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Abstract: The diverse structural features of the three families of oxides belonging to the stoichiometry BaMLn,O5 (M = Co,
Ni, Cu, Zn, Pd, Pt; Ln = Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, or Y) are described. One of these families, typified
by the BaNiGd,Os structure, possesses a one-dimensional chain of vertex-sharing NiO4 octahedra running parallel to the
crystallographlc a axis but exhibits a distorted octahedral coordination about Nill. The Ni~O contacts to the two oxygen ligands
along the axis are considerably shorter than those to the four remaining oxygen ligands in the equatorial plane perpendicular

10 @ (axial = 1.8936 (2) A; equatorial =

2.197 (6) A), a very unusual result. In addition, the equatorial oxygen ligands are

distorted away from the right angles of an ideal octahedron to 79.6 (2)°, yielding a D, local geometry about Ni. These observations
are understandable using a model which combines results from molecular orbital theory, tight-binding band structure calculations,

and empirical atom-atom potential arguments.

Introduction

The recent explosion of interest in the structure and properties
of the high-temperature oxide superconductors extraordinarily
kindled oxide chemists' desire to synthesize and characterize an
increasingly wide range of interesting materials based on mixed
oxides of rare-earth elements and transition metals. These oxides
themselves often do not afford high-temperature superconductors
but nevertheless can present new structural chemistry of oxide
phases and even new structure types. Indeed, a number of such
phases have been isolated in conjunction with their superconducting
counterparts, unambiguously characterized by X-ray diffraction,
and published in the solid-state literature with little notice, un-
doubtedly because they are largely overshadowed by their su-
perconducting relatives. They are of interest to us not only from
a structural point of view but also since they are not supercon-
ductors. Perhaps too an analysis of their electronic structure will
allow access to the question of superconductivity in systems both
structurally and stoichiometrically related. In this paper, we will
examine one particular series of systems and provide a model
combining orbital and empirical atom-atom potential arguments
to explain some highly unusual structural features in one of these
systems, the BaAMLn,Oj structure family.

The Structures

Transition-metal oxide structures often present us with a fas-
cinating variety of structural building blocks, particularly con-
cerning the coordination environment of the constituent transition
metal. The class of compounds belonging to the stoichiometry
BaMLn,Os (M = Co, Ni, Cu, Zn, Pd, Pt; Ln = Nd, Sm, Euy, Gd,
Dy, Ho, Er, Tm, Yb, Lu, or Y) illustrates this point particularly
well. Phases of this stoichiometry have been synthesized and
characterized by diffraction techniques since the early 1980s by
several groups but predominantly by Miiller-Buschbaum,!-1°
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Raveau and Michel,!'"!3 and more recently by Amador et al.1415
These groups have found three structure types for this stoi-
chiometry, characterized by three different coordination polyhedra
about the transition-metal dication, as pictured in Figure 1. In
the BaCuSm,O; structure type,'? copper is 5-fold coordinated by
oxygen to form isolated, slightly distorted square pyramids, which
are linked through monocapped trigonal prisms of LnO,. Ex-
amples of this structure type are common for copper and can be
found also with Co,! Ni,* or Zn!? as the transition metal and a
variety of trivalent lanthanide cations or yttrium. Importantly,
the compound BaCuY,O;s (the so-called "green phase") can be
isolated during the synthesis of the prototypic 1-2-3 supercon-
ductor, YBa,Cu30,_,.1%17 For the BaPtNd,O; structural family,
Pt is found in an isolated square-planar coordination of oxygen
atoms. This structure type is far less common than the BaCu-
Sm, 05 family, possessing only six examples that we are aware
of, with Pt,%¢ Pd,!' or Cu'® as the transition metal. Such a
transition-metal geometry is the rule for Pd!! and Pt! and very
common for Cull, Even in the extended solid the local geometry
will be driven by these strong local effects. Finally, in the Ba-
NiNd,Ojs structure type, the transition metal is octahedrally co-
ordinated by oxygen, forming one-dimensional chains of vertex-
sharing octahedra propagating parallel to the crystallographic a
axis. Like BaCuSm,Os;, this is a fairly common structure type,
possessing 14 fully characterized members with a wide variety
of lanthanide cations but only with Co!3 or Ni%™1014 a5 the
transition metal.
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Figure 1. Ball and stick drawings of the three structural families with
stoichiometry BaMLn,Os emphasizing the transition-metal polyhedra:
(a) BaCuSm,O; structure type (Sm** cations not shown for clarity) with
square pyramids, (b) BaPtNd,Os structure type with square planes, (c)
BaNiNd,Oq structure type with vertex-sharing octahedral chains.

Of these structure types, the BaNiNd,Os family, with its open
framework of octahedral chains, presents perhaps the most fas-
cinating structural features, distinguished by two simple yet un-
usual distortions away from an ideal octahedral coordination about
Nill, Although not the first known example of this structural type,
we focus our discussion on the BaNiGd,Os member, as its unusual
structure has been recently refined' to a precision not obtained
in earlier investigations; all metrical parameters refer to this
determination. The most striking and unusual feature of the
structure concerns the bond lengths between Ni and its six sur-
rounding oxygen ligands. The symmetry of the crystal (space
group Immm, with Ni in a site of D,, symmetry) requires that
all four Ni~O bonds in the equatorial plane perpendicular to [100]
be of equal length, in this case 2.197 (6) Xe Additionally, both
axial Ni—O bonds (parallel to [100]) must have the same length,
here observed as 1.8936 (2) In considering these metrical
parameters, we should keep in mind that rocksalt NiQ with an
ideal octahedral environment about Ni has a Ni~O bond distance
of 2.08 A. We must be somewhat careful here, as NiO is generally
considered to have a localized, high-spin configuration.!* In
contrast, we expect BaNiGd,0; to adopt a localized, low-spin
configuration (vide infra), calling into question comparison of bond
lengths between these two systems. However, with no known
examples of low-spin Ni!l in an octahedral environment, we have

(19) West, A. R. Solid State Chemistry and Its Applications; Wiley: New
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chosen NiO as a reasonable model for an undistorted octahedral
nickel oxide. Thus, we may consider the Ni coordination in
BaNiGd,O;s as a “two-short + four-long” (2S + 4L) distortion
of an octahedron, an unusual distortion in light of the numerous
examples of molecular octahedral complexes (particularly of Cul')
distorted in the opposite direction, i.e., 2L + 4S.2% The second
distortion appears as a more subtle angular movement of the
equatorial oxygen ligands, which are bent away from an ideal
octahedral O-Ni~O angle of 90°, instead appearing with angles
of 79.6 (2)° and 100.5 (2)°. 1 illustrates both of these deviations
from a regular octahedral environment and identifies the pertinent
atoms and the O-Ni-O angle 8 which will appear throughout our
discussion. Furthermore, we shall refer to the angular distortion
of the equatorial ligands as the “D,,” distortion, as this bending
motion reduces the local symmetry about Ni from Dy, to Dy,
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In this investigation, we aim to examine the two distortions
found in the BaNiGd,Ojs structure under the working assumption
that electronic factors peculiar to the vertex-sharing octahedral
chain and its surrounding environment provide the driving force
for distortion away from an ideal octahedral chain. Because we
observe no bond length alternation along the chain, it is clear that
the 2S + 4L distortion is not simply an extended Jahn—Teller?!
or Peierls type distortion,?? so that some other more subtle elec-
tronic effect must be at work. As we shall see, the 2S + 4L
distortion and the D,, distortion are inextricably linked via the
influence of the surrounding lanthanide cations. Indeed, we will
find that the 2S + 4L distortion depends strongly upon the D,,
geometry about Ni and that the lanthanide cation environment
drives the system into the D,, geometry necessary for further
distortion along the 2S + 4L coordinate. Our ideas are supported
by molecular orbital and band structure calculations using the
extended Hiickel formalism and “molecular mechanics” calcu-
lations which build on an electrostatic potential.

Molecular Models

Examination of discrete molecular analogues which form the
building blocks of extended solids has often proved a fruitful
approach to understanding the structure of the solid state.?*26
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Figure 2. Effect of 2S + 4L and 2L + 48 distortions on the d-orbitals

of an octahedral transition-metal complex using the angular overlap
model. Only the quadratic terms are assumed significant.

Table I. Angular Overlap Model for Low-Spin Distorted Octahedra

d low spin high spin
electron (2S+4L) (2L +4S) (2S+4L) (2L + 4S)
count -0 -0, -0, -0
de 0 0 0 0
d' _25| ‘5\ _26| —6\
d? -46, =28 -6, -26,
d? =34, -3, 0 0
d‘ _26| ‘46| —62 —62
ds -6, =25, 0 0
dé 0 0 -2, ]
d7 _62 —62 _6| —26|
dt 28, =28, 0 0
d9 _62 ‘62 —62 —62
die 0 0 0 0

This is particularly true when such building blocks resemble
familiar molecular geometries of transition-metal ions. The three
BaMLn,O; structure types each fit nicely into this category,
possessing a square pyramid, a square plane, or an octahedron
of ligands around the transition metal. Of these coordination
geometries, the octahedron is perhaps the most familiar to in-
organic and coordination chemists. There are countless examples
of transition-metal complexes possessing either a true octahedral
geometry or a distorted variant. Furthermore, the molecular
orbital picture of the electronic structure of such octahedrally
coordinated transition-metal complexes is quite familiar and
straightforward.?® For these reasons, our initial approach toward
understanding the BaNiGd,O; structure will begin with the iso-
lated, discrete octahedron and its distortions along the coordinates
observed in the extended solid.

Not only recognizing that the extended Hiickel method cannot
be relied upon for accurate bond length determinations or absolute
total energy estimates but also noting that it will fairly reproduce
angular parameters and relative total energies of simple systems,
we now look at the possible distortions for a discrete octahedron.
Further details of the computations, including all parameters, can
be found in the Appendix.

We begin by looking at the orbital effects of the 2S + 4L
distortion and its counterpart, the 2L + 4S distortion, for an
octahedral ML¢ geometry. Figure 2 shows how the familiar ty,
and e, orbitals of the undistorted metal center split upon moving
toward either (28 + 4L or 2L + 4S) D,, distortion. The energy
parameters &, and &, will clearly depend strongly on the bond
length changes upon distortion. Here we have chosen to keep the
d orbital barycenters fixed, implying a true E,-type distortion in
which the axial oxide ligands move twice as far as those in the
equatorial plane, an approach we have employed by using the
angular overlap model (AOM).2"-2® We have previously dem-

(27) DeKock, R. L.; Gray, H. B. Chemical Structure and Bonding; Ben-
jamin/Cummings: Menlo Park, CA, 1980; pp 391-405.
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Figure 3. Energy difference curves comparing a regular octahedron to
the hypothetical small 2S + 4L and 2L + 4S distortions as a function
of electron count.

onstrated the utility of this approach in a study of the electronic
structure of CrO,.® Table | shows the expected structural
preferences as a function of electron count for both high-spin and
low-spin complexes along the D, distortion coordinates. With
a d electron count of eight (e.g., high-spin Ni"') d,2,» and d 2 are
each occupied with a single electron, and the octahedral complex
is Jahn-Teller stable. As exemplified by Ni(H,0)¢?*, this electron
configuration prefers a rigorously octahedral geometry. However,
for low-spin Nil!, Jahn-Teller unstable, the orbital scheme of
Figure 2 predicts a D, distortion away from an octahedral ge-
ometry, though this simple model does not lead to a predicted
preference for either a 2S + 4L or a 2L + 4S distortion. We have
shown,?® however, that the 2L + 48S distortion is favored over 2S
+ 4L due to the low-lying, empty metal s orbital of a;, symmetry,
which can mix with the largely d,: metal-oxygen antibonding
orbital and stabilize any electrons occupying it. In the 2L + 4S
structure, this d,. orbital is filled with two electrons, leading to
a strong energetic stabilization, but in the 28 + 4L distortion it
is empty, and no such electron stabilization can be realized.

In the range of bond length changes where we believe the AOM
is valid, our extended Hiickel calculations on a discrete NiOg
octahedron undergoing D,; distortions bear out the predictions
of Table | quite well. In our initial model calculations, we assume
an equilibrium Ni-O distance of 2.08 A, equal to that in the
solid-state structure of NiO, and distort along an E, coordinate,
with Ar,, = 2Ar, = +£0.06 A, approximately a 3% change in bond
length. For such small bond length changes, we believe that the
change in orbital energy varies approximately linearly with the
change in bond length, i.e., AE « Ar, that the AOM will thus
be valid, and that the extended Hiickel energies will also remain
reliable. Figure 3 shows the low-spin energy preference of the
octahedron versus the two Dy, distortion modes as a function of
electron count. We note that for 2S + 4L the maximum stability
appears at electron counts of d and d® and that for 2L + 4S they
appear at d* and again at d, precisely as predicted by the simple
AOM arguments embodied in Table I. Additionally, we see that
for eight d electrons the 2L + 4S structure is slightly favored by
0.023 eV over 2L + 48, in agreement with our amendment to the
AOM, though clearly implying that these structures are quite close
in energy.

Still assuming 2.08 A as a reasonable value for the equilibrium
Ni-O distance, we can now look at the larger distortions found
experimentally in the solid-state structure, where we find several
interesting differences to the small distortion calculations. The
observed structure has a short axial Ni~O distance of 1.89 A and

(30) Burdett, J. K,; Miller, G. J.; Richardson, J. W, Jr,; Smith, J. V. J.
Am. Chem. Soc. 1988, [0, 8064.
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Figure 4. Energy difference curves comparing a regular octahedron to
the experimentally observed 2S + 4L and corresponding 2L + 48 dis-
tortions as a function of electron count.

a long equatorial distance of 2.20 A. Thus, our hypothetical 2L
+ 4S model has a long axial distance of 2.27 A and a short
equatorial distance of 1.96 A. For these distortions, we point out
that Ar,, = 0.19 A and Ar, = 0.12 A, As Ar,/Ar, = 1.58, this
clearly does not conform to an E, coordinate. The results using
this model are shown in Figure 4, again plotting energy difference
versus the undistorted octahedron as a function of electron count.
In a general sense, this plot resembles that of Figure 3 rather
closely, particularly in the region of interest from d® to d® electrons.
A first point of difference is that the d° energy preferences are
not zero, as predicted by the AOM and borne out in the small
D, distortion regime. As this energy difference reflects inter-
actions among the filled oxygen located orbitals, it represents the
nonbonded repulsions or steric effects among the ligands. The
dO count disfavors the 2S + 4L distortion more than a 2L + 4S
distortion, since a 2S + 4L distortion increases eight O-O axi-
al-equatorial repulsions while decreasing only four 0-O equa-
torial-equatorial repulsions and vice versa for the 2L + 48 dis-
tortion. Second, at d!°, the energy difference is also nonzero,
dramatically so for the 2L + 4S distortion. This is a direct
consequence of the inclusion of overlap in the extended Hiickel
method, finds no counterpart in the angular overlap model, and
should not be considered significant, particularly since we are
interested in the d® electron count. Third, we note that at d8, the

Burdett and Mitchell

energy preference has switched from 2L + 4S to 2S + 4L, favoring
the latter by 0.043 eV by our calculations. While this small
preference agrees with the observed distortion in the solid state,
it contradicts the overriding orbital principles described above.
We must consider this result encouraging but suspicious, since
we know that the energies determined by our method become
unreliable with large bond length changes. However, even for
large bond length changes the energy difference is close to zero,
and consequently for either small or large D,, distortions the 2S
+ 4L and 2L + 48 structures are rather close in energy.

We now turn our attention to the other distortion mode observed
in the solid state, namely the D,, distortion in the equatorial plane,
once again focusing on a molecular NiO4 complex to understand
the orbital interactions upon distortion. Here we compare the
Dy, distorted octahedron with its symmetrical parent, keeping the
bond length fixed at 2.08 A for each system. We can thus expect
the AOM to provide a reliable model, whose results should carry
over to the extended Hiickel level. The distortion from O, to D,
removes all orbital degeneracies and allows certain of the eg and
tyg Orbitals of the octahedron to mix. We shall see that such
symmetry driven orbital interactions play a vital role in the de-
scription of the driving force behind the observed distortion.

Figure 5 shows that there are two effects on the d orbitals of
the octahedron due to D,, distortion. The first order effect shown
in the middle of Figure 5 is due to decreasing overlap between
the ligand o orbitals and the metal d orbitals. First, the decreased
overlap with d,z_, stabilizes this formally Ni-O antibonding
orbital. However, concurrent with this, the d,, orbital is desta-
bilized by an equal amount (at the AOM level). Due to rigorous
orthogonality, the remaining three d orbitals are unaffected in
first order. The right-hand side of Figure 5 shows the effect of
second-order mixing between d,, and d,;, allowed by the lower
symmetry of D,,. The energies of the d orbitals can be easily
computed at the AOM level and are shown for each of the first-
and second-order effects, based on the observed angular distortion
from 90° to 79.6°. Note that the second-order effect is small (8
=~ 0.05e, for e,/e, = 5) but should become increasingly important
as the bond lengths change. We should also note that inclusion
of overlap results in the higher lying, more strongly antibonding
e, orbitals becoming more stabilized upon distortion than their
t,; counterparts are destabilized, an effect familiar throughout
molecular orbital theory.

Since the t,, orbitals are all filled with electrons at d®, occupation
of the e, set o?frontier orbitals will largely determine the energetics
of the D, distortion. Naturally, the occupation of these orbitals
will depend on the particular bond length distortion. Under a 2L
+ 48 distortion, with d,: occupied and d,2_,2 empty, electrons in
d,, are destabilized in first order with no concomitant stabilization
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Figure 5. Angular overlap model energies for the Dy, distortion of a regular octahedron from 90° to 79.6°
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Figure 6. Energy difference curves comparing a regular octahedron to
the observed D, structure with its 2S + 4L and corresponding 2L + 4S
distortions as a function of electron count.

of d,2_,2 electrons. Further, the second-order effect will involve
a four-electron, two-orbital interaction, destabilizing the two d,2
electrons. These two factors jointly imply that the D, distortion
should be unfavorable for this occupation. On the other hand,
for a 28 + 4L distortion, with d,2,2 occupied and d,: empty, the
complex gains stability in first order as the d 2 orbital is stabilized
to a greater extent than d,, is destabilized. This d,) orbital is then
further stabilized via a two-electron, two-orbital second-order
mixing with d,». We note parenthetically that our arguments
assume a low-spin occupation of the e,-derived orbitals, an as-
sumption we will justify later on the basis of the solid-state
electronic structure (vide infra). Clearly, these qualitative con-
siderations indicate that the D, distortion will be favorable for
occupation of d,a_,2 (28 + 4L) but not for occupation of d,2 (2L
+ 48).

We are now in a position to consider both the bond length
distortion and D, angular distortion in concert. Our findings are
summarized in, i.e., Figure 6, which compares the D,;-distorted
structures, with either 2S + 4L or 2L + 4S bond length distortions,
to the octahedron; all geometric parameters are those of the
solid-state structure. Notice the striking similarity to Figure 4,
with the marked difference at d®, where the D,-distorted 2S +
4L structure is now favored by a substantial 0.22 eV. We em-
phasize that the magnitude of this energy difference is subject
to all the errors attending the extended Hiickel method; however,
as evidenced by the arguments above, its direction is a consequence
of orbital symmetry arguments alone. That is, the energy pref-
erence for 2S + 4L at d® indeed results directly from first- and
second-order orbital effects accompanying the D,, distortion,
establishing that the bond length and angle distortions are closely
linked. In fact, we argue that the D,, distortion tips the close
energy balance found at the D, geometry in favor of the observed
2S + 4L distortion over its 2L + 4S counterpart.

One-Dimensional Chain Models

We now move to a more realistic model of the solid-state
structure of BaNiGd,Os, a one-dimensional chain of vertex-sharing
octahedra, two of which are found in each unit cell of the
three-dimensional structure. The peripheral oxygens of these
chains are separated by over 3 A and are thus essentially non-
interacting, justifying our band structure calculations on a single,
isolated chain. Although the infinite extent of the chain introduces
some complications, we shall find that the picture developed for
a discrete molecule carries over largely intact into the solid state
and that the orbital effects crucial in discrete octahedra are equally
important in the infinite chain.

Figure 7 shows the Ni d band region of the extended Hiickel
band structure of a chain of ideal octahedra, with Ni-O bond
length 2.08 A. Although the key features of the band structure
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Figure 7. Extended Hilckel band structure of a hypothetical vertex-
sharing chain of ideal NiOg4 octahedra showing the Ni d-band region.

are quite straightforward, they present a dilemma when trying
to establish the ground state of this hypothetical system. As shown
in Figure 7, the d,, and d,2» bands are essentially nondispersive.
Such narrow bandwidth arises simply due to the weak é nature
of their overlap from one unit cell to the next along the axis of
propagation. The d,, and d,, bands are degenerate throughout
the one-dimensional Brillouin zone and being = interactions are
significantly more dispersive than d,, or d,2 2. Finally, the d,»
band, directed along the chain axis in a ¢ fashion, has the largest
dispersion of all, though still a relatively narrow bandwidth of only
0.3 eV. In the crucial “e;” region of the band structure, we find
the nondispersive d,2 2 band cutting the relatively narrow d,z band.
Collectively, these bands hold two electrons at d®. Narrow bands
are often a signature of localized electrons in any number of
possible spin states. As our independent electron methods neglect
the two-electron terms in the energy, we cannot reliably predict
the ground state of this system. However, based on molecular
examples of Ni!' and on NiO,!° the two electrons are most likely
distributed through both e, bands in a high-spin fashion, making
assessment of the groundg state of this hypothetical geometry
difficult.

A bond length distortion to 2S + 4L or 2L + 48 clears up this
difficulty immediately, justifies our choice of low-spin configu-
rations in the discrete octahedron, and provides a possible rationale
for the lack of copper members in the BaNiGd,Os structure family.
As shown in Figure 8, these distortions separate the bands by a
healthy 1.05 eV for 2S + 4L and an even larger 1.62 eV for 2L
+ 4S. Thus, these hypothetical distorted systems are predicted
to be low-spin, diamagnetic insulators, justifying our use of low-
spin d® Ni!! in our molecular models. Note that in the 2S + 4L
structure, addition of a ninth d electron begins populating the
highly energetic d,: band, which is strongly antibonding between
Ni and the axial O. If this interaction is sufficiently strong, it
offers a compelling explanation for the absence of examples of
the BaNiGd,O; structure type with Cul! as the transition metal.

The effect of a D, distortion on the octahedral chain with the
experimentally determined bond lengths is shown by the band
structure in Figure 9, where we see behavior parallel to the discrete
octahedron and explicit effects of the infinite extent of the chain.
Note that the flat d,2 ;2 band has been stabilized in first order
by approximately 0.04 eV and that the d 2 band has been desta-
bilized in second order by roughly 0.01 eV, paralleling the orbital
energy shifts found in the discrete octahedron. Once again, we
stress the direction rather than the absolute magnitude of such
energy shifts. Regarding the second-order orbital mixing in the
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Figure 8. Extended Hiickel band structures of the observed 2S + 4L and
corresponding 2L + 4S chains in the absence of the D,, distortion
showing the Ni d-band region: (a) 2S + 4L and (b) 2L + 4S.

infinite solid, we must take care to recognize that the group of
the wavevector for general values of k in the Brillouin zone is
isomorphous to C,,, so that the high-lying p, band also has ap-
propriate symmetry to interact with the d,: band, stabilizing it.
d,:_,2 finds no such match. However, the d bands lie roughly §
eV below the metal p bands, so we expect the influence of p band
mixing to be small compared to that among the d bands, whose
separation is about 2 eV. Indeed, if p band mixing were more
important, we would observe a net stabilization of d, in contrast
to the observed movement of this band. Interestingly, this band
structure has features in common with the two-dimensional CuQ,
sheets of octahedra found in the 2-1-4 high T, superconductors,
with the roles of d,2,» and d,: interchanged, as illustrated in 2.

2- v 22
z° m— - 2
CuQ, plane NIO; chain
2

Combining the bond length and angle distortions in the one-
dimensional chain yields a picture similar to the molecular dis-
tortions and one in complete agreement with experiment. Most
importantly, we again discover that the D,, distortion is key to
favoring the 2S + 4L bond length distortion. The energy dif-
ference curves shown in Figure 10 compare the D, distorted 2S
+ 4L and 2L + 48 chains to an ideal, undistorted octahedral chain.
It bears a striking similarity to Figure 6 from the molecular
calculations. Note closely the behavior at d®. Although less so
than the molecular case (0.22 eV), we see that the 2S + 4L
structure is favored over 2L + 4S by about 0.06 eV. This is
admittedly a small difference, and its value may be subject to
errors in the calculation; however, the direction is again completely
consistent with our purely orbital and symmetry based arguments.
To more clearly show the energetic relationships between dis-
tortions, the extended Hiickel total energies of several one-di-
mensional chain systems are shown in Figure 11 on a relative
energy scale. At the top center lies the ideal octahedral chain,
only slightly more stable by 0.082 eV than its D,, derivative

Burdett and Mitchell
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Figure 9. Extended Hiickel band structure showing the effect of a Dy,
distortion on the d-bands of the 2S + 4L structure: solid line, 2S + 4L
with Dy, distortion; dotted line, 28 + 4L without Dy, distortion.
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Figure 10. Energy difference curves comparing a regular vertex-sharing

octahedral chain to the observed Dy, chain with its 28 + 4L and corre-
sponding 2L + 48 distortions as a function of electron count.
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structure. At the left and right are the D,, and D,, derivatives
of the two bond length distortions, respectively. The diagram
clearly shows that the ideal chain is strongly disfavored with
respect to either bond length distortion. More importantly, it
demonstrates that the 2L + 4S distortion is disfavored by a sig-
nificant 0.172 eV on bending the equatorial oxygen ligands from
Dy, to Dy, while the 2S + 4L structure remains essentially
isoenergetic (AE = 0.003 eV) under the same angular distortion.
From the energy diagram and orbital considerations, we thus
conclude that given a choice the D,;/2L + 45 structure is the most
preferred of these alternatives but that if the chain could be
somehow forced into a D,, geometry about Ni, orbital arguments
would reverse that preference, favoring the D,,/2S + 4L structure.
We now provide persuasive arguments for such a process.

Lanthanide Cation Effects

Thus far, we have followed a conventional approach of con-
sidering the BaNiGd,Oys structure from the so-called “rigid band”
method, treating the alkaline-earth and rare-earth cations merely
as sources of electrons donated into the energy bands of the
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Figure 11. Relative EHT energies of several one-dimensional chains
showing the destabilizing effect of the D,, distortion on the 2L + 4S
structure.

transition-metal oxide framework. As evidenced by recent work
on the high T, superconductors, 53! such an approach frequently
meets with success. On the other hand, following ideas cham-
pioned by Pauling,’? solid-state chemists typically consider the
role of these cations on an equal footing with the transition-metal
oxide framework, focusing on the packing of oxygen polyhedra
surrounding all cations in the lattice. Indeed, all reports of the
BaNiGd,0; structure type have been accompanied by such
analyses of the coordination polyhedra, emphasizing the chains
of NiOg octahedra interlocked with monocapped trigonal prisms
of GdO,, as suggested by 1. Furthermore, the phenomenal de-
formation of the oxygen polyhedra in the distorted perovskite
GdFeO, testifies to the potent influence of trivalent lanthanide
cations on neighboring oxygen atoms.>® Seeking a mechanism
that would drive the equatorial O atoms of the NiOg octahedron
into a D,, geometry, we now look at the role played by the Gd**
cations proximate to the chains in determining the details of the
transition-metal coordination polyhedron.

When considering matters of coordination number and packing,
we must always factor in the role of the size of the various cations
and anions. However, in the BaNiNd,O; structure type, cation
size does not seem to correlate with geometric parameters. In
fact, both Ni and Co are found with a variety of lanthanides, whose
size ranges from the very small Er to the rather large Nd (sev-
en-coordinate, +3 radii = 1.08 A and 1.19 A, respectively).?
Throughout these series of compounds, the equatorial and axial
M-O bonds vary by only 0.01-0.03 A and the O-M-O angle by
1° or less, indicating that cation size, as conventionally defined,
has little direct correlation with the observed metrical parameters.
Nonetheless, we now show that these cations do play a profound
role in the geometric distortions of the structure.

The geometric relationship between the NiOg octahedron and
its surrounding Gd3* cations suggests that the Gd-O interaction
may be crucial to setting the D,, environment at Ni, as corrob-
orated by the dependence of Gd-O metrical parameters on the
O(5)-Ni(2)-0O(6) angle. Concentrating on the equatorial en-
vironment surrounding one of the two equivalent Ni sites (Ni(2),
see 1), we note that the symmetry simplifies our analysis to only
two such Gd-O interactions, namely the Gd(1)-O(5) and the
Gd(4)-O(5) interactions. From a purely ionic standpoint, the
lowest energy structure would bring these two oppositely charged
species as close together as possible. If we fix the Gd(1) position,

(31) Burdett, J. K.; Kuikarni, G. V. Phys. Rev. B 1989, 40, 8908.

(32) Pauling, L. The Nature of the Chemical Bond; Cornell University
Press: ithaca, NY, 1960.

(33) Muller, O.. Roy, R. The Major Ternary Structural Families;
Springer-Verlag: New York, 1974; pp 187-189.

(34) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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Figure 12. Symmetry-independent Gd-O distances as a function of
O-Ni-O angle, 8: curve a, Gd(1)-O(5); curve b, Gd(4)-0O(5).

Table II. Atom-Atom Pair Potential Parameters

atom potential B (eV) o (A) C (eV A9
or-0* 1387.7 0.375 63.31
Gd**-Gd** 6902.5 0.250 18.44
Gd¥*+-0r 3094.2 0.300 34.17

the Ni—O bond length, r, and vary the O-Ni~O angle 6, we sweep
out a circle of radius r, which reaches the minimum Gd(1)-O(5)
distance when Ni(2), O(5), and Gd(1) are collinear. Curve a of
Figure 12 shows a plot of the Gd(1)-O(5) distance dependence
on §. A minimum in the curve occurs at § = 81.0°, very close
indeed to the observed angle in the solid state, 79.6°. Furthermore,
the experimental Ni(2)-O(5)-Gd(1) angle is 178.5°, making these
three atoms almost, but not quite, collinear. Gd(4) could play
a role in determining the O(5)-Ni(2)-O(6) angle, as we may
envision it “pulling” O(5) and O(6) together toward the mirror
plane at y = 1/2. Curve b of Figure 12 plots the Gd(4)-O(5)
distance dependence on 8. As anticipated by inspection, the
distance dependence is monotonic, reaching a minimum at the
physically unreasonable angle # = 0°. However, the O(5)-O(6)
nonbonded repulsion will overwhelm the Gd-O attraction long
before this angle is reached.

Certainly, the striking agreement between the experimentally
observed Ni(2)-O(5)-Gd(1) angle and very simple electrostatic
arguments tempts us to postulate that Gd(1)-O(5) interactions
are the driving force for the D,, distortion. However, the Gd-
(4)-O(5) type interactions are codirectional with the Gd(1)-O(5)
interactions from 6 = 90° to 81° and, combined with the O-
(5)-0O(6) repulsions, must not be discounted out of hand. Ad-
ditionally, a bit of counting shows that there are twice as many
Gd(4)-O(5) interactions as Gd(1)—O(5) interactions per formula
unit. So, although both suggestive and tempting, simple geometric
correlations alone are probably insufficient to establish the relative
importance of the various cation—-oxygen interactions.

To explore the relative importance of these cation—oxygen terms,
we have modeled the pairwise interactions between all species in
the structure by using a simple potential which we now briefly
describe. We hasten to point out that we find no basis for com-
paring energies determined via our molecular orbital calculations
with those determined by this pairwise potential method. Rather,
we employ this latter approach to seek a qualitative understanding
of the effects the cation environment has on the chain. In these
calculations, the total energy of the structure is assumed to be
given by a sum of pairwise potentials, as given by eq 1:3536

—r,j C,"

q4;
V=2 —+Bjexpl — |- — 1
i<j Ty v P Pis r5 M

(35) Williams, D. E. In Crystal Cohesion and Conformational Energies,
Metzger, R. M., Ed.; Springer-Verlag: New York, 1981; pp 3-40.

(36) Whangbo, M.-H.; Evain, M.; Beno, M. A,; Geiser, U.; Williams, J.
M. Inorg. Chem. 1988, 27, 467.
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Figure 13. Dependence of atom—atom pair potential energies on O-Ni—O angle, 8: (a) Madelung energy only, (b) Gd-O short-range interactions,
(c) OO short-range interactions, (d) Madelung energy + Gd-O short-range interactions, (¢) Madelung energy + Gd-O and O-O short-range
interactions, (f) sum of all short-range interactions except Gd(4)-O(5) and O(5)-0(6). See text for details.

The first term in the sum represents the classical Madelung energy
of the system and is a long-range pairwise potential requiring a
lattice summation for evaluation. The second term is an expo-
nential with decay constant p and represents a short-range re-
pulsion term between atomic centers. The final term is also a
short-range interaction, associated with an attractive van der Waals
force between atoms. Each pairwise potential requires three
parameters (B, p, and C) which are typically determined by
least-squares fitting to the structural parameters of a known
phase.’>* Table II lists the parameters we used in our calcula-
tions.*® In these calculations, we have included short-range
pairwise interactions only between species whose interatomic
distances vary with 8, explaining the absence of Ni-O, Ni-Gd,
Ni-Ba, Gd-Gd, and Gd-Ba parameters. Indeed, inclusion of these
additional short-range terms would only shift the total energy by
a factor independent of 8, leaving the value of 8 for any energy
minimum unaffected. Additionally, we have chosen to ignore the
role of Ba—O short-range interactions due to the distance between

these cations and the oxygen atoms which move on distortion
(Ba-O(2) = 2.92 A, Ba-0O(5) = 2.95 A).

The six plots in Figure 13 show the effects of the various terms
entering into the pairwise total energy calculation and illustrate
that a cooperative effect dominated by Gd(4)-O(5) and O(5)-
O(6) short-range interactions is indeed responsible for the observed
angular parameters. In all of these calculations, each Ni-O
distance has been fixed at 2.08 A so that no 2S + 4L distortion
biases the results. Similar calculations using the observed Ni-O
bond lengths give precisely the same 6 dependence with only a
shift in the absolute energy. Figure 13a shows the results of a
Madelung calculation on the system, by using the Ewald sum
method. Note that the minimum energy lies around 8 = 65°,
approximately 15° more acute than the observed structure.
However, this Madelung calculation explicitly ignores the
short-range repulsion terms which can rapidly become important,
particularly in light of the O(5)-O(6) nonbonded distance of less
than 2.30 A at this angle! In Figure 13b we show the two com-
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Table III. Extended Hiickel Atomic Orbital Energies and Exponents

orbital H; (eV) & G o) G,
Ni 4s -9.17 1.825
4p =5.15 1.125
3d -13.49 5750 0.5683 2.00 0.6292
o 2s -32.30 2.275
2p -14.80 2.275

ponents of the Gd-O short-range interactions. Note the re-
markable fact that Gd(1)-O(5) short-range interactions (curve
3) are only weakly §—dependent and that the total Gd-O inter-
action curve must therefore be almost parallel to the Gd(4)-O(5)
curve. (A weak maximum does appear in the Gd(1)-O(5) curve
at 81°, suggesting that these interactions may actually disfavor
an exactly collinear Ni(2)-O(5)-Gd(1) geometry.) The Gd-
(4)-O(5) short-range interaction curve (curve 2) is strongly -
dependent, varying over roughly 10 eV in the range shown in
Figure 13b. Inspection of the curves alone shows that the total
Gd-O curve (curve 1) does indeed almost parallel the Gd(4)-O(5)
curve and that up to an additive constant (which cannot affect
the position of any minimum in the total energy) the entire Gd-O
short-range behavior is determined by this interaction alone. The
three curves in Figure 13c show the pertinent O—O short-range
interactions. First, notice the strong 8 dependence of the O-
(5)-O(6) interaction (curve 2), particularly below § = 90°,
Accompanying this in the region between approximately 60° and
85° is an essentially 6-independent curve representing the sum
of all other O—-O interactions (curve 3). These become important
only at larger values of 6, well outside our range of interest. Since
all O-O interactions other than O(5)~O(6) combine to give a
constant energy independent of 8, the total O-O short-range
interaction will have a 8 dependence essentially parallel to that
of O(5)-0O(6), at least in the range from 60° to 85°. Indeed, the
curve representing the total O—Q interaction (curve 1) does parallel
the O(5)-O(6) curve in the region of interest, picking up the
character of the other interactions only at larger values of 8. The
remaining three plots in Figure 13 show the effects of adding in
the various short-range terms to the Madelung energy. Note that
the curve in Figure 13d representing the Madelung energy plus
total Gd—O short-range interaction (curve 1) does parallel that
of the curve adding Gd(4)-O(5) alone to the Madelung energy
(curve 2). Each curve has a minimum at 78°, close to the observed
angle of 79.6°, though slightly more acute. Summing the Ma-
delung energy and the Gd(1)-O(5) interaction (curve 3) fails to
produce a minimum in the range shown. Although not presented
here, a similar plot for the O—O interactions reveals that in the
range from 60° to 85° adding the O(5)-0O(6) short-range terms
to the Madelung energy parallels the behavior of the Madelung
energy plus all O—O short-range interactions. In Figure 13e, we
show that summing the Madelung energy, Gd(4)-O(5) interac-
tions, and the O(5)-O(6) interactions yields a curve (curve 2) that
is essentially parallel to the curve containing the Madelung energy
with all short-range terms added (curve 1). We draw attention
to the fact that both of these curves have a minimum at 81°,
extremely close to that observed in the X-ray structure. We also
mention that the identical calculation performed by using the
observed structural parameters (r,, = 1.8936 A, Feq = 2.197 A)
places this minimum at 80°, even closer to the experimental value.
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The final plot in Figure 13 shows the angular dependence of the
sum of all short-range terms other than Gd(4)-O(5) and O-
(5)-0O(6). Note particularly that the curve is essentially constant
in the region of interest, implying that these remaining terms act
substantially as a background on the important Gd(4)-O(5) and
O(5)-0(6) terms.

Conclusions

The BaNiGd,O; structure presents us with a fascinating com-
bination of energetic factors which work in concert to yield the
observed (and highly unusual) structural distortions away from
an ideal octahedral chain. As we have shown, the first of these
factors arises not from the chain itself but from its surrounding
environment of Gd** cations and in particular the Gd(4)-O(5)
type interactions, which “pull” the oxygen ligands O(5) and O(6)
in toward y = 1/2, finding an energetic minimum at 78°, slightly
more acute than the observed angle in the solid state. At this point,
the O(5)-0(6) interactions become important, providing a re-
storing force that opens the angle to approximately 80°, thereby
locking in the D,; distortion. We have found that O—O nonbonded
repulsions can strongly influence angular parameters for several
other transition-metal oxides, notably TiO,.” The second factor
develops from orbital electronic effects peculiar to the Dy-distorted
octahedral chain. Here, we have shown that the orbitally driven
preference for 2L + 48 switches over to 28 + 4L, completing the
two types of distortion observed in the structure.

In many cases, the rigid band approach, treating electropositive
cations simply as electron sources, is perfectly valid and appro-
priate. However, our study has shown that where explanations
based solely on this approximation fail, investigation of cation
geometry and its influence via Madelung energy and the crucial
short-range interactions may prove fruitful.
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Appendix

Both the molecular orbital calculations for the discrete octa-
hedron and the band structure calculations for the solid were
performed within the framework of the extended Hiickel method3®
with the modified Wolfsberg-Helmholz relation;*® the parameters
used are given in Table 111. For the band calculations, 16 special
k points were selected in the irreducible wedge of the one-di-
mensional Brillouin zone by using the method of Monkhorst and
Pack.®> The pair potential calculations were performed by using
locally written programs based on the potential developed in ref
35. All parameters for these calculations are given in Table 11
and are adapted from ref 36.
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