °C in 36 h
and then from 600 °C to room temperature in 12 h. Needlelike
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Table 1. Crystal Data and Structure Refinement for

Fuentes et al.

Table 3. Bond Lengths (A) and Angles (degrees) for

BaxVeSg BaxVeSg?
empirical formula Ba,SsVs V-S(1)#1 (X 2) 2.3555(11)
formula weight 699.46 V-S(1)#2 (X 4) 2.3588(8)
temperature 293(2) K V—=S(2)#4 (X 8) 2.4665(5)
wavelength 0.71073 A V—S(2)#5 2.4665(5)
crystal system hexagonal V—5(1) 2.5436(10)
space group P6s/m V-V#6 (X 2) 2.8459(10)
unit cell dimensions a= 9.2080(3)§ o= 90° S(1)-Ba (X 3) 2.9948(9)

b = 9.2080(3) B =90° _

¢ = 3.3169(2) A Y = 120° S(1)—Ba#ll (X 7) 3.4233(8)
volume 243.553(18) A3 S(L#1-V=S(1)#2 (X 2) 105.73(3)
z 1 S(1)#2—V—-S(1)#3 89.35(4)
density (calculated) 4.769 Mg/m3 S(L)#1-V—-S(2)#4 (X 2) 84.42(2)
absorption coefficient 11.129 mm~? S(L#2—-V—-S(2)#4 (X 2) 168.95(3)
F(000) 322 S(1)#3—-V—-S(2)#4 (X 2) 92.063(16)
0 range for data collection ~ 2.55—-27.73° S(2)#4—V—S(2)#5 84.502(19)
index ranges —7<h=<11-12<k=<10,-4<1=<4 S(L)#1-V—-S(1) 159.70(4)
reflections collected 1589 S(1)#2—-V-S(1) (X 2) 88.50(4)
independent reflections 227 [R(int) = 0.0286] S#4—V—S(1) (X 2) 80.59(2)

completeness to 6 = 27.73° 99.6%

absorption correction semiempirical from equivalents
max and min transmission 1.000 and 0.733955

refinement method full-matrix least-squares on F?
data/restraints/parameters 227/0/19

goodness-of-fit on F2 1.374

final R indices? [I > 20(1)] R1 = 0.0240, wR2 = 0.0560

R indices? (all data) R1 = 0.0258, wR2 = 0.0567

largest diff peak and hole  0.625 and —0.548 e A3

]]1/2 R1 = Y||Fol — IFcll/Y|Fol; WR2 = [J[W(Fo? — Fc2)?]/3 [wW(Fo?)?

Table 2. Atomic Coordinates (x 10%) and Equivalent
Isotropic Displacement Parameters (A2 x 103) for BaxVeSs

atom  Wyckoff Site X y z U(eq)?

v 6h 4888(1)  1196(1) 2500 8(1)
S(1) 6h 3477(1)  2968(1) 2500 8(1)
S(2) 2d 3333 6667 2500 7(1)
Ba 2a 0 0 2500  68(1)

a U(eq) is defined as one-third of the trace of the orthogonalized
Uil tensor

crystals were formed in the KCI flux. The KCI flux was then
washed from the sample with distilled water.

Several crystals of the compound were indexed on a Siemens
SMART CCD diffractometer using 40 frames with an exposure
time of 20 s per frame. All exhibited the same hexagonal cell.
Ten of these crystals were used for data collection. All data
sets confirmed similar amounts of doping of Ba (x = 0.41—
0.48), but only one typical data set is reported here. A total of
1589 reflections were collected in the hemisphere of the
reciprocal lattice of the hexagonal cell, of which 227 were
unique with R(int) = 0.0286. An empirical absorption correc-
tion using the program SADABS?® was applied to all observed
reflections. The structure was solved with the direct method
using the SHELXS and SIR97 programs;®2° both programs
yielded the same structure. Full-matrix least-squares refine-
ment on F2 was carried out using the SHELXL-97 program.*®
The final agreement factor values are R1 = 0.0240, wR2 =
0.0560 (I > 20). The final structure was checked for additional
symmetry with the MISSYM algorithm?! implemented in the
PLATON program suite.?? No additional symmetry was found.
The unit cell information and refinement details are reported
in Table 1. The atomic positions and equivalent isotropic
displacement parameters are listed in Table 2. Selected bond
lengths and angles are presented in Table 3.

EDAX analysis using the microprobe of a JEOL 35 CF—
Kevex ux 7000 scanning electron microscope confirmed the
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A)

Figure 1. (A) Basic building unit of BasVeSs. It consists of
three distorted face-sharing octahedra. The left side is a top
view showing the coordination geometry, and the right panel
is a side view of the packing of the three octahedra. (B) Unit
cell contains two face-sharing octahedron trimers. They are
joined together by sharing an octahedron edge. The left side
is a top view showing the coordination environment, and the
right side is a view of the packing of the six octahedra.

presence of Ba, V, and S in the same crystals used for X-ray
data collection. The elemental ratio also agreed with that
determined by the X-ray measurement.

The AC magnetic susceptibility of the sample (16.982 mg)
in the temperature range from 300 to 1.2 K was measured
using a LakeShore 7000 ac susceptometer. The AC modulation
frequency used was 125 Hz, and the AC field was 1 G. The
sample was cooled from room temperature to 4 K over a period
of 15 min and then further cooled to 1.2 K.

Raman spectra were recorded with a Raman microscope
spectrometer (Renishaw Ltd.) equipped with a He—Ne (1o =
6328 A) laser. Low laser power of ca. 0.06 mW focused on a 1
um? area was applied. The spectra were averaged over 10 or
more runs.
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Results and Discussion

Structure. The basic unit of the structure is a face-
sharing octahedron trimer, as shown in Figure 1A.
Three sulfur atoms (S1 in Figure 1B) form the corner
of a triangle, and three vanadium atoms are at the edges
of the triangle. Another sulfur atom (S2) is at the center
of the triangle. Figure 1A shows two such atoms, but
they are related by a translation along the c axis. Each
vanadium atom is coordinated to six sulfur atoms.

4
Figure 2. Face-sharing octahedron trimers joined with those
in adjacent cells and stacked along the c axis. Hexagonal
channels are formed. The diameter of the channels is ap-
proximately 6.2 A. Ba atoms form columns in the channels.

Energy and Distance Dependence of Ba along Channel
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Figure 3. Relative energy (left y axis) and Ba—S1 distance
(right y axis) as a function of the z/c coordinate of the Ba atom
in the channel parallel to the c axis. Z/c = /4 corresponds to
the Wyckoff position 2a.
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Figure 4. Electron density plot at the bc plane (x/a = 0)
showing the elongated ellipsoid along the c axis for the Ba
atoms.

Table 4. Extended Huckel Parameters

orbital Hii (eV) G12 &2 c12 C2
Ba 6s -7.0 2.2

6p —4.0 2.2
\% 4s —8.81 1.3

4p —5.52 1.3

3d —-11.00 4.75 1.7 04755 0.7052
S 3s —20.0 1.817

3p —13.3 1.817

a Exponents and coefficients in a double ¢ expansion of the d
orbital.

Among the six sulfur atoms, two are at the corner of
the triangle (S1), two are at the center of the triangle
shared with another unit cell (S2), and the remaining
two are on the outside of the triangle (S1'). These S1’
atoms belong to another octahedron trimer. Thus, there
are total of three vanadium atoms, three type-S1 sulfur
atoms, and one type-S2 sulfur atom, giving a stoichio-
metric ratio of V3S,4 per such a trimeric unit.

In order for the three octahedra to share faces in this
trimeric unit, a distortion must occur. 1 shows the local
coordination environment of the vanadium atom. As can
be seen, the most visible distortion is the bending of the
S1-V—S1 angle from 180° to 159.8° (only three signifi-
cant figures are shown in 1 for clarity). One of the apical
V—S1 bonds is shorter (2.355 A) than the other (2.544
A), compared to the basal V—S2 bonds of 2.467 and
2.359 A. The other four basal S2—V—S2 angles also
distort from the ideal 90° to 84.5°, 92.1°, 92.1° and 89.3°,
respectively.

In the unit cell, there are two such octahedron
trimers, as shown in Figure 1B. They are joined together
by sharing an octahedron edge. These units are stacked
along the c axis, again by sharing the octahedron edges,
as shown in Figure 2. It is interesting to note that
channels are formed along the c axis as a result of the
octahedron stacking. The size of the channels is rather
large, with a diameter of about 6.2 A. The dopant Ba
atoms form columns in the channels. However, the sites
(Wyckoff symmetry 2a) are not fully occupied despite
the large void in the channel. About 22% of the 2a sites
are statistically occupied. The large channel allows the
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Figure 5. Computed DOS of BaVsSs. The shaded area is the projected DOS, the solid curve is the total DOS, and the dashed
curve is the integrated DOS. The left panel shows the projected V states, the middle panel shows the projected states of type-S1
sulfur atoms, and the right panel shows the projected DOS of type-S2 sulfur atoms.
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dopant Ba atoms to move without a large energy cost.
Figure 3 shows the energy dependence of a Ba atom
moving along the channel as calculated by the extended
Huckel method.1”18 The 2a position (z = 1/,) is the local
energy minimum. This is because, at this position, Ba?"
ion has the closest contact with the sulfur anion (S1) at
2.9948 A. In Figure 3, the relative energy (left y axis)
follows exactly the same trend as the Ba—S1 distance
(right y axis). Because of the low energy barrier, the
thermal parameter of Ba along the c axis (Us3) is rather
large, as shown in the electron density contour plot in
Figure 4. This type of thermal ellipsoid elongation has
been observed in other channel structures.??

If the 2a sites were 100% occupied, the stoichiometric
ratio would be Ba,VsSg. With this stoichiometry, it is
likely that there would be too many valence electrons
for this compound. To understand this aspect, we
analyzed the electronic structure of this compound using
the tight-binding extended Htckel method.1”18 The
parameters used in the computation are listed in Table
4. The density of states (DOS) and crystal orbital
overlap population (COOP)2* were computed using a set
of 125 k points in the irreducible wedge of the Brillouin
zone.

(23) Worle, M.; Nesper, R. Angew. Chem. 2000, 112, 2439.

Energy (eV)

Figure 6. Computed band structure of BasVsSs. Only the d
band region is shown. The special points in the Brillouin zone
are A(0,0,1,), T'(0,0,0), and K(*/2,%/,,0).

Computational Analysis. The electronic structure
of the compound can be understood by a stepwise
construction of interaction diagrams. In an Sg octahe-
dron, the d orbitals of the vanadium atoms split into a
lower tyg set and a higher eq4 set. When the octahedra
share edges, the vanadium—vanadium distance between
the trimers is short at 2.8459 A. Thus, we expect these
two sets develop into bands along the a and b axes
where the edge-sharing octahedra propagate. This is
shown schematically in 2. Figure 5 shows the computed
DOS. Indeed, the sulfur s and p orbitals are at the lower
part of the plot at around —20 eV and —13 eV,
respectively. The vanadium d state is at around —10
eV. Along the c axis, the octahedra share other edges,
and the shortest vanadium—vanadium bond (2.8459 A)
propagates in a zigzag fashion parallel to the c axis.
Thus, we expect the band dispersion to be larger along
the c axis than along the a and b axes. Figure 6 shows
the computed band structure in the vanadium d band
region. It can be seen in this figure that the band
dispersion is larger along the A(0,0,%/,)—T line (parallel
to the ¢ axis) than along the T—K(%/3,%/,,0) line (perpen-
dicular to the c axis).

(24) Wijeyesekera, S. D.; Hoffmann, R. Organometallics 1984, 3,
949,
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The vanadium—vanadium distance within the octa-
hedron trimer is 3.162 A, which is between the sums of
the covalent radii (1.22 A) and the atomic radii (1.92
A). Therefore, there will be some weak interaction
between the vanadium atoms. Because the octahedra
share faces, the strongest interaction will be between
the orbitals pointing to the shared octahedron faces.
These are the dy, orbitals of the tyy set in the local
coordinate system. The bonding combination is shown
in 3. Because these orbitals avoid the ligand direction,
they are of ligand—metal nonbonding character. Fur-
thermore, through the bonding interaction in 3, they are
at the bottom of the d band and contribute to metal—
metal bonding within the octahedron trimer.

As described above, there are two octahedron trimers
in the unit cell. They are joined together by sharing an
octahedron edge. The distance between the two vana-
dium atoms at the centers of the two octahedra sharing
the edge is the shortest metal—metal bond length at
2.8459 A. When these two octahedron trimers are joined
together, there will be bonding and antibonding com-
binations of the orbital shown in 3. In fact the edge-
sharing propagation of the trimer is through all three
sides of the triangle in 3, with one of the sides inside
the unit cell and the other two at adjacent cells. The
bonding combination is at the bottom of the d band

illustrated in 2. Of the total nine tyy orbitals in the
trimer, only one shown in 3 contributes to metal—metal
bonding. Through the propagation of the trimers, only
one-third of this orbital remains at the bottom of the d
band. In other words, the maximum amount of doping
per V3S, trimer without filling the metal-metal or
metal—ligand antibonding levels is about one-third of
2, or 0.6 electrons. Per VsSg unit, the maximum doping
is about 1.2 electrons.

Figure 7 shows the computed COOP curves of the
metal—ligand and metal—-metal bonds. The COOP
curves represent the DOS-weighted overlap population
plotted along the energy scale.?* They indicate whether
a set of states in a given energy range contributes to
the bonding or antibonding character of a chemical bond
of interest. Below the Fermi level in Figure 7, all states
contribute to metal—ligand bonding as well as metal—
metal bonding for the reason discussed above. However,
more doping will result in the filling of the metal—metal
antibonding level and, consequently, in the instability
of the structure. In fact, we have not succeeded at
achieving a doping level of more than one electron (Bags)
per VeSg unit. Excess doping of Ba in our study led to
the different structure BaVSs;. Bensch and co-workers
also reported a maximum doping of Tl gVeSs, where Tl
is believed to be TI**.7

Raman Spectra. The space group P63/m (no. 176)
corresponds to the point group Cgn? with possible site
symmetries Csp (2), Csi (2), 2Csn (2), 2C3 (4), Ci (6), Cs
(6), and C; (12).25 Group theoretical analysis shows that
there are 13 Raman-active modes (3Ag + 2E14 + 4E2g)
and 20 IR-active modes (10A, + 10E1,). The Agand Eqg4
vibrations only become Raman-active if one of the
polarizability components in the z direction is changed,
whereas the Eyq vibrations only become active if one of
the polarizability components in the xy plane is changed.
The spectra were taken with the polarization of the
excitation source at 0°, 45°, and 90° (Figure 8) relative
to the z (or ¢) axis of the crystal. With the polarization

(25) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 5th ed.; Wiley: New York, 1997.
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Figure 8. Raman spectra recorded with the polarization at
0°, 45°, and 90° relative to the c axis of the crystal.

of the excitation source parallel to the z axis, only the
Ay and E1g modes should be active because only the Ag
and E;q modes have a polarizability component active
in the z direction. Therefore, all observed vibrations in
this configuration should be attributed to the Ay and
E1y modes. As we rotate the crystal (from 0° to 45° to
90°), the polarization of the light source goes from
parallel to perpendicular to the z axis. This change in
the direction of the polarization results in the diminish-
ment of the Ay peaks due to a weaker z component in
the electric field vector of the excitation source and the
development of the Eyq peaks due to a strengthening
xy component. Figure 8 exhibit these trends. For
example, the peak at 112 cm~! is particularly strong
and sharp at 0°. At 45°, this same peak is still observed,
but a new minor peak at 174 cm™! starts to appear.
Finally, at 90°, the peak formerly observed at 112 cm™?!
is completely absent, but the peak at 174 cm™! is
predominant. From this treatment, we can see that the
peak at 112 cm™! arises from the Aq mode and the peak
at 174 cm~* arises from the Ezq mode. Similarly, we can
assign the peak at 545 cm™! as the E;4 mode. Although
no Raman data for other Ba—V—S compounds were
available for comparison, computational results of the
bond strengths led us to attribute the Ag and E»g modes
to S—V—S bending and Ey4 to V—S stretching motions.

Superconductivity. Figure 9 shows the measured
AC susceptibility of BayVeSs. The filled circle is the real
(in-phase) component, and the open circle the imaginary
(out-of-phase) component of the volume susceptibility
(SI units). The superconducting onset occurs at ap-
proximately 2.5 K. Superconductivity was not observed
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Figure 9. AC magnetic susceptibility of BasVsSs. The open
circle is the real part, and the dot is the imaginary part.

for the undoped sample VSg by us or by Bensch and
co-workers.” It is interesting to note that the computed
DOS (Figure 5) shows a maximum immediately above
the Fermi level of BayVsSs. The Fermi level of an
undoped sample will be close to a minimum of the DOS
at around —11.5 eV. Therefore, doping should increase
the transition temperature according to the BCS theory.
On the other hand, excess doping will increase the
antibonding character in the structure so that the
structure might no longer be thermodynamically stable.
Thus, doping is allowed only in a particular range
according to our computational analysis.

Conclusions

The group 5 transition metal ternary sulfide BasVsSs
has been synthesized and analyzed. A superconductivity
transition around 2.5 K was observed. Further study
on the optimal doping of the title compound will be
carried out in the future.
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