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The structural and electronic consequences of the metal—
metal sigma bonding in the hexagonal perovskite sulfides were
examined by calculating the electronic band structures of
SresTiS; and Srg,TiS;, by synthesizing Srg,[Tis-Fe;-]S; and
characterizing its crystal structure, and by measuring the
magnetic  susceptibilities of SrogTiS;, Srg,;TiS;, and
Srg/; [ Tig-Fe;7]1Ss. The (TiS;),, chains of SrosTiS; and Srg,;TiS;
contain oligomer units (Oh), (n = 4, 5) made up of face-sharing
TiSs octahedra (Oh). Given the (TiS;),, chains aligned along the
z direction, the only occupied d-block levels of each (TiS;)., chain
are the most sigma bonding level of each (Oh), oligomer, which
is constructed from its n z* orbitals. This “n-orbital two-elec-
tron” metal—metal sigma bonding controls the d-orbital density
distribution and the Ti—Ti distances of the (Oh), oligomers and
is ultimately responsible for the semiconducting property
of Sry;TiS;, Srg,TiS;, and Srg,[Tig-Fe;7]S;. The Srg;[Tig
Fe,;]S; structure is described by the trigonal symmetry, R3m
(00y)0s superspace group with the following parameters:
a,=11.4935(11) A, ¢,=2.9986(7) A, q=0.57161(15) c*, and
I/s = 343.05(15) 1&3. © 2001 Academic Press

1. INTRODUCTION

In recent years the commensurate and incommensurate
hexagonal perovskite oxides SryMO3 (M = Co, Ni, Cu, Zn,
Ir, Pt) have received much attention due to the discovery of
interesting magnetic properties (1, 2). The structures of these
oxides are usually described as a stacking of mixed [Sr3Oq]
and [Sr3MOg] layers with the transition metal atoms M oc-
cupying the octahedral and trigonal prismatic sites (3, 4).

!To whom correspondence should be addressed.
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Alternatively, they can be regarded as consisting of (M O3).,
and (Sr)., chains running parallel to each other (Fig. 1) (5).
The (MO3). chains of Sty MO3 are made up of face-sharing
MO octahedra and MOs trigonal prisms, in which the
ordering and the ratio of the octahedra and trigonal prisms
depend on the element M and on the value of x. Thus the
perovskite oxides SryM O3 present diverse chemical com-
positions and physical properties (6). So far analogous sul-
fides SryMS3 are limited in number and their structures
have not been fully characterized (7-9). The first complete
structural determination of such sulfides was provided by
a recent single crystal X-ray diffraction study of Sro/sTiS3
(10) using the (3 + 1)-dimensional formalism (11). The crys-
tal structure of Srg/7TiS3 was similarly determined (12). The
sulfides SryMS; differ in structure somewhat from the hex-
agonal oxide perovskites Sr:M O3 in that the (TiS3). chains
are made up of face-sharing octahedral (Oh) and polyhedral
(PO) TiSe units. (Here a PO TiSe unit is obtained from
a regular TiSe trigonal prism by rotating the two S3 tri-
angles around the three fold axis to make a dihedral angle of
~30°.) Both Srg/;sTiS3 and Srs/;TiS; have three (TiS3).
chains per unit cell. All the (TiS3)., chains of Sre;sTiS3 have
the [-(PO-Oh-PO)-(Oh)s-], repeat pattern (Fig. 2a). In
contrast, Srg/7TiS3 contains two kinds of (MS3), chains;
ie., its unit cell has one chain of the repeat pattern
[-(PO-PO)-(Oh)s—] (Fig. 2b) and two chains of the repeat
pattern [-(Oh)s—(PO-Oh-PO)-] (Fig. 2c).

In the (TiS3), chains of Srg/sTiS; and Srs/;TiS;, the
nearest-neighbor Ti-Ti distances within the (Oh), (n = 4, 5)
octahedral oligomers are short (< 3.0 A) compared with all
other nearest-neighbor Ti-Ti distances (> 3.0 A). More-
over, within each (Oh), group, the Ti-Ti distance becomes
shorter as it moves closer to the center (see Section 4). It is
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FIG. 1. Schematic projection view of the structure of a hexagonal
perovskite-type compound 4,MOj; along the (MO3),, chain direction.

important to examine how these observations are related to
the d-electron counts of Srg;sTiS3 and Srg,;TiS;. There are
two d-electrons per Sro(TiS3)s unit in Srg;sTiS3, and two
d-electrons per Srs(TiS;); unit in Srg/;TiS3. This indicates
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FIG. 2. Schematic representations of the repeat patterns of the TiS¢
octahedra and TiS4 polyhedra in the (TiS;),, chains of Sr,TiS;: (a) the
[-(PO-Oh-PO)-(Oh)s-], chain of St 5 TiS3, (b) the [-(PO-PO)-(Oh)s-]
chain of Srg;TiS;, and (c) the [-(Oh),~(PO-Oh-PO)-] chain of
Srg/;TiS;, where each number i represents the Ti(i) atom.

GOURDON ET AL.

that there are two d-electrons in each repeat pattern of the
(TiS3). chains, namely, [(PO-Oh-PO)-(Oh)s] of Srg;sTiS3
as well as [(PO-PO)-(Oh)s] and [(Oh)4s—(PO-Oh-PO)] of
Srg,7TiS;. Consequently, for each (TiS;),, chain, only
the lowest-lying d-block band should be filled. If we take the
z axis along the (TiS3)., chain direction, the z* orbitals of the
Ti atoms in each (Oh), oligomer should have significant
sigma-type orbital interactions through the shared faces due
to their short Ti-Ti distances. Therefore, the primary con-
tributor to the lowest-lying d-block band of each (TiS3).
chain should be the most sigma-bonding level of each (Oh),
oligomer constructed from its n z* orbitals. This gives rise to
an “n-orbital two-electron bonding.” (To a first approxima-
tion, the sigma-type orbital interactions involving the Ti-Ti
bonds between PO and Oh units can be neglected due to
their long Ti-Ti distances.) In the most bonding molecular
orbital of a linear homoatomic molecule, all nearest-neigh-
bor atoms have bonding interactions and the orbital contri-
bution of each atom increases as it comes closer to the
molecular center (13), so the strength of a nearest-neighbor
bonding should become stronger as it moves toward the
molecular center. Then the observed trends in the Ti-Ti
distances of Sro;sTiS3 and Srs/7TiS3 can be explained if the
only occupied d-block levels of each (TiS3),, chain are the
most sigma-bonding level of each (Oh), oligomer construc-
ted from its n z> orbitals.

To confirm the above prediction, we carry out electronic
band structure calculations for Srg,sTiS; and Srg/7TiS; on
the basis of the extended Hiickel tight binding method
(14, 15) using the atomic orbital parameters summarized in
Table 1. There are two important questions associated with
the concept of the n-orbital two-electron metal-metal sigma
bonding. One is related to the d-orbital density distribution
at the Ti sites in each (TiS3),, chain. According to our
discussion presented above, the Ti d-orbital density should
be larger at the Oh sites of the (Oh), oligomer than at any
other sites, and this density in each (Oh), oligomer should
increase as the Ti atom moves closer to the oligomer center.

TABLE 1
Exponents {; and Valence Shell Ionization Potentials H; of
Slater-Type Orbitals y; Used for Extended Hiickel Tight-Bind-
ing Calculations®

Atom Xi H;;(eV) G ¢’ & 2%
Ti 4s — 897 1.500 1.0

Ti 4p — 5.44 1.500 1.0

Ti 3d —10.8 4.550 0.4206  1.400 0.7839
S 2s —20.0 2.122 1.0

S 2p — 133 1.827 1.0

“H,; values are the diagonal matrix elements (yx;|H™ |y;>, where H" is
the effective Hamiltonian. In our calculations of the off-diagonal matrix
elements H*" = (y;| H*™ |y;>, the weighted formula was used. See Ref. (28).

*Contraction coefficients used in the double-zeta Slater-type orbital.
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TABLE 2
Crystallographic Data for Sr,,Tig,Fe,,S;

(1) Physical, crystallographic and analytical data

Formula

Crystal color

Molecular weight (g-mol 1)
Crystal system

Space group (¢ section)
Temperature (K)

Cell parameters

a (1&)

¢ (A)

v (A3

VA4

Density (calc., g-cm™3)
Crystal description
Crystal size (mm?)

Srg/7Tie/7Fe1/783

Black

24533

Trigonal

R3m (00y)0s (t = 0 = P3)
293

875 reflections on IPDS
11.4935(11)

2.9986(7)

q = 0.57161(15) ¢* = 4/7¢c*
343.05(15)

3

3.561

Block

~0.10%x0.10 x 0.08

(2) Data collection

Monochromator
Radiation

Scan mode

No. of measured reflections
hkl range

sin(0)/4 range (A1)

Oriented graphite (002)
MoK-L, ; (4 = 0.71073 A)
w

24912

—12<h<12
—13<k<13
—23<1<23

0-0.57

(3) Data reduction

Linear absorption coeff. (cm 1)
Absorption correction

Tonin/ Tnax

No. of independent reflections
Criterions for observed reflections
Rim (ObS)

No. of observed reflections

164.2
Analytical
0.31/0.42
2467
I>20(I)
0.10

1231

(4) Refinement

Refinement
F(000)

Twin matrices

Twin fractions (%)

No. of reflections used in the
refinement

R (obs)*

R,, (obs)*

R (all)*

R, (all)*

S

No. of refined parameters
Weighting scheme
Difference Fourier residues

FZ
338

el

0.497(4), 0.503(4)

o o ~
o~ o

|
o o
- o o
\_/

2467
434

7.81

9.96

8.92

0.91

100

w = 1/(a2(I) + (2¥0.016*I)?)
[—17, +21]e /A3

‘R=Y|F| —IF/SIE]. Ry = [Yw( E]* — [F?)?/2wlE[*]'2.

Then the idea of electronegativity perturbation (13) suggests
that if a more electronegative transition metal cation (hence
carrying a nonzero number of d-electrons) were to occupy
the Ti sites of the (TiS3), chains, the more preferred site is
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one that has the larger z? orbital contribution in the lowest-
lying d-block level, i.e., the Oh site of each (Oh), oligomer
closer to its center. To test this implication, we synthesized
Srg,7[ Tie;7Fe1/7]S3, an isostructural analogue of Srg/;TiS3,
and determined its crystal structure by single-crystal X-ray
diffraction. Another important question is whether the bot-
tom d-block band of each (TiS;). chain is separated from
the rest of the d-block bands of the (TiS3),, chain by a band
gap. If so, the Sr,MS; systems would be normal semicon-
ductors. In the present work, we probe this question by
measuring the temperature-dependent magnetic susceptibil-
ities of SI’Q/gTiS3, Sr8/7TiS3, and Sr8/7[Ti6/7F61/7]S3.

2. SYNTHESIS AND CRYSTAL STRUCTURE
OF Srg;[Tig Fe71S;

Initially, single crystals of Srg;7[Tie;7Fe1,7]S; were pre-
pared from a mixture of the elements in the ratio
Sr:Ti:Fe:S = 1.2:0.9:0.1:3 (Sr metal less than 6-mm pieces,
99.95%, Cerac; Ti sponge powders, 99.9%, Cerac; Fe pow-
der, 99.9%, Alfa; S powder, >99.999%, Fluka), placed in
a sealed, evacuated silica tube at 723 K for 2 days, and
subsequently heated at 1273 K for 5 days. After natural
cooling of the closed furnace, the product was ground for
homogenization and reheated for crystallization again at
1273 K for 4 days. Samples of small blocks with a metallic
luster were then obtained. The EDXS analysis of polished
surfaces gave a formula close to Sry.15Tio.s5Feo.15S3. Later,
a higher yield of Srs/;[Tis7Fe1,7]Ss was obtained from
a synthesis with a mixture of elements in stoichiometric
ratio.

Srg;7[ Tie7Fe1/7]S3 single crystals were tested for quality
(intensity and shape of the spots) on a Stoe image plate
diffraction system (IPDS). The best crystal was selected for
the data collection. The intensity measurement was carried
out on the Stoe IPDS diffractometer in a medium-range
resolution mode (plate at 80 mm, limiting sin(0)/4 to
0.57A~1, 5min exposure time). The reflection set was con-
sistent with a trigonal symmetry and a metric that could be
described in a hexagonal Bravais P-centered lattice
(a~11.5A and ¢ ~ 21.0 A). Since this reflection set is sim-
ilar to that of Srs/;TiS3 (12), we considered a modulated
composite character of the structure with two sublattices
and satellite reflections. (A detailed description of the con-
cept of the (3 + n)-dimensional crystallography is given in
the review papers by Janssen et al. (16) and van Smaalen
(17).) The lattice parameters were least-squares refined using
the (3 + 1)-D indexing formalism (18) from the positions
of 875 reflections to obtain a, = 11.4935(11) /OX, Cs =
2.9986(7) A, q = 0.57161(15) ¢*, and ¥, = 343.05(15) A3. Ac-
cordingly, the reflection set was indexed with four indices.
The y component of the q wave vector was refined within
roughly three standard uncertainties of the rational value
4/7 ~ 0.5714.
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FIG. 3. Metal-metal distances along the (MS3),, chains (thin lines, left) and metal site occupancy (think lines, right) as a function of the superspace

internal coordinate t.

The intensities of the reflections collected for
Srg;7[ Tie/7Fe1/7]S3 were adjusted for Lorentz polarization
and corrected for absorption via a Gaussian analytical
method, and the crystal shape and dimensions were opti-
mized with the Stoe X-Shape program (19) on the basis of
equivalent reflections. All data treatments, refinements and
Fourier syntheses were carried out with the Jana2000 pro-
gram package (20). The redundant set of 24,912 reflections
was averaged according to the (3m, 11) (3 4+ 1)-D point
group, yielding an internal R value of 0.10 for observed
reflections (I > 20(I)) (see Table 2 for additional informa-
tion). All refinements were performed on F? with all reflec-
tions included, but residual factors are thereafter reported
for observed reflection only. As the starting point for the
Srg;7[Tie7Fe1/7]Ss structure refinements, we used the
model established for Srs;;TiS; with crenel functions and
twinning matrices (12). The advantages of using a (3 + 1)-D
superspace approach for a commensurately modulated
structure are (a) a possible reduction of the number of
refined parameters that highly limit correlation (21) and (b)
a unique description of phases that would otherwise have
different space group and cell parameters for each composi-
tion (22-24).

In addition to the scheme employed for Srg;7TiS; in the
setting of crenel functions, displacement and Debye-Waller
factor modulation waves, and twinning matrices, we intro-
duced a new occupation modulation function modeling the
partial Ti/Fe substitution. The Fe atoms preferentially oc-

cupy the octahedral sites away from the PO sites. However,
the Ti/Fe segregation was not abrupt and could not be
modeled by a crenel function. The Ti and Fe occupations
were therefore refined by means of Fourier waves up to the
sixth order and constrained to a full site occupancy at any
internal ¢ coordinate, that is, for each Ti/Fe site of the real
three-dimensional (3D) structure (see Fig. 3). A slight over-
shooting and undershooting of the occupation could not be
avoided. In the final stage, the introduction of a twin law
(already encountered for Srg/;TiS3) led to the final residual
value R =4.34% (Ry = 7.81%) for 100 parameters and
1231 observed reflections. Final refinement parameters for
Srg,7[ Tie;7Fe1/7]S3 are gathered in Table 2 and usual 3D
atomic coordinates and displacement parameters are pre-
sented in Table 3. Note that no standard uncertainties
could be given for the position and displacement parameters
since a standard 3D refinement would require 169 para-
meters; that is, all parameters given in Table 3 are not
independent.

The structure of Srg;7Tis7Fe1,7S3 is quite similar to that
of Srg,;TiS;, which was described in detail in Ref. (12).
Figure 4 shows that in each (Tig;7Fe1/7S3) chain of
Srg,7[Tie;7Fe1/7]Ss the Fe atoms favor the Ti sites of the
(Oh), oligomers over any other sites, and that in each (Oh),
oligomer the Fe atom prefers the Ti site closer to the
oligomer center. These observations are precisely what were
expected from the consideration of n-orbital two-electron
metal-metal sigma bonding.
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TABLE 3
Fractional Atomic Coordinates, Equivalent Isotropic Dis-
placement Parameters (A%, and Site Occupancies for
Sr,,Tig,Fe,;S; (3D Supercell; Space Group P3; Cell Para-
meters, a = 11.4935(11) A, ¢ =20.990(5) A)

Atom X y z Uyq T
Srl 0.3158 0.3354 0.1881 0.025 1
Sr2 0.3618 0.3618 0.4360 0.022 1
Sr3 0.3321 0.3018 0.6794 0.024 1
Sr4 0.3342 0.3022 0.9428 0.020 1
Til 0 0 0 0.014 0.53
Fel 0 0 0 0.014 0.47
Ti2 0 0 0.1364 0.013 0.74
Fe2 0 0 0.1364 0.013 0.26
Ti3 0 0 0.2764 0.012 0.98
Fe3 0 0 0.2764 0.012 0.02
Ti4 0 0 0.4258 0.014 1
Ti5 2 1 0.0444 0.013 1
Ti6 % 1 0.1918 0.014 1
Ti7 3 1 0.3388 0.013 1
Ti8 % 1 0.4852 0.012 0.85
Fe8 2 1 0.4852 0.012 0.15
Ti9 % 1 0.6229 0.014 0.56
Fe9 2 1 0.6229 0.014 0.44
Til0 % 1 0.7565 0.013 0.64
Fel0 3 1 0.7565 0.013 0.36
Till % 1 0.8937 0.012 0.93
Fell 2 1 0.8937 0.012 0.07
S1 0.1857 0.1594 0.0682 0.011 1
S2 0.1673  —0.0023 0.2059 0.011 1

S3 0.1699 0.1587 0.3492 0.011 1
S4 0.0897 0.1849 0.5010 0.030 0.5
S5 0.5738 0.1454 0.1167 0.030 1
S6 0.7689 0.5212 0.2646 0.030 1

S7 0.4986 0.1674 0.4130 0.011 1

S8 0.8300 0.5113 0.5528 0.011 1
S9 0.5004 0.1530 0.6893 0.011 1
S10 0.8362 0.5022 0.8260 0.011 1
Si1 0.5058 0.1635 0.9679 0.011 1

3. MAGNETIC PROPERTIES OF Sry;3TiS;, Srg,TiS;,
and Srg;[Tig; Fey7]S;

Static magnetic susceptibility measurements were carried
out using a Quantum Design SQUID magnetometer and
the ground samples of carefully selected crystals (283.1,
160.0, and 175.6mg for Sro;TiSs, Srg;TiS3;, and
Srg;7Tie;7Fe1,7S3, respectively). An X-ray analysis of these
samples did not reveal any impurity phases.

Magnetic susceptibility data were recorded for Sro,sTiS3,
Srs;7TiS3, and Srg;7[Tie7Fe1,7]Ss in a magnetic field of
1 kG after zero-field cooling. Figures 5 and 6 show the
susceptibility versus temperature (y vs T) curves determined
for Srg/gTiS;«) and Sr8/7[Ti6/7Fel/7]S3. The X VS T behavior
of Srg/;TiS; is practically the same as that of Srg;sTiS;
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within the experimental uncertainties, and hence is not
presented here. From magnetization measurements at dif-
ferent fields at low and high temperatures (5 and 300 K), it
can be concluded that no ferromagnetic impurities were
present.

For Sro/sTiS3 and Srs/7TiS3, the susceptibility curves can
be fitted with the expression y = yo + C/T — 0), where yo
accounts for a temperature-independent term (which in-
cludes the core diamagnetism contribution). For Sro/sTiS3
and Srg,7TiS3, the best fit yields C ~ 0.005 cm*- K -mol ™!,
0~ —2K, and y0=x 1.6x10"3cm3 mol~!. The Curie
constant C corresponds only to ~1.3% of an unpaired
S = 1 spin. Such a small spin density implies that the spins
of Srg/sTiS3 and Srg,; TiS3 originate from random structural
defects of their (TiS3)., chains. The yo term is smaller than
the absolute value of the estimated core diamagnetism con-
tribution ygi(x — 10"*cm®-mol~1). Thus, the value of
y at high temperature would be essentially due to a temper-
ature-independent paramagnetism. This is expected for
a semiconductor with a narrow conduction band of a pre-
dominantly metal d character. This finding indicates that in
Sre;sTiS; and Srg/7TiS3 the bottom d-block band of each
(TiS3), chain is separated from the rest of the d-block bands
by a small band gap.

The y(T) curve for the powdered samples of
Srg/7[Ti;7Fe1/7]Ss  can also be fitted by the
% = 1o + C/T — 0) formula with yo = 7.5 x 10~ *cm?- mol,
C=31cm®-K-mol !, and 0 =—11.5K. The experi-
mental magnetic moment of 4.96 ug/Fe agrees perfectly with
a d° high-spin configuration of Fe?" (tneo. = 4.90 ug/Fe).
Thus the charge balance of Srs/7[Tie7Fe1/7]S3 can be writ-
ten as (Sr2*)g(Ti**)s(Fe?*)(S? 7). This means that d-elec-
trons are present only at the Fe sites. The low Weiss
constant 6 = — 11.5 K suggests that there is a weak antifer-
romagnetic interaction between high-spin Fe?* cations
when they are located at adjacent Oh sites of the (Oh),
oligomers.
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FIG. 4. Distribution of the Fe atoms in the Oh (unshaded) the PO
(shaded) sites of the (MS3),, chains of Srg/7Tis;7Fe;,7S;. The circles repres-
ent Sr atoms.
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FIG. 5. Temperature dependence of the magnetic susceptibility of SrgsTiS; measured in a magnetic field of 1 kG after a zero-field cooling.

4. Ti-Ti DISTANCES AND BOND VALENCE SUMS OF Ti  Table 4. Also listed is the Ti-Ti distance of BaTiSs, which
has (TiS3), chains made up of only face-sharing TiS¢ oc-

The nearest-neighbor Ti-Ti distances of the (TiS3), tahedra. The trends in the Ti-Ti distances of Srg/;TiS; and
chains in Srg/sTiS; and Srg,;TiS; are summarized in Srg;sTiS; are similar. Namely, the Ti-Ti distances within

0-2 lllllIllllll'llllllllllIllllll'llll

0.1

% (cm®.mol™)

0.05

0 PR W TN T N TN W TN W N W WO WO W N W Y T N T S TG N N A 00 WOV S N O O |

0 50 100 150 200 250 300 350
Temperature (K)

FIG. 6. Temperature dependence of the magnetic susceptibility of Srg/;TiS; measured in a magnetic field of 1 kG after a zero-field cooling.
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TABLE 4
Nearest-Neighbor Ti—Ti Distances (108) in the (TiS;)., Chains of Sry4TiS;, Sry,TiS;, Sry,Tig,Fe,,S;, and BaTiS,

SrosTiS; Srg,;TiSs St [Tig7Fe/7]Ss BaTiS,
Ti(1)-Ti(2) = 2.799 Ti(1)-Ti(2) = 2.816 M(1)-M(2) = 2.851 Ti-Ti = 2.899
Ti(2)-Ti(3) = 2.907 Ti(2)-Ti(3) = 2.930 M(2)-M(3) = 2.948
Ti(3)-Ti(4) = 3.149 Ti(3)-Ti(4) = 3.163 M(3)-M(4) = 3.140
Ti(4)-Ti(5) = 3.082 Ti(4)-Ti(4) = 3.140 M(4)-M(4) = 3.111

Ti(5)-Ti(6) = 3.095 M(5)-M(6) = 3.093

Ti(6)-Ti(7) = 3.094 M(6)-M(7) = 3.076

Ti(7)-Ti(8) = 3.108 M(7)-M(8) = 3.078

Ti(8)-Ti(9) = 2.885 M(8)-M(9) = 2.900

Ti(9)-Ti(10) = 2.782 M(9)-M(10) = 2.812

Ti(10)- T1(11) =2.844 M(10)-M(11) = 2.896

Ti(11)-Ti(5) = 3.150 M(11)-M(5) = 3.136

the octahedral oligomer units (Oh), (n = 4, 5) are shorter
than any other Ti-Ti distances in the (TiS3), chains, and
within each (Oh), unit the closer the Ti-Ti distance is to its
center, the shorter the distance is.

It is of interest to estimate the oxidation states of the Ti
atoms of Srg/7TiS; and Sro/sTiS3 by calculating their bond
valence sum (BVS) values (25) on the basis of their Ti-S
bond lengths. The oxidation state of Ti in BaTiS3, which is

+ 4 from the viewpoint of ionic electron counting, is cal-
culated to be + 3.7 according to the BVS analysis. Thus
only the trend in the BVS values can be useful for our
discussion. Our calculations reveal that within each (Oh),
(n =4, 5) oligomer the BVS of Ti decreases, i.c., the d-
electron density on Ti increases, as the Ti atom comes closer
to the oligomer center. This is consistent with our con-
clusion that each (Oh), oligomer unit of Srq;sTiS; and
Srg;7TiS; has two d-electrons in its lowest-lying sigma
bonding level derived from the z> orbitals. However, the
BVS values of the PO site Ti atoms [i.e., Ti(4), Ti(5), and
Ti(7)] are close to the lowest BVS values found for the (Oh),
oligomers. This is not consistent with our expectation that
the d-electron densities should be greater for the Ti atoms of
the (Oh), oligomer units than for other Ti atoms. It should
be recalled that the BVS analysis is unreliable when signifi-
cant metal-metal bonding is present in a system (26) and
also when bond lengths between two elements are signifi-
cantly affected by the size of a third element in the structure
(27). For each cases, a more reliable guide to electron count-
ing and oxidation states is provided by electronic structure
calculations, as will be discussed in the following.

5. ELECTRONIC BAND STRUCTURES
OF Srg/sTiS3 AND Sr8/7TiS3

Table 5 lists the values of the d-orbital gross populations cal-
culated for the various Ti atoms of the (TiS3),, chains in Sr,TiS;
(x =9/8, 8/7). For the purpose of comparison, the corresponding
value for the Ti atom of BaTiS; is also listed. For the (TiS;),,

chains of both Sro;gTiS; and Srg/;TiS;, the d-electron density is
higher for the Ti atoms of the (Oh), oligomer than for other Ti
atoms, and within each (Oh), oligomer the closer the Ti atom is to
the center of (Oh),, the higher its d-electron density (i.e., a lower
oxidation state). Note that the preferential Fe?*(d®) cation sites
of Srg7[Tie;7Feq/7]S5 (ie., the Ti(1), Ti(9), and Ti(10) sites) corres-
pond to the Ti sites of Srg/;TiS; that provide a higher d-electron
density. These results are in support of our expectations that the
d-electron densities should be greater for the Ti atoms of the (Oh),
oligomer units than for other Ti atoms, and that within each (Oh),
(n =4, 5) oligomer the d-electron density on Ti increases as the Ti
atom comes closer to the oligomer center.

Figure 7a shows the dispersion relations of the bottom part of
the d-block bands calculated for an isolated (TiS;), chain of
Sro,sTiS;. This chain has two (Oh)s oligomers per unit cell, i.e.,
four d-electrons per unit cell. Thus the bottom two bands are
completely filled and are separated from the higher-lying bands by
a band gap of 0.56 eV. The density of states (DOS) calculated for
the chain shows that the filled d-block bands are largely composed
of the Ti z? orbitals of the (Oh)s oligomer (Fig. 7b), and that the Ti
z? orbital contribution to the filled d-block bands is larger for

TABLE 5
Values of the d-Orbital Gross Population (Q) Calculated for
Each Ti Atom in the (TiS;),, Chains of Sr,;TiS; and Sr,,, TiS,"

SrgsTiS; Srg,;TiS; BaTiS;
Atom (0] Atom (0] Atom () Atom (0]
Ti(1) 3.07  Ti(1) 3.08  Ti(5) 279 Ti(1) 2.60
Ti(2) 296  Ti(2) 296  Ti(6) 2.69
Ti(3) 278  Ti(3) 277 Ti(7) 2.76
Ti(4) 275  Ti(4) 276  Ti(8) 2.85
Ti(5) 2.67 Ti(9) 3.06

Ti(10)  3.07
Ti(11)  2.87

“The values of BVS and Q are in units of positive and negative unit
changes, respectively.
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FIG. 7. Electronic band structure calculated for an isolated (TiS3),,
chain of Srq;3TiS;: (a) the dispersion relations and (b) the density of states
(DOS). In (b) the solid line represents the total DOS. The dotted line refers
to the total z* orbital contributions from the Ti(1)-Ti(3) atoms, and the
dashed line that from the Ti(4) and Ti(5) atoms. In the inset of (b) the dotted
line refers to the z2 orbital contribution from the Ti(1) atom, the dashed line
that from the Ti(2) atom, and the dashed-dotted line that from the Ti(3)
atoms. The Fermi level is presented as the horizontal dashed line in (a), and
as the vertical dashed line in (b). The DOS curves in (b) exhibit small tails
crossing the Fermi level. These artifacts arise from the Gaussian smoothing
procedure used to obtain the DOS curves.

those Ti atoms closer to the oligomer center (ie.,
Ti(1) > Ti(2) > Ti(3) in the inset of Fig. 7b). Similar trends are also
found for Srg/;TiS;. Figures 8a and 9a show the dispersion rela-
tions of the bottom part of the d-block bands calculated for the
isolated (TiS;),, chains that have the [-(PO-PO)-(Oh)s-] and
[-(Oh),-(PO-Oh-PO)-] repeat patterns, respectively. These
chains have their bottom band completely filled and separated
from the higher-lying bands by a band gap of 0.53 and 0.56 eV,
respectively. The filled d-block bands are largely composed of the
Ti z2 orbitals of the (Oh); and (Oh), oligomers (Figs. 8b and 9b),
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and the Ti z2 orbital contribution to these bands is larger for those
Ti atoms closer to the oligomer center (i.e., Ti(1) > Ti(2) > Ti(3) in
the inset of Fig. 8b; Ti(9) ~ Ti(10) > Ti(8) ~ Ti(11) in the inset of
Fig. 9b).

To examine how the band gaps of the (TiS;),, chains might be
affected by the interchain interactions, we carry out electronic
band structure calculations for the 3D structures of Srq;3TiS3 and
Srg); TiS;. Figure 10a shows the dispersion relations of the bottom
portion of the d-block bands calculated for Sro/5TiS;, and Fig. 10b
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FIG. 8. Electronic band structure calculated for an isolated (TiS3),,
chain of Srg;TiS; containing the Ti(1)-Ti(4) atoms: (a) the dispersion
relations and (b) the density of states. In (b) the solid line represents the
total density of states. The dotted line refers to the total z2 orbital contribu-
tions from the Ti(1)-Ti(3) atoms, and the dashed line that from the Ti(4)
atoms. In the inset of (b) the dotted line refers to the z? orbital contribution
from the Ti(1) atom, the dashed line that from the Ti(2) atom, and the
dashed-dotted line that from the Ti(3) atoms. The Fermi level is presented
as the horizontal dashed line in (a), and as the vertical dashed line in (b).
The DOS curves in (b) exhibit small tails crossing the Fermi level. These
artifacts arise from the Gaussian smoothing procedure used to obtain the
DOS curves.
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FIG. 9. Electronic band structure calculated for an isolated (TiS3),,
chain of Srg/;TiS; containing the Ti(5)-Ti(11) atoms: (a) the dispersion
relations and (b) the density of states. In (b) the solid line represents the
total density of states. The dotted line refers to the total z2 orbital contribu-
tions from the Ti(8)-Ti(11) atoms, and the dashed line those from the
Ti(5)-Ti(7) atoms. In the inset of (b) the dotted line refers to the z? orbital
contributions from the Ti(9) and Ti(10) atoms, the dashed line those from
the Ti(8) and Ti(11) atoms. The Fermi level is presented as the horizontal
dashed line in (a), and as the vertical dashed line in (b). The DOS curves in
(b) exhibit small tails crossing the Fermi level. These artifacts arise from the
Gaussian smoothing procedure used to obtain the DOS curves.

those for Srg/;TiS;. The band gap is calculated to be 0.32¢€V in
Srg,sTiS3, and 0.29 eV in Srg/; TiS;. Thus from the viewpoint of the
electronic structures of isolated (TiSj), chains, the interchain
interactions in Srq;3TiS; and Srg;;TiS; reduce the band gap. The
presence of a small band gap in Srq;3TiS; and Srg/;TiS; is consis-
tent with our experimental observations that Sro,TiS; and
Srg/,TiS; are diamagnetic, and that the magnetic susceptibility
exhibits a preponderant temperature-independent paramagnetism
at high temperature.
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6. CONCLUDING REMARKS

The analysis of the trends in the nearest-neighbor Ti-Ti
distances of the (TiS3)., chains of Srg;sTiS3 and Srg/7TiS3
predicts that the occupied d-block band of each (TiS3)
chain is the lowest-lying z? orbital band, and this band is
mainly composed of the n-orbital two-electron metal-metal
sigma bonding level of each oligomer (Oh),. These
predictions are supported by electronic band structure cal-
culations for Sro;sTiSs and Srg,;TiS3. The n-orbital two-
electron bonding picture implies that if the Ti sites of the
(TiS3), chains were to be doped by a more electronegative
transition metal cation, the preferred doping sites should be
the Oh sites of the (Oh), oligomers closer to their centers.
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FIG. 10. Dispersion relations of the bottom part of the d-block bands
calculated for the 3D structures of Sr, TiS3: (a) Sro/sTiS; and (b) Srg/;TiS;.
The Fermi level is presented as the horizontal dashed line in (a) and (b).
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This implication was verified by  synthesizing
Srg;7[ Tie/7Fe1/7]Ss and solving its crystal structure. Both
the magnetic susceptibility measurements and electronic
band structure calculations show that Srg,sTiS; and
Srg;7TiS; are normal semiconductors in which the valence
and conduction bands are separated by a small band
gap. The magnetic susceptibility measurements for
Srs/7[Tie;7Fe1/7]S3 indicate that it has Fe?* (d®) cations in
high-spin configuration.
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