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In transition metal compounds of edge-sharing square planar
MX, units (M=group 10, group 11; X=0, S, Se), a square
planar to rectangular distortion is observed. The causes for this
distortion in MX, ladder chains, M, X, honeycomb layers, and 3D
MX lattices were examined by performing extended Hiickel tight
binding electronic band structure calculations. The primary
cause for the distortion is the reduction of the four-electron
two-orbital destabilizing interactions among the p-orbitals of X.
© 1997 Academic Press

A number of transition-metal oxides and chalcogenides
have structures based on edge-sharing square planar units
MX, (X =0, S, Se). These structures range from one-
dimensional (1D) “ladder” chains of formula M X, to two-
dimensional (2D) “honeycomb” layers of formula M3 X, to
three-dimensional (3D) lattices of formula MX. The M X,
ladder chains (Fig. 1a) result from sharing the edges of
square planar M X, units and are found in chalcogenides
A,MX, (A = alkali metal, M = group 10 element, X =
chalocogen) (1) and oxides ACuQO, (A4 = alkali metal) (2—4).
For convenience of discussion, the shared X—X edge of an
M X, unit will be referred to as X—X (L), and the unshared
X-X edge as X—X(||). In M3 X, honeycomb layers (Fig. 1b)
of chalcogenides 4, M3 X, (5), every six M X, units form
a hexagonal cylinder and every three M X, units share
a common edge X—X(L1). The 3D MX lattices (Fig. 1c) of
PdO (6), PtO (6) and PtS (7) can be constructed in terms of
M X, ladder chains as follows: first, form layers of equally-
spaced M X, chains with the spacing of X—X (||) and with
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the X—X (L) edges perpendicular to the ab-plane, then stack
these layers along the c-direction such that the chains of
adjacent layers are perpendicular, and finally share the
X atoms of adjacent layers so that the X—X (L) edges form
straight lines along the c-direction. The 3D M X lattices of
CuO (8) and AgO (9) differ slightly from those of PdO, PtO,
and PtS in that the M X, planes of the M X, chains are not
perpendicular to the ab-plane (tilted by 11° from the per-
pendicular arrangement in CuO), and the M X, chains of
adjacent layers are not orthogonal (twisted by 8° from the
orthogonal arrangement in CuQO).

All the 1D, 2D, and 3D compounds of edge-sharing M X,
units mentioned above have a common structural feature
that the M X, units are elongated along the edge-sharing
directions so that X—X(]|) > X—X(L). In their electronic
structure study of the PtS3~ ladder chains of A4,PtS,
(A =K, Rb) (1b), Silvestre and Hoffmann (10) noted that
the elongation of the PtS, units is largely caused by the
four-electron two-orbital destabilization (11) associated
with the sulfur lone pairs. In the present work, we explore
this point in more detail by studying the electronic band
structures of representative M X, ladder chain, M;X,
honeycomb layer and 3D MX lattice systems using the
extended Hiickel tight binding (EHTB) method (12). The
atomic parameters used in the present calculations are sum-
marized in Table 1.

To describe the square planar to rectangular distortion of
an MX, unit, we define the X—M-X angle such that
X-X(||) > X—X (L) when the angle is smaller than 90° and
also employ the coordinate systems shown in Fig. 1.
Table 2 summarizes the X—M—X angles observed for repre-
sentative 1D, 2D, and 3D compounds of edge-sharing
square planar M X, units, e.g., the ladder chains of K, PtS,
(1b) and NaCuO, (3e), the honeycomb layers of Cs, Pt;S,
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FIG. 1. Schematic perspective views of (a) an M X, ladder chain, (b) an
M ;X4 honeycomb layer, and (c) a 3D M X lattice.

(5d) and the 3D lattice of PtO (6). The optimum X-M-X
angles of these systems were calculated using the EHTB
method while keeping the M—X bond lengths constant. As
summarized in Table 2, the optimum X—M-X angles are all
calculated to be smaller than 90° in good agreement with
experiment.

For the square planar to rectangular distortion, the im-
portant orbitals to consider are the ones that lead to the top
of the p-block bands. Such orbitals are given by the most
antibonding combinations of the p-orbitals of X and are not
stabilized by any d orbital of M due to a symmetry mis-
match. For an MX, ladder chain, the p, orbital of each
X atom leads to the most sigma antibonding level 1.
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TABLE 1
Exponents {; and Valence Shell Ionization Potentials H;
of Slater-Type Orbitals y; Used for EHTB Calculation®

Atom Li Hj; (eV) G ¢ v %
(0] 2s — 323 2.275

(0] 2p — 1438 2.275

S 3s —20.0 1.817

S 3p — 133 1.817

Cu 4s —114 2.20

Cu 4p — 6.06 2.20

Cu 3d — 140 595 0.5933 2.30 0.5744
Pt 6s —9.08 2.554

Pt 6p — 547 2.554

Pt 5d — 12,6 6.013 0.6334 2.696 0.5513

“H;’s are the diagonal matrix elements {y;|H|y;>, where H® is the
effective Hamiltonian. In our calculations of the off-diagonal matrix ele-
ments H = ;| H*'"| >, the weighted formula was used (Ammeter et al.,
J. Am. Chem. Soc. 100, 3686 (1978)).

b Contraction coefficients used in the double-{ Slater-type orbital.

This level can be stabilized by the upper p, orbital of M
(e.g., 6p, of Pt), but this is not effective. The antibonding in
1 is most effectively reduced by lengthening the X—X(]|)
distance, i.e., by decreasing the X—M—X angle from 90°. The
most sigma antibonding level resulting from the p, orbital of
each X atom is 2.

The extent of the antibonding in 2 is enhanced by decreasing
the X—M-X angle from 90° because it shortens the X—X (1)
distance. In the level 2, sigma antibonding is present in every

isolated “X—X (1) dimer” unit. If one views the level 1 in
1 terms of “X—X(||) dimer” units, then the level 1 results when
their sigma antibonding levels are combined in a ¢ anti-
bonding manner between every adjacent dimer units.
TABLE 2
Experimental and Calculated X-M-X angles for the MX, Units in the Ladder Chains of K,PtS, and NaCuQ,,
the Honeycomb Layers of Cs,Pt,S,, and the 3D Lattice of PtO
Chain Layer 3D Lattice
Parameter K,PtS, NaCuO, Cs,Pt,S, PtO
M-X-M (°) Exptl. 80.8 33.6 81.4 82.6
Calc. 84 81 78 84
M-X (1&)” 2.358 1.840 2.407° 2.023

“The M—X bond lengths of the MX, units used for calculations.

" The Pt,S2~ honeycomb layer consists of two slightly different PtS, rectangles, and hence there are two different S—Pt—S angles (82.7° and 80.1°) and
two different Pt-S bond lengths (2.428 and 2.387 A). The values listed are the average values, and all PtS, units were assumed to be identical for

calculations.



DISTORTION IN TRANSITION-METAL COMPOUNDS

Therefore, the level 1 is more antibonding than is the level 2,
so that the square planar to rectangular distortion proceeds
by increasing the X—X(||) distance. This trend can be seen
from the projected density of state (PDOS) plots of the
PtS%~ ladder chain calculated for the S—Pt—S angles of 80°
and 100° (Fig. 2).

In an M;X, honeycomb layer, each atom X has two
p orbitals (i.e., p, and p, orbitals contained in the ab-plane of
the layer) to make extensive o antibonding interactions as in
the orbital 1 for an M X, ladder chain. The PDOS plots of
the Pt;S;~ layer calculated for the S-Pt-S angles of 80°
and 100° (Fig. 3) show that the reduction of the antibonding
associated with these p orbitals is important for the distor-
tion decreasing the S—Pt—S angle from 90°. In a 3D MX
lattice, each p orbital of X can make extensive ¢ antibond-
ing interactions. Nevertheless, the square planar to rectan-
gular distortion takes place to decrease the X—M—X angle
from 90°. It is understandable because this distortion lowers
the extensive antibonding interactions associated with two
p orbitals (ie., p, and p,) of each X, as illustrated by the
PDOS plots of PtO calculated for the O—Pt—O angles of 80°
and 100° (Fig. 4).

As already mentioned, in the 3D M X lattices of CuO and
AgO, the M X, planes of the M X, chains are not perpen-
dicular to the ab-plane, and the M X, chains of adjacent
layers are not orthogonal. CuO and AgO contain one more
valence electron per unit cell than do PdO, PtO, and PtS, so
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FIG. 2. PDOS plots of the PtS3~ ladder chain calculated for the
S-Pt-S angles of (a) 80° and (b) 100°. The solid line represents the
contribution of the sulfur p, orbital, and the dotted line that of the sulfur p,
orbital. For simplicity, other orbital contributions are not shown. The
vertical dashed line shows where the highest occupied level of the system
lies.
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FIG. 3. PDOS plots of the Pt3S;~ honeycomb layer calculated for the
S—Pt-S angles of (a) 80° and (b) 100°. The solid line represents the
contribution of the sulfur p, and p, orbitals, and the dotted line that of the
sulfur p, orbital. For simplicity, other orbital contributions are not shown.
The vertical dashed line shows where the highest occupied level of the
system lies.

that the highest filled level of a local M X4 unit in CuO and
AgO is given by the orbital 3.

. Q@
O

The latter has ¢ antibonding interactions involving p, or-
bitals of X along X—X (1), so its occupation enhances the
antibonding associated with the p, orbitals along the c-
direction. The extent of this antibonding is reduced by
decreasing the sigma overlap between adjacent p, orbitals
along the X—X (L) direction. The tilting and twisting of the
M X, chains found in CuO and AgO decrease the ¢ overlap,
because they prevent the X—X (1) linkages from forming
a straight line along the c-direction.

In summary, EHTB calculations were carried out to
probe the primary cause for square planar to rectangular
distortions in compounds of edge-sharing square planar
MX, units. In the A,MX, and ACuO, chain and the
A, M3 X, honeycomb layer systems, the observed distortion
is similar for different alkali metal atoms A so that the
countercations have little effect on the observed distortion.
For the M X, ladder chain, M ; X4, honeycomb layer and 3D
M X lattice systems, the overlap populations of the X—X (1)
and X—X(||) sides calculated in our work (not shown) are
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FIG. 4. PDOS plots of the PtO calculated for the O—Pt—O angles of
(a) 80° and (b) 100°. The solid line represents the contribution of the oxygen
px and p, orbitals, and the dotted line that of the oxygen p, orbital. For
simplicity, other orbital contributions are not shown. The vertical dashed
line shows where the highest occupied level of the system lies.

too small (in the third decimal place) for meaningful dis-
cussion. Our work indicates that as found for the case of the
M X, ladder chains (10), the primary cause for the distortion
in M; X, honeycomb layers and 3D M X lattices is to reduce
the extent of the four-electron two-orbital destabilizing in-
teractions among the p orbitals of X.
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