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A new ternary chromium sulfide, BaCrS2, was synthesized. This solid state compound crystallizes in the
orthorhombic, centrosymmetric space groupPmmn(No. 59) witha ) 4.2606(6) Å,b ) 4.7944(7) Å,c ) 9.443-
(1) Å, V ) 192.89(5) Å3, andZ ) 2. The solid is similar to a previously known structure BaNiS2 in which the
Ni atom is coordinated to five sulfur atoms in a square pyramidal fashion. In BaCrS2, the square pyramid distorts
such that the two S(basal)-Cr-S(basal) angles are no longer equal. Thus the BaCrS2 solid is orthorhombic whereas
BaNiS2 is tetragonal. The distortion from the square pyramidal coordination in the title compound is traced to the
broken degeneracy of the dxy and dxz set by a computational analysis.

Introduction

Numerous ternary transition metal sulfides of the stoichiom-
etry AxMmSn exist where A is an alkaline earth metal and M a
group 5 or 6 transition metal. Examples include BaVS3,
Ba0.5V5S8, Ba9Nb4S21, and the well-known Chevrel phases
SrMo6S8 and BaMo6S8.1-4 However, not many compounds of
this type where M is the transition metal Cr have been
synthesized. The single-crystal study on Ba0.51Cr5S8 is the only
one that has been reported in the literature.2 Another compound,
BaCr2S4, was also investigated,5,6 but its structure has not been
fully characterized. In this contribution, we describe the
synthesis, the structural determination, and a computational
study of a ternary compound BaCrS2.

Experimental Section

The synthesis was carried out in two steps. In the first step, elemental
Ba (Atomergic Chemicals, 99.5%, cut pieces), Cr (Fisher,>99%,
powder), and Sn (Fisher,>99%, powder, used as flux) were placed in
a quartz ampule in the molar ratio of 1.5:3:6. The total weight of the
sample was approximately 1.1 g. The quartz ampule was evacuated to
about 10-4 Torr and sealed. A computer-controlled furnace was used
to heat the ampule from room temperature to 1100°C in 72 h, and this
temperature was maintained for 96 h. The ampule was then cooled
from 1100°C to room temperature in a period of 96 h. In the second
step, the product of the first reaction was ground and mixed together
with 0.170 g of BaS (Alfa, 99.7%) and 3 g of KCl (Fisher,>99%,
acted as flux). The KCl flux was previously dried at 250°C under
vacuum over a period of 48 h. The handling of the Ba metal and the
KCl flux was inside an Ar-filled glovebox. The sample was placed in
an evacuated (10-4 Torr) quartz ampule, sealed, and heated to 300°C
immediately. The temperature of the sample was raised from 300 to
900 °C in 24 h and maintained at 900°C for 72 h. The sample was
then cooled from 900°C to room temperature over a period of 48 h.
Gray, platelike crystals could be found in the final product after the

KCl flux was washed off and the sample dried in an oven. The whole
procedure was repeated twice, and the same product was present in
both samples.

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 of them exhibited the same orthorhombic cell.
One crystal with good reflection quality was chosen for data collection.
A total of 1224 reflections were collected in the hemisphere of the
reciprocal lattice of the orthorhombic cell, of which 290 were unique
with R(int) ) 0.0453. An empirical absorption correction using the
program SADABS7 was applied to all observed reflections. The
structure was solved with direct methods using the SHELXS and SIR92
programs;7,8 both programs yielded the same structure. Full matrix least-
squares refinement onF 2 was carried out using the SHELXL-93
program.7 The final agreement factor values are R1) 0.0335, wR2)
0.0808 (I > 2σ). The final structure was checked for additional
symmetry with the MISSYM algorithm9 implemented in the PLATON
program suite.10 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 in Table 3.

Semiquantitative EDAX analysis using the microprobe of a JEOL
35 CF-Kevexµx 7000 scanning electron microscope confirmed the
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Table 1. Crystal Data and Structure Refinement for BaCrS2

empirical formula BaCrS2
fw 253.46
temp 293(2) K
wavelength 0.710 73 Å
cryst syst orthorhomic
space group Pmmn(No. 59)
unit cell dimens a ) 4.2606(6) Å

b ) 4.7944(7) Å
c ) 9.4429(13) Å

vol, Z 192.89(5) A3, 2
density (calcd) 4.364 Mg/m3

abs coeff 13.784 mm-1

final R indicesa [I > 2σI)] R1 ) 0.0335, wR2) 0.0808
R indices (all data) R1) 0.0381, wR2) 0.0831

a R1) ∑||Fo| - |Fc||/∑|Fo|; wR2) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]] 1/2.

1889Inorg. Chem.1999,38, 1889-1893

10.1021/ic980609p CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/19/1999



presence of all three elements in the same crystal used for X-ray data
collection. Sn, K, and Cl were not observed within the detection limits
of the instrument.

Results and Discussion

Structure. Figure 1 shows the BaCrS2 structure. It consists
of CrS2 layers separated by Ba sheets. Within the layer, the Cr
atom is coordinated to five S atoms. We can refer to four (S1)
of the five S atoms as “basal” and one (S2) as “apical”, although
the coordination motif is a significantly distorted square
pyramid. The bonding of the Cr atom to the S1 atoms can be
visualized as a sheet of a distorted and puckered square lattice

of S atoms with Cr atoms capping from above and below the
hollows. Figure 2 demonstrates such a view. The lengths of
the two types of bonds from the capping Cr to the S1 atoms
are 2.420 and 2.539 Å, respectively. They are slightly larger
than the sum of the covalent radii of Cr (1.24 Å) and S (1.03
Å). The apical S2 atom bonds to the Cr atom with a distance
of 2.424 Å. The layers are stacked in the direction of thec-axis
of the lattice.

The structure can be considered as a distorted BaNiS2 type.11

In the tetragonal BaNiS2, Ni is at the center of a square pyramid
of a S5 unit. The basal S atoms form a planar square net with
the Ni atom capping from above and below the square hollows.
The basal Ni-S bond length is 2.34 Å and the apical 2.31 Å.
The S(basal)-Ni-S(basal) angle is 141.6°. The distortion from
the BaNiS2 type to the BaCrS2 type at the metal center is
schematically depicted in Scheme 1, where one of the S(basal)-
Ni-S(basal) angles closes from 141.6 to 114.1° and the other
opens to 164.3°. For clarity, the larger angle is shown parallel
to the paper.

The actual local environment of the metal center in the
BaCrS2 structure is shown on the right side of Scheme 1 (bond
lengths in angstroms and angles in degrees). At this metal center,
there are three types of Cr-S bonds: two Cr-S1 and one Cr-
S2.

Computational Analysis. To understand the difference
between the BaCrS2 and the BaNiS2 structures, we computed
the band structure and the crystal orbital overlap population

(11) Grey, I. E.; Steinfink, H.J. Am. Chem. Soc.1970, 92, 5093-5095.

Table 2. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for BaCrS2

a

x y z U(eq)

Ba 2500 -2500 3225(1) 13(1)
Cr 7500 2500 906(2) 14(1)
S(1) 7500 -2500 557(4) 13(1)
S(2) 7500 2500 3473(3) 13(1)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Table 3. Selected Bond Lengths (Å) and Angles (deg) for BaCrS2
a

Ba-S(2)#1 3.119(3)
Ba-S(2) 3.2155(4)
Ba-S(1) 3.299(3)
Cr-S(1) 2.4198(7)
Cr-S(2) 2.424(4)
Cr-S(1)#5 2.539(2)
Cr-Ba#6 3.8829(13)
Cr-Ba#5 3.900(2)

S(1)-Cr-S(1)#6 164.3(2)
S(1)#6-Cr-S(2) 97.84(10)
S(1)-Cr-S(1)#5 85.74(5)
S(2)-Cr-S(1)#5 122.96(8)
S(1)#5-Cr-S(1)#7 114.1(2)

a Symmetry transformations used to generate equivalent atoms: #1,
-x + 1, -y, -z + 1; #5,-x + 1, -y, -z; #6, x, y + 1, z; #7, -x +
2, -y, -z.

Figure 1. BaCrS2 structure viewed down thea-axis. Thermal ellipsoids
of 50% probability are plotted.

Figure 2. Top view of the BaCrS2 layer. The large shaded circles are
Ba, the medium open circles Cr, and the small solid circles S.

Scheme 1

Table 4. Extended Hu¨ckel Parametersa

orbital Hii (eV) ú1
b ú2 c1

b c2

Ba 6s -7.0 1.2
6p -4.0 1.2

Cr 4s -8.66 1.7
4p -5.24 1.7
3d -11.22 4.95 1.8 0.5060 0.6750

S 3s -20.0 1.817
3p -13.3 1.817

a References 20-22. b Exponents and coefficients in a doubleú
expansion of the d orbital.
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(COOP) curves using the tight-binding extended Hu¨ckel
method.12-14 The parameters used in the computation are listed
in Table 4. A set of 125 k-points in the irreducible wedge of
the Brillouin zone was employed in the computation of the
COOP curves. The electronic structure of a transition metal at
the center of a S5 pyramid is well-known15 and can be derived
from that of an octahedrally coordinated complex by first
removing an apical ligand and then changing the L(basal)-
M-L(basal) angle from 90° to about 110° for an idealized
tetragonal BaCrS2 structure. This process and the accompanying
orbital evolution are shown in Scheme 2. When an apical ligand
is removed, the dz2 orbital comes down in energy because there
is less antibonding interaction with the ligands. When the
L(basal)-M-L(basal) angle is changed, the dxy orbital is not
affected since it avoids the directions of the ligands, but the dxz

and dyz orbitals go up in energy because the basal ligands are
now pointing to the lobe directions of these orbitals and therefore
enhance the antibonding interaction. The dz2 and dx2-y2 come
down in energy because the ligands are now not pointing to
the directions of orbital lobes and the antibonding character is
thus reduced.

The effect on the orbitals of the distortion shown in Scheme
1 is schematically illustrated in Scheme 3 (the larger angle is
now perpendicular to the paper to be consistent with the
crystallographic coordinate system). When the L(basal)-M-
L(basal) angle opens up to 164.3° (the actual angle in the BaCrS2

structure) in thexz plane, the dxz orbital goes down in energy.
This is because the ligands now move closer to thexy nodal
plane of the dxz orbital, and there is less overlap between the
dxz and the ligand orbitals and thus less antibonding character.
When the L(basal)-M-L(basal) angle closes to 114.1° (also
the actual angle in the BaCrS2 structure) in theyzplane, the dyz

orbital goes up in energy because the orbital overlaps better
with the ligands (the maximum overlap occurs at 90°). Because
of the distortion, the HOMO is of weak metal-ligand anti-
bonding character for a d4 configuration (corresponding to a
formal electron partitioning of Ba2+Cr2+(S2-)2). Figure 3 shows
the computed COOP curves of the two types of Cr-S bonds.
Indeed, the states near the Fermi level are of weak metal-ligand
antibonding nature.

Figure 4 shows the computed band structure of an idealized
tetragonal BaCrS2 lattice (using theb-axis of the actual BaCrS2
structure as thea- andb-axes). In the direction of the Z (0, 0,
0.5) to theΓ (0, 0, 0) point in the Brillouin zone, the bands are
flat while those in the direction ofΓ to M (0.5, 0.5, 0) have
appreciable dispersion. This is because the interaction is weaker
between the layers than within the layer of the BaCrS2 structure.
There are two metal atoms in the unit cell, thus 10 d bands in
the plot. The pair of each metal d orbital type forms in-phase
(+) and out-of-phase (-) combinations. The lowest d band is
the in-phase combination of the metal dxy orbitals, xy (+),
because the dxy orbital is mainly nonbonding (see Scheme 3).
Next comes the out-of-phase (-) combination of the dxy orbital,
xy (-). The degenerate setsxz, yz (+) andxz, yz (-) are very
close in energy since the overlap between them is poor and
therefore the linear combination does not separate them much.
However, thex2 - y2 (+) andx2 - y2 (-) bands show much
larger energy separation. This is because of their interaction
with the ligand orbitals (see Scheme 4). At theΓ point, there
are two bonding and two antibonding contacts at each ligand
center for thex2 - y2 (+) orbital, but four antibonding contacts
for thex2 - y2 (-) orbital. Thus the energies of these two bands
are very different. A similar situation occurs for thez2 (+) and
z2 (-) bands. From Scheme 4, the degeneracy of thex2 - y2

(+) and thex2 - y2 (-) orbitals at the M point can also be
understood. Both have the same nodal character, and a 90°
rotation transforms one orbital to the other.

Figure 5 is the computed band structure of the actual,
orthorhombic BaCrS2 lattice. Because of the orbital evolution
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Scheme 2

Scheme 3
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accompanying the distortion from the idealized tetragonal lattice
shown in Scheme 3, the degeneracy of thexz andyz bands is
broken. A band gap of about 0.2 eV is opened up for a d4

electronic configuration. The four bands below the Fermi level
are occupied, and those above it are empty. Thus at the extended

Hückel level of computation, the compound is predicted to be
a semiconductor. Notice that the degeneracy of thex2 - y2 (+)
and thex2 - y2 (-) orbitals is maintained at the M point. This
is because the two metal atoms in the unit cell (at the Wyckoff
position 2b) are related to each other by two screw axes along
thea andb directions. The orbital interaction pattern is similar
to that of the tetragonal lattice shown in Scheme 4. The other
pairs of bands are also degenerate at the M point, but there are
avoided crossings and mixing between orbitals of different types
due to the loss of the diagonal symmetry. Because of this
degeneracy, there is no opening of a band gap for a d8

(corresponding to Ba2+Ni2+(S2-)2) or d7 configuration. Therefore
little stabilization is gained for a distortion from a tetragonal to
an orthorhombic lattice. The extended Hu¨ckel method prefers
the orthorhombic structure for both electronic configurations,
but the energy difference is larger for the d4 (0.83 eV) than for
the d8 configuration (0.27 eV).

It is interesting to note that two additional compounds of the
group 9 transitional metal Co of the stoichiometry AMX2
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Figure 3. The computed COOP curves of the Cr-S bonds in the BaCrS2 structure. The left is for one of the two types of Cr to basal S bonds
(2.4203 Å), the middle one is for the Cr to apical S bond (2.4235 Å), and the right one is for the other type of the Cr to basal S bond (2.539 Å).
The dashed horizontal line indicates the Fermi level.

Figure 4. Computed band structure of an idealized tetragonal (a )
4.794 Å,c ) 9.443 Å) BaCrS2 compound. Only the d band region is
shown. The three special k-points in the reciprocal lattice are Z [0, 0,
0.5], Γ [0, 0, 0], and M [0, 0.5, 0.5].

Scheme 4

Figure 5. Computed band structure of the BaCrS2 compound. Only
the d band region is shown. The three special k-points in the reciprocal
lattice are Z [0, 0, 0.5],Γ [0, 0, 0], and M [0, 0.5, 0.5]. The lowest
four bands are occupied as indicated by the vertical bars.
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possessing the pyramidal structural motif adopt a tetragonal
lattice. These are BaCoS2 and KCoO2.16 BaCoS2 is polymorphic
and crystallizes in three different types of lattices: monoclinic,17

orthorhombic,18 and tetragonal.19 Only the orthorhombic and
tetragonal lattices have the pyramidal structural motif that is in
BaCrS2. The metal local coordination in the orthorhombic lattice
has merely a small distortion from a square pyramidal geometry.
All four metal to basal S distances are equal (2.434 Å); only
the two types of acute S(basal)-Co-S(basal) angles are slightly
different. One is 82.9° and the other 83.7°. There, as far as the
local metal coordination is concerned, the orthorhombic phase
is equivalent to that of the tetragonal.

Conclusions
The group 6 transition metal ternary sulfide compound

BaCrS2 has been synthesized and analyzed. The computed band
structure suggested that it should be a semiconductor. Further
study on the transport properties of the title compound will be
carried out in the future once large enough crystals can be
grown.
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