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Abstract: The electronic structure of a series of double layer (Sr3V2O7, KLaNb2O7, Li2SrNb2O7, RbLaNb2O7,
Rb2LaNb2O7) as well as triple layer (Ca4Ti3O10, K2La2Ti3O10, Sr4V3O9.7, CsCa2Nb3O10) Dion-Jacobson and
Ruddlesden-Popper phases and quadruple layer AnBnO3n+2 phases (Sr2Nb2O7 as well as the low-
temperature and room-temperature structures of Sr2Ta2O7) has been studied by means of a first-principles
density functional theory approach. The results are rationalized on the basis of a simple tight-binding scheme,
which provides a simple yet precise scheme allowing the correlation of the crystal structure details and the
nature of the bottom t2g-block band levels. Both the quantitative and the qualitative approaches are used
to analyze the nature of the carriers in intercalated samples of the d0 semiconducting phases as well as
those of the metallic dx (0 < x e 1) systems. The Ruddlesden-Popper and Dion-Jacobson materials with
partially filled t2g-block bands must be genuine two-dimensional metals except when the M-Oap distances
of the outer layer octahedra are similar and the band filling is not low. The conducting electrons in these
phases are almost equally distributed among the different layers. It is shown that the AnBnO3n+2 phases
with partially filled bands are potentially interesting materials because they are structurally two-dimensional
materials exhibiting one-dimensional band structure features. Finally, the possible application of the simple
scheme to related materials such as layered perovskite oxynitrides and the effect of disorder are briefly
discussed.

Introduction

Chemical intercalation in low-dimensional materials has long
been a convenient approach to modify their transport properties.
Essentially, intercalation offers the possibility of controlling (at
least partially) the filling of the bands that dominate the transport
and other collective properties of the material. Thus, from this
viewpoint, it can be a powerful tool in inducing property changes
while keeping the essential structural details of the solid or in
testing theories of physical phenomena in these materials. There
is a vast literature on the subject, and many interesting materials
(graphite, transition metal oxides, and chalcogenides, etc.) have
been carefully studied along this line.1 The now celebrated
discovery of high-Tc superconductivity2 launched an enormous
interest in the chemistry and physics of doped layered materials,
and as a result new solids of this type exhibiting remarkable
transport properties have been prepared. Special mention among
those that have recently been the object of much interest and

debate is given to the intercalated zirconium and hafnium nitride
halides3 and the NaxCoO2 phases.4

The observation of superconductivity in LixNbO2
5a and Sr2-

RuO4
5b soon made clear that non-copper superconducting

layered oxides could be prepared, and layered perovskites
became the focus of a large effort. The Ruddlesden-Popper6

(R-P) and Dion-Jacobson phases7 (D-J) are two of the better
studied families of these materials. These phases, with general
formulas A2′[An-1BnO3n+1] and A′[An-1BnO3n+1], where n
indicates the thickness of the octahedral slabs (i.e., the number
of octahedral layers in a slab), can be formally obtained from
the ideal cubic perovskite structure ABO3 when a cut along the
〈100〉 direction is performed (the Aurivillius family of phases
can also be formally generated in that way).8 When the cut is
carried out along the〈110〉 direction, a different family with
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formula AnBnO3n+2 results.8 Because the R-P, D-J, and
Aurivillius phases all possess the An-1BnO3n+1 common block,
there is a rich set of topochemical processes, which allows
interconversions among these structures.9 Many of these phases
are band gap semiconductors, but when their lower t2g-block
bands are partially filled because of the intercalation (i.e., the
formal configuration of the transition metal atoms is between
d0 and d1), the possibility of metallic behavior (and supercon-
ductivity) occurs. This area has always been quite active, but
the reports of superconductivity in the Li-intercalated triple layer
phase LixKCa2Nb3O10

10 triggered the attention of many groups
toward these layered perovskites. More intriguingly, the double
layer Li-intercalated phase LixKLaNb2O7 was found to be
metallic but did not exhibit superconductivity down to 0.5 K.10a

Subsequent work showed that other triple layer perovskites
exhibit superconductivity upon chemical or electrochemical Li
intercalation.11 In contrast, superconductivity has not been
reported to date in the lithium-intercalated double or quadruple
layer systems. This points out the possible control of super-
conductivity by the layer thickness.

Layered materials of these types with dx (0 < x e 1) transition
metals can also be directly prepared by solid-state synthesis,
with no need of further intercalation, and different approaches
have been used toward this end. Single layer Sr2NbO4-xNx (x
≈ 0.72),12 double layer Rb2LaNb2O7,13 quadruple layer
RbCa2Na1-xSrxNb4O13,14 or the Srn+1VnO3n+1 (n ) 1, 2, 3,∞)
family of phases15 are just some representative examples.
However, partial filling of the lower t2g-block bands is not a
warranty of metallic behavior. For instance, Sr2NbO4-xNx (x ≈
0.72)12 or Na2-x+yCax/2La2Ti3O10 (x ) 1.22,y ) 0.32),16 two
phases for which different strategies have been followed to fill
the lower part of the t2g-block bands, or the n-doped HLaNb2O7

17

all exhibit activated conductivity. Interestingly, the Srn+1VnO3n+1

phases withn g 2 are metallic, whereas that withn ) 1 exhibits
activated conductivity,15 something that has not yet been
adequately understood.18 Clearly, several competing electronic
effects must occur in layered perovskites with dx (0 < x e 1)
transition metals.

From just the few examples noted above, it becomes clear
that an important step in this field would be the knowledge of
the nature of the bottom t2g-block bands of these materials as a
function of the type of perovskite phase, transition metal nature
and/or configuration, type of cation A, different local octahedral
distortions, band filling, etc. Surprisingly, few theoretical works
along this line have been reported. We note some extended
Hückel works concerning the nature of the FS of Aurivillius-
type perovskites as a function of the electron filling19 and the
electronic structure of double layer vanadium and niobium
perovskites.20 Worth mentioning among the first-principles
studies is a report concerning RbLaNb2O7

21 (but using an
idealized structure), some brief notes on Sr2VO4,22 as well as
two works concerning one of the AnBnO3n+2 phases.23 However,
the nature of the t2g-block bands was not discussed in the first-
principles works, neither was the possible role of cations
considered in the extended Hu¨ckel ones. Here, we would like
to report a detailed study of the nature of the bottom t2g-block
bands of layered perovskites with dx (0 e x e 1) transition
metals based on accurate first-principles calculations. We will
consider different phases of the R-P, D-J, and AnBnO3n+2

families chosen so as to provide a picture as broad as possible
of the problem at hand. Nevertheless, such a study can only be
of real value if it leads to a simple yet trustable model, which
can provide explanations and suggest new materials. Our goal
is to provide both such a simple conceptual scheme and accurate
calculations to explore the correlation between the nature of
the low-lying t2g-block bands and structural and electronic
variations that can be found in layered perovskites.

Computational Details

The first-principles calculations were carried out using a numerical
atomic orbitals density functional theory (DFT) approach,24 which has
been recently developed and designed for efficient calculations in large
systems and implemented in the SIESTA code.25-27 The use of atomic
orbitals instead of plane waves greatly facilitates a chemical analysis
of the results. We have used the generalized gradient approximation
to DFT and, in particular, the functional of Perdew, Burke, and
Ernzerhof.28 Only the valence electrons are considered in the calculation,
with the core being replaced by norm-conserving scalar relativistic
pseudopotentials29 factorized in the Kleinman-Bylander form.30 Non-
linear partial core corrections to describe the exchange and correlations
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in the core region were used for Sr, V, Nb, and Ta.31 We have used a
split-valence double-ú basis set including polarization orbitals for all
atoms, as obtained with an energy shift of 100 meV.32 The energy cutoff
of the real space integration mesh was 300 Ry. The Brillouin zone
(BZ) was sampled using grids of (3× 3 × 2) and (21× 21 × 3)
k-points33 for determination of the density and Fermi surface, respec-
tively. We have checked that the results are well converged with respect
to the real space grid, the BZ sampling, and the range of the atomic
orbitals. As a check for our approach, we first recalculated the electronic
structure of RbLaNb2O7 using the same idealized structure employed
by Hase and Nishihara in their FLAPW study.21 Our calculations lead
to similar results, the only difference resulting from the use of the f
orbitals of La by these authors. This leads to the appearance of a set of
flat bands at higher energies than those relevant here. The topology
(shape and dispersion) of the lower-lying t2g-block bands is not affected
at all by the inclusion of the f orbitals and thus was not included in
our work.

The semiempirical tight-binding band structure calculations were
based upon the effective one-electron Hamiltonian of the extended
Hückel method.34 The off-diagonal matrix elements of the Hamiltonian
were calculated according to the modified Wolfsberg-Helmholz
formula.35 Double-ú Slater-type orbitals were used for transition metal
d levels, but single-ú Slater-type orbitals were used otherwise. The
exponents and ionization potentials used were taken from a previous
work.36

Results and Discussion

A. Crystal Structure. A MO4 octahedral layer is formed
upon corner sharing of all equatorial oxygen atoms of MO6

octahedra. When these layers condense by sharing apical
oxygens, they lead to MnO3n+1 slabs, wheren is the number of
octahedral layers. These are the octahedral slabs present in the
R-P and D-J phases. Shown in Figure 1 are the crystal
structures of Sr3V2O7

37 and CsCa2Nb3O10.38 The first is a double
layer R-P phase, whereas the second is a triple layer D-J

phase. The essential difference between the two families of
phases lies in the cations location. Part of the cations are located
in the holes inside the octahedral slabs, leading to An-1BnO3n+1

slabs in both cases. However, as the comparison of Figure 1a
and b shows, the van der Waals gaps are less filled in the D-J
(A′[An-1BnO3n+1]) than in the R-P (A2′[An-1BnO3n+1]) families.
The octahedral slabs of the different phases within a given
family do not only differ in the number of octahedral layers
but in the octahedral distortions, tiltings, etc. In the context of
the present work, an especially relevant structural aspect that
has strong consequences for the electronic structure is the
difference between the two M-Oapicaldistances of the octahedra.
For instance, whereas the difference is small in Sr3Ti2O7 (∆ )
0.013 Å)39 or Sr3V2O7 (∆ ) 0.10 Å),37 it can be as large as
∼0.6 Å in KLaNb2O7

40 or LiLaTa2O7.41 This factor acquires
especial relevance forn > 2. There the bond length difference
tends to decrease for the inner layer(s), something that can be
relevant when considering the electronic distribution within these
slabs. To be able to thoroughly discuss the influence of the
different structural aspects on the nature of the bottom t2g-block
bands of these systems, we have chosen to study a large set of
these phases exhibiting a representative series of structural
variations: R-P phases with double layers (Sr3V2O7,37

Li 2SrNb2O7,42 Rb2LaNb2O7
13) and triple layers (Ca4Ti3O10,39

K2La2Ti3O10,43 Sr4V3O9.7
44) as well as D-J phases with double

layers (KLaNb2O7,40 RbLaNb2O7
13) and triple layers (CsCa2-

Nb3O10
38).

The topology of the octahedral condensation within the layers
can also strongly affect the electronic structure, so to make our
study as complete as possible we also have considered the
above-mentioned series of AnBnO3n+2 phases (see Figure 1c).45

Their MnO3n+2 slabs can be built from a MnO5n+1 zigzag unit
of n octahedra (n ) 4 in 1). These units lead to chains MnO4n+2

(2) upon sharingn - 1 equatorial oxygen atoms and finally to
the MnO3n+2 layer (3) upon sharing all of their apical oxygen
atoms. Ln2Ti2O7,46 Sr2Nb2O7,47 and Ca2Nb2O7

48 are examples
of this type of phase. Sr2Nb2O7

47 and Sr2Ta2O7
49 have been

shown to exhibit a ferroelectric transition at 1342 and-107
°C, respectively, which is associated with severe distortions in
the octahedra. For this family, we have considered both
structures, before and after the transition, for Sr2Ta2O7 (n )
4)50 as well as the room-temperature structure of Sr2Nb2O7

(n ) 4), with even stronger octahedral distortions, to analyze
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Figure 1. Crystal structure of (a) Sr3V2O7, (b) CsCa2Nb3O10, and (c)
Sr2Ta2O7 at room temperature.
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the effect of the transition metal and these distortions on the
nature of the bottom t2g-block bands of this type of phase.

B. Qualitative Model for Single and Double Layer
Systems.As mentioned, we will consider systems where only
the bottom part of the t2g-block bands is filled, that is, with dx

(0 e x e 1) transition metal atoms. To elaborate a simple model
able to highlight the correlation between the crystal structure
details and the nature of the partially filled bands (and thus the
Fermi surface) of these materials, it is useful to consider the
case of an ideal single MO4 octahedral layer with all M-O
distances identical and angles equal to 90° and 180°. Later, we
will consider the effect of layer condensation to lead to double
layers, triple layers, etc., as well as different octahedral
distortions present in the real layers. The unit cell directions
and coordinate axis used in this section are defined in4.

The t2g-block band levels of a perovskite-type slab are raised
in energy when the orbitals of the bridging oxygen atoms are
allowed by symmetry to mix with the metal t2g orbitals. Because
there are no direct metal-metal interactions, this is the only
feature to take into account when drawing a qualitative t2g-block
band structure for these materials, something that thus turns out
to be extremely simple.20b Essentially, what we need to do to
guess the energy dispersion and relative position of the different
t2g-block bands is just to count how many oxygen p orbital
contributions can be found in the crystal orbitals of each band
for different points of the BZ and draw a qualitative band

structure on the basis of these results. This simple approach
has been shown to be extremely helpful in understanding the
nature of the partially filled bands of quite complex perovskite
related materials.51 The crystal orbitals for thexy, xz, andyz
orbitals atΓ, X, andM are shown in5a-c, 6a-c, and7a-c,
respectively, where we have used dots to indicate the absence
of oxygen p orbitals in the bridging equatorial positions (Oeq in
4) for these crystal orbitals. To draw a qualitative band structure,
we need to consider also the role of the apical oxygen atoms
(Oap in 4). For simplicity, these contributions have not been
shown in5-7, but it is easy to see that there are two apical
contributions per transition metal atom in6a-c and7a-c but
none for5a-c.

Thus, the total number of oxygen antibonding contributions
per repeat unit of the layer to thexy, xz, andyzbands for selected
points of the BZ can be easily counted.20b Taking into account
that the energy destabilization due to an oxygen p orbital in a
bridging equatorial position (Y) and that at a terminal apical
position (y) are related by the relationshipY ≈ 4y,51 the
qualitative band structure for the ideal MO4 single layer can be
drawn20b (see Figure 2a; note that the bands in this and the
following schematic band diagrams are drawn as straight lines
for simplicity). Essentially, the t2g-block band structure is the

(51) Canadell, E.; Whangbo, M.-H.Chem. ReV. 1991, 91, 965-1034.

Figure 2. Qualitative band structures for an ideal (a) MO4 single layer
and (b) M2O7 double layer. TheΓ, X, and M labels refer to the (0, 0),
(a*/2, 0), and (a*/2, a*/2) wave vectors, respectively.
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superposition of a two-dimensional (2D) band originating from
thexy orbital and two one-dimensional (1D) bands originating
from thexz andyz orbitals. The two 1D bands are dispersive
along orthogonal directions; that is, thexz band is dispersive
alongx but flat alongy, whereas theyzband is flat alongx but
dispersive alongy. The lowest part of the band structure is
associated with thexy band. However, the difference in energy
between the bottom of the 2D and 1D bands is not large so that
for most electron counts the two types of bands may well be
partially filled. Taking into account the local orthogonality of
the three t2g orbitals, this means that the Fermi surface (FS) of
this layer will result from the weak hybridization of a 2D and
two orthogonal 1D FSs (for a detailed discussion on the
dimensionality of the Fermi surface, see ref 51).

It is now easy to guess which will be the band structure of
an ideal M2O7 double layer obtained by condensation of two
MO4 single layers. There are now two transition metal atoms
per repeat unit and thus six t2g-block bands. The orbitals of the
M-Oap-M linkage leading to these six bands are schematically
shown in8a,b, 9a,b, and 10a,b (again, we do not show for
simplicity the contributions of the nonbridging Oap contribu-
tions). There is an essential difference between thexy andxz/
yz based combinations. Whereas no p orbital of the bridging
apical oxygen can mix into thexy+/xy- combinations so that
both are practically degenerate, one of the twoxz and yz
combinations can interact with a p orbital of the apical bridging
oxygen atom, leading to a clear energy difference among them.
The simple rule derived from this observation is that the number
of oxygen p orbital contributions per repeat unit of the ideal
M2O7 double layer is: (a) twice those of the single layer for
both xy bands, (b) twice those of the single layer minus the
two apical contributions (2y ) Y/2) associated with the shared
oxygen for thexz+ andyz+ bands, and (c) twice those of the
single layer minus the two apical contributions of the shared
position (2y ) Y/2) plus the new bridging contribution (Y) for
the xz- and yz- bands. The qualitative band structure for the

ideal double-layer constructed on the basis of this rule is shown
in Figure 2b.

Again, although the bottom of the two 2D bands (xy+/xy-)
is the lowest part of the t2g-block bands, the two 1D bands,xz+

and yz+, overlap with them for most electron counts. Conse-
quently, for most metal electron counts the FS of the system
will arise from the hybridization of two 2D FSs and two 1D
FSs. As far as the octahedral distortions are weak so that the
ideal layer is a good approximation to the real layer, the local
orthogonality of the three t2g orbitals will lead to a weak
interaction of the 1D and 2D FSs and the real FS will practically
be the superposition of the four contributions. In principle, these
systems could then exhibit the kind of charge and/or spin density
wave (CDW/SDW) instabilities arising at low temperatures for
1D or pseudo-1D metals and destroying an important fraction
of the FS, thus leading to anomalies in the resistivity versus
temperature curves.51 However, if the octahedral distortions are
such that thexz+ andyz+ bands are raised in energy so that for
the electron counts considered here they are not partially filled,
only the 2D bands will contribute to the FS and the systems
will be immune to such electronic instabilities and the physical
behavior will be distinctly different. With the qualitative analysis
proposed above, it is simple to guess (or rationalize) how
different octahedral distortions can affect the nature of the
bottom t2g-block bands. For instance, the separation between
the bottom of thexy+/xy- andxz+/yz+ bands is due to the two
p orbital contributions of the nonbridging Oap atoms. Thus, the
bottom of thexz+/yz+ bands will be raised in energy if the
M-Oapical distances are shorter than the average M-O bond
length. This kind of distortion is frequently encountered in these
materials where the outer M-Oapical distance is usually shorter
than the inner one although to a different degree depending on
the materials. Thus, this structural feature is expected to play
an important role in determining the physical behavior of these
materials.

As a test of our simple model, we have calculated the
extended Hu¨ckel band structure for a Ta2O7 double-layer with
ideal octahedra (Figure S1a) and with M-Oapical distances
differing by 0.6 Å (Figure S1b), as found in several D-J and
R-P phases. The agreement between the calculated band
structure for the nondistorted case (Figure S1a) and that of
Figure 2b is excellent, and comparison between the calculated
band structures for the nondistorted and distorted cases (Figures
S1a and S1b, respectively) shows that the predicted trend is
indeed observed. Thus, we conclude that the simple model
provides a useful tool in understanding the gross features of
the bottom t2g-block bands of these phases. To have a more
quantitative measure of how the different structural departures
from ideality affect the key aspects in discussing the nature of
the FS of these materials, that is, the extent of hybridization
among the 1D and 2D contributions to the FS and the separation
between the 2D and 1D bands, in the next section we report
first-principles calculations for several of these materials.

C. First-Principles Results for Double Layer Systems.We
discuss here the electronic structure of a series of double layer
systems, KLaNb2O7,40 Li 2SrNb2O7,42 Rb2LaNb2O7,13 and
Sr3V2O7

37 (Figure 1a), which we have chosen because (a) the
transition metal is in a d0 configuration for the first two phases
whereas it is in a d0.5 and d1 for the third and fourth, respectively;
(b) the difference between the two M-Oapicaldistances decreases
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from 0.56 Å in KLaNb2O7
40 to 0.10 Å in Sr3V2O7;37 (c) the

tilting of the octahedra is important in the second and third
phases but nil in the first and fourth; and (d) the last three phases
are R-P phases, whereas the first one is a D-J phase. Thus,
we can test how the more relevant structural and electronic
features of the double layer systems influence the nature of the
partially filled t2g bands and the FS while considering systems
mostly of interest by themselves.

As mentioned, KLaNb2O7 exhibits metallic behavior under
lithium intercalation.10a The two Nb-Oapical distances in the
nonintercalated phase are 1.695 and 2.255 Å, and there is no
tilting of the octahedra.40 Thus, we are in the ideal situation for
having the 1D bands well above the 2D bands. The calculated
band structure is shown in Figure 3a where the two lower bands
(in fact, every one of these bands is really a pair of bands
because there are two double layers per unit cell and the
interaction along the interlayer direction is nil) are thexy+ and
xy- ones. Assuming a rigid band scheme, these bands are those
that would be filled for electron fillings as large as those
associated with metal atoms in a d1 configuration. The calculated
FS for the d0.5 case is shown in Figure 4a. As shown in Figure
3a, the band dispersion along theb-direction (i.e., the interlayer
direction; seeΓfY in Figure 3a) is nil. This is a general result
for all phases studied as far as thexybands are concerned, which
is easily understood. Because of theδ-type interactions along
the M-Oapical bond, the outer oxygen atoms do not contribute
to these bands, and this practically cuts all interactions along
the interlayer direction. Thus, we just show one section of the

FS perpendicular to the interlayer direction. As predicted by
the simple scheme, this section contains two pairs of closed
circular loops so that the FS is a series of four cylinders. Because
this is the case for any band filling corresponding to Nb atoms
between d0 and d1 and the reported intercalation experiments
suggest band filling values (see below) certainly lower than those
associated with a d1 situation, we conclude that LixKLaNb2O7

must be a 2D metal. Consequently, it should be a stable metal
immune to the low-temperature resistivity anomalies usually
associated with 1D systems. The structures of the different
ALaNb2O7 phases13,40 are practically identical, the main dif-
ference being the change in theb parameter as a consequence
of the different size of the A cation. Because the interlayer
interactions are nil (and the separation will further increase under
intercalation), all phases of this series should be 2D metals under
intercalation. The only difference from the qualitative scheme
lies in the fact that there is a slight splitting between thexy+

andxy- bands. This means that even if the partially filled levels
are mainly based on thexy levels there is some coupling between
the two layers of the double layer. This is so because of the
inclusion of d-levels in the basis set used for the oxygen atoms,
a feature absent in the simple model. However, let us note that
among all compounds studied this is the one in which this
interaction seems to be the largest (this fact seems to be only
relevant when the difference between the two Nb-Oapical

distances is large).
In Sr3V2O7, the difference between the two Nb-Oapical

distances is small (1.87 and 1.97 Å),37 there is no tilting of the
octahedra (i.e., the double layer is close to ideal, see Figure
1a), and the metal configuration is d1. These are the ideal
conditions to have 1D bands partially filled. The calculated band
structure for this material is shown in Figure 3b. The 2D bands
are really the superposition of a pair of bands because again
the interlayer interactions are nil (see theΓfZ direction in
Figure 3b). The pairs of 1D bands are slightly split because of
the occurrence of weak interlayer interactions (see theΓfZ
direction in Figure 3b). The agreement with the qualitative band
structure is striking and fully confirms our approach. The weak
interplanar coupling associated with the 1D bands arises because

Figure 3. First-principles band structures for KLaNb2O7 (a) and Sr3V2O7

(b). The dashed lines in (a) refer to the Fermi levels calculated assuming a
rigid band scheme for the situations in which the Nb atoms are formally in
d0.5 and d1 configurations. The dashed line in (b) refers to the real Fermi
level. TheΓ, X, Y, Z, and M labels refer to the (0, 0, 0), (a*/2, 0, 0),
(0, b*/0, 0), (0, 0,c*/2), and (a*/2, b*/2, 0) wave vectors, respectively.

Figure 4. First-principles FSs calculated for (a) KLaNb2O7 for a band filling
corresponding to d0.5 Nb atoms (sectionky ) 0); (b) Sr3V2O7 (sectionkz )
0); (c) Rb2LaNb2O7 (sectionkx ) 0); and (d) Li2SrNb2O7 for a band filling
corresponding to d0.25 Nb atoms (sectionkx ) 0).
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the apical oxygen p orbitals mix into thexzandyzbased bands.
However, as it is clear from the band structure and the small
warping of the calculated FSs of Sr3V2O7, the interlayer
interaction is weak. Consequently, independent of the nature
of the partially filled bands, the interlayer coupling is practically
negligible as far as these bands are concerned, and the simple
model is equally applicable to the R-P and D-J phases. A
section of the calculated FS is shown in Figure 4b. It is simply
the superposition of two pairs of circular loops and four pairs
of slightly warped lines along orthogonal directions. Thus, the
real 3D FS results from the superposition of two pairs of
cylinders (one pair per double layer), two pairs of slightly
warped planes perpendicular to thea-direction, and two pairs
of slightly warped planes perpendicular to theb-direction. As
expected from the simple model, the conductivity of this system
should be 2D but not because of the existence of genuine 2D
bands only. The superposition of two orthogonal 1D systems
associated with thexzandyzorbitals to the genuine 2D system
associated with thexy orbitals confers nesting properties to the
FS, and thus the possibility of structural modulations and the
associated resistivity anomalies at low temperature arises.20

Careful transport studies on single crystals of this phase would
be most interesting.

The transition metal atoms in Rb2LaNb2O7 are formally d0.5,
and consequently the lower t2g bands must be partially filled.
The two Nb-Oapical distances are 1.842 and 2.110 Å, and the
octahedra are tilted13 so that the repeat unit of the double layer
contains now four octahedra instead of just two as for the
previous cases. A section of the calculated FS is shown in Figure
4c. The two closed loops (really two pairs of closed loops) are
now similar because the interaction between the two layers of
the double layer is weak. Clearly, the smaller apical bond length
difference and the tilting of the octahedra do not appreciably
change the situation with respect to the case of KLaNb2O7. The
only difference is that the 1D bands start to play a role for lower
electron fillings. In fact, Rb2LaNb2O7 is an interesting system
for several reasons. First, the transport properties of this phase
have not been investigated. Thus, it would be interesting to
confirm the predicted metallic behavior and, if the answer is
positive, to see if it becomes superconducting at low temper-
ature. Because this system is free from the disorder problems
associated with intercalated layered materials, it may be a useful
test of the idea that the intercalated double layer materials do
not become superconducting, in contrast with the triple layer
ones, because of the disorder in the interlayer region, which
affects the whole double layer but not the central layer in the
triple layer phases. Second, partial cation substitution in this
material may be a way to make the 1D bands become partially
filled and thus change the transport properties even if the
difference in Nb-Oapical distances is not that small.

Finally, in Li2SrNb2O7 the difference between the two Nb-
Oapicaldistances is smaller (1.864 and 2.082 Å) and the octahedra
are also tilted.42 The calculated FS for a d0.25situation is shown
in Figure 4d, and again it is clear that only the 2D bands should
play a role in the conductivity for this filling. As expected from
the simple model, the 1D bands would start to play a role for
lower fillings of the bands. In fact, now they already start to be
filled for electron fillings corresponding to Nb in a d0.5

configuration. From all of the compounds we have studied, it
is quite clear that even for small differences in the Nb-Oapical

distances and independently of the fact that the octahedra are
tilted or not, for electron fillings lower than those corresponding
to a∼d0.45 formal configuration of the metal, only the 2D bands
should be partially filled. Although it is difficult to guess how
effective will be the intercalation process in filling the t2g bands,
the data of Fukuoka et al.10c for the triple layer compound
Li xKCa2Nb3O10 may be taken as suggestive that a d0.4 situation
would not be unreasonable. If this is correct, our analysis
suggests that for most intercalated double layer phases with
transition metals originally in a d0 configuration, the conductivity
should be 2D and thus be stable metals until low temperatures.
Further studies on these materials would be helpful in under-
standing the possible occurrence of superconductivity.

D. Qualitative Model for Triple Layer Systems. Extension
of the simple model to an M3O10 triple layer is straightforward.
We only need to consider how the fact of having two different
types of octahedral layers influences the results. As far as the
xyorbitals are concerned, the situation has not changed. Because
they makeδ-type interactions along the apical axis, we merely
have three identical 2D bands identical in nature to those of
the single layer. For thexz/yzorbitals, the situation is also easily
understood. The three possible combinations for thexzorbitals
are shown in11a-c. For 11a, the number of oxygen p orbital
contributions per repeat unit of the ideal M3O10 triple layer is
3 times that of the single layer minus four apical contributions
(4y ) Y) associated with the shared oxygen positions. For11c,
we simply need to add to the previous count the contribution
of the two interlayers shared positions (2Y), which now are
engaged in antibonding interactions with thexz orbitals. For
11b, one must be careful because of the normalization effect
on the orbital coefficients (here, there are no metal contributions
in one of the layers), but it is easy to see that the band must be
always equidistant of the two previous ones. Thus, the simple
qualitative band structure shown in12 can be drawn.
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On the basis of the qualitative diagrams, the double and triple
layer systems differ in two aspects. First, there is a decrease of
the separation between the bottom part of the 1D and 2D bands;
this favors the coexistence of closed and open features in the
FS for lower t2g-block band fillings. Second, the existence of
two types of octahedral layers makes different the participation
of each type of layer in the bands. It is clear that the inner layer
octahedra will be in general more regular than those of the outer
layers. If the difference is sizable, some of the lower bands will
tend to be localized in the central layer and, consequently, an
important fraction of the electrons will mostly reside in this
inner octahedral layer. This is an important feature that can have
strong implications for the transport properties of these systems.
For instance, it has been proposed10a that the fact that super-
conductivity has been induced by intercalation in triple layer
systems but not in double layer ones is related to a preferential
occupation of the inner layer sites by the transferred electrons.
To test how much the apical octahedral distortions typically
found in these systems can affect the topology of the “ideal”
band structure, we have calculated the extended Hu¨ckel band
structure for an ideal and distorted Ta3O10 triple layer (see Figure
S2). Here, the distortion affects only the two apical octahedral
bond lengths of the outer layers, which were changed by(0.3
Å with respect to the ideal ones. The band structure for the
ideal system completely agrees with our simple model, and the
outer layers octahedral distortion clearly modifies this band
structure by leaving thexy bands unaltered but considerably
affecting thexz/yz bands. The lower pair of bands of this type
lies now higher in energy and is mostly concentrated in the
inner layer (80% for the model calculation of Figure S2b),
whereas the two upper lying pairs of bands concentrate in the
outer layers.

In summary, for triple layers the 1D bands start to play a
role for lower d electron counts than they do for the double
layer systems as far as there are no sizable octahedral apical
distortions in the outer layers. In addition, the 1D electrons tend
to concentrate on the inner layer when these distortions occur.
However, the 2D electrons are almost equally distributed among
the three layers.

E. First-Principles Results for Triple Layer Phases.
Calculations have been carried out for several phases including
Ca4Ti3O10,39 K2La2Ti3O10,43 CsCa2Nb3O10

38 (Figure 1b), and
Sr4V3O9.7.44 The first three phases are d0 compounds, and the
third is one of the members of the series of triple layer
compounds that after lithium intercalation become super-
conducting. The last one is nearly d1 and is metallic. The first
two systems contain the same transition metal, but whereas the
octahedra are tilted in the first one, they are not in the second.
In addition, the difference between the two outer layer
Ti-Oapical distances is small (1.905 and 1.981 Å) in the first
but large in the second (1.718 and 2.296 Å).

In terms of the difference between the two outer layer
Ti-Oapicaldistances, Ca4Ti3O10 is the most regular of the triple
layer compounds we have considered. The octahedra are tilted,
but, except for the fact that the number of octahedra in the repeat
unit doubles, this has no major consequence for the electronic
structure, as it was found for the double layer materials.
According to the qualitative scheme, the 1D bands should start
to play a role for lower electron fillings than they do for the
double layer compounds. This expectation is in complete

agreement with the results for this system. Shown in Figure 5a
and b are sections of the FS calculated for the case where the
metal atoms would formally be in d0.1 and d0.5 configurations,
respectively. In the first case, there are three pairs of circular
loops (the larger circle is in fact the superposition of four circles)
with a weak separation. This is what is expected for a triple
layer system with a low electron filling of the bands and where
the interaction between thexy-type bands of the different layers
of the triple layer is small. In the second case (in which we use
a repeated zone representation), 1D components along ortho-
gonal directions52 are superposed to the 2D ones. In fact, the
1D bands begin to be filled for band fillings as low as those
corresponding to d0.16.

As noted above, in K2La2Ti3O10 there is a large difference
between the two outer layer Ti-Oapical distances. This has a
major effect on the calculated band structure and FS. The 1D
bands are strongly raised in energy in such a way that only for
an electron filling corresponding to a formal d0.5 configuration
of the metal do they start to be occupied. These observations
completely substantiate the simple scheme. The presently
available results10,11suggest that the band fillings attainable for
triple layer systems under lithiation should probably be lower
than those corresponding to d0.26. Thus, as far as the two outer
M-Oapical distances are not similar, it is likely that the FS of
these systems will be purely 2D. In contrast, we note that the
triple layer compound Sr4V3O9.7 exhibits a regular structure with
outer layer V-Oapical distances of 1.951 and 1.988 Å. This
feature and the relatively large band filling (d1 V atoms) lead
to a different FS, that is, of the same type as that of Figure 5b,
in which the 1D bands play an important role.

The AB2Nb3O10 phases (A) alkaline metal; B) alkaline-
earth metal) are those that have been more thoroughly consid-
ered in lithium intercalation studies, and most of them have
been found to be metallic and superconducting.10,11The original
nonlithiated phases of this family exhibit an important difference
(∼0.5-0.6 Å) in the Nb-Oapical distances of the outer layer
octahedra. Thus, the lithiated systems are expected to be 2D
metals. Here, we report on one of the phases of this series,
CsCa2Nb3O10. The calculated FSs for d1/3 and d0.5 formal Nb
configurations are shown in Figure 6. That of Figure 6a, which
should be close to the FS of the lithiated phase, is made of
three pairs of circular loops (the inner one is really the
superposition of four circles, whereas the outer one is the
superposition of two). This is again close to the prediction of
the simple scheme. When the filling of the band increases, the
area of the circles increases and the actual section looks more
complicated, but still they result from the hybridization of six
circles (see Figure 6b). It is clear that for the real lithium contents
observed up to now for these phases and even clearly larger,
the real FS is made of a series of cylinders, and thus these
lithiated phases are purely 2D metals. An important result of
Figure 6a is that the three pairs of circles almost superpose.
This means that, in agreement with the simple model, thexy
based bands of the three layers in the triple layer are practically
degenerate, and, consequently, the transferred electrons are
almost equally distributed among the three layers. We have

(52) Note that because of the tilting of the octahedra the unit cell doubles and
the new repeat vectors are rotated by 45° with respect to those of the
reference unit cell. As a consequence, the 1D components of the FS in
Figure 5b are also rotated 45° with respect to those of Figure 4b.
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verified this by evaluating the actual electron distribution for
different band fillings.

These results do not seem to agree with previous suggestions
concerning the appearance of superconductivity in LixKCa2-

Nb3O10 but not in LixKLaNb2O7,10a according to which super-
conductivity arises because electrons tend to concentrate in the
central layer and thus are immune to the influence of the disorder
in the van der Waals gap. According to our results, there should
not be accumulation of electrons in the central layer and the
nature of the FS of the lithiated double layer and triple layer
phases is identical. Later studies11 have shown that LixACa2-
Nb3O10 (A ) Rb, K, Cs) and LixASr2Nb3O10 (A ) Rb, Cs)
become superconducting but neither LixCsBa2Nb3O10 nor the
quadruple layer lithiated phase LixKCa2NaNb4O13 do. The nature
of the FS for the quadruple layer compound is again identical
to those of the double and triple layer compounds, and the
electrons at the Fermi level are equally distributed among the
four layers. Thus, the screening by the outer layers cannot be
the reason for the appearance of superconductivity in the triple
layer compounds. Another factor to consider is the density of
states at the Fermi level,N(Ef). For a given host compound,
the Tc values practically do not change once a threshold value
of x is reached (for instance,x ) 0.1 for LixCsSr2Nb3O10), and
typically values up to∼0.75 are attainable. Because, as we have
verified for CsCa2Nb3O10, N(Ef) changes appreciably in the
corresponding range of band fillings, we believe that it cannot
play a leading role in determining theTc or the appearance of
superconductivity. In our opinion, the driving force for the
possible appearance of superconductivity and the actualTc must
be found in the lattice vibrations, which must strongly depend
on the layer thickness and the nature of the cations. Clearly,
more work in both double and quadruple layer lithiated materials
is needed. It would also be interesting to test the possible
appearance of superconductivity in the triple layer phase
Sr4V3O9.7 at temperatures lower than 4.2 K.

F. Qualitative Model for Quadruple Layer Systems of the
AnBnO3n+2 Phases.Extension of the simple model to a M4O13

quadruple layer of the D-J or R-P series is obvious. Of more
interest is to consider the M4O14 quadruple layers present in
the n ) 4 members of the AnBnO3n+2 family of phases46 (see
Figure 1c). Two members of this series, Sr1-yLayNbO3.5-x (n
) 4) and SrNbO3.41 (n ) 5), have recently been the object
of much attention because of their interesting transport
properties.23a,53As discussed before, the layers of these com-
pounds result from the condensation along thea- and c-
directions of zigzag octahedral units, for instance, the quadruple
unit 1 for the compound withn ) 4. There are now four
transition metal atoms per repeat unit and thus 12 t2g-block
bands. Here, again, we must count how many oxygen p
antibonding contributions can occur for the 12 t2g-block bands,
that is, thex2-y2, xz, andyz based bands with the system of
axis chosen (13). To do this as simply as possible, we must
realize that there are four different types of such antibonding
contributions, which, as shown in13, we will refer to as shared
(Osh), apical (Oap), inner (Oin), and outer (Oout).

The two lower energy combinations of thex2-y2 orbitals (i.e.,
those with less oxygen p contributions) atΓ are shown in14a
and14b. In both cases, there are four contributions of the Oout

and no contribution from the Oap. The difference between the
two crystal orbitals lies in the appearance of one Oin and one

(53) (a) Weber, J.-E.; Kegler, C.; Bu¨ttgen, N.; Krug von Nida, H.-A.; Loidl,
A.; Lichtenberg, F.Phys. ReV. B 2001, 64, 235414. (b) Kuntscher, C. A.;
Schuppler, S.; Haas, P.; Gorshunov, B.; Dressel, M.; Grioni, M.; Lichten-
berg, F.; Herrnberger, A.; Mayr, F.; Mannhart, J.Phys. ReV. Lett. 2002,
89, 236403. (c) Kuntscher, C. A.; Schuppler, S.; Haas, P.; Gorshunov, B.;
Dressel, M.; Lichtenberg, F.Phys. ReV. B 2004, 70, 245123.

Figure 5. First-principles FS calculated for Ca4Ti3O10 (sectionkx ) 0)
assuming a band filling corresponding to d0.1 (a) and d0.5 (b). For (b), we
use a repeated zone representation.

Figure 6. First-principles FS calculated for CsCa2Nb3O10 (sectionkx ) 0)
assuming a band filling corresponding to d1/3 (a) and d0.5 (b). For (b), we
use a repeated zone representation.

A R T I C L E S Tobias and Canadell

4326 J. AM. CHEM. SOC. 9 VOL. 128, NO. 13, 2006



Osh contribution in 14b. It is easy to see that the energy
difference between the two crystal orbitals (2Y) is exactly the
same for any two successivex2-y2 levels atΓ. Going fromΓ
to X, no additional antibonding contributions develop because
of theδ-type interaction of the metalx2-y2 orbitals with the p
orbitals of the apical oxygens. Taking into account the symmetry
of the system, the four crystal orbitals are equivalent, and thus
degenerate, at theZ point. Two of these combinations are shown
in 15aand15b. Now there are eight Oout contributions, that is,
8y ) 2Y, but because only one-half of the octahedra contribute
to each crystal orbital, normalization doubles the weight of the
antibonding contribution, and consequently the correct, effective,
count is 4Y.

For our purpose, thexzandyzorbitals are equivalent so that
only one set will be considered. The two lower combinations
atΓ are shown in16aand16b. As for thex2-y2 crystal orbitals,
the only difference lies in one Oin and one Osh additional
contribution in16b. This is also the difference between any
two successive levels. Note, however, that the overlap is
different from that in15. We will denote the presence of an
oxygen p contribution with this kind of overlap asy′ or Y′. Just
by inspection of the three equivalent t2g orbitals of an octahe-
dron, it is clear that the strength of an antibonding interaction
of this type is one-half that of the perfectπ-type, that is,y′ )
y/2 andY′ ) Y/2.51 Thus, the difference between16a and16b
(as well as between any pair of adjacentxzor yz levels atΓ) is
2Y′ ) Y. Moving from Γ to X, four apical interactions are
switched on and consequently all of the bands raise as much as
4Y. The two lower crystal orbitals atZ are those shown in17a
and17b. It is immediately seen that the number of antibonding
contributions is exactly the same inΓ andZ so that the bands
should lie at the same energy. The same result applies to all
otherxz andyz bands.

With this kind of reasoning, the qualitative band structure of
Figure 7a can be drawn. Again, this qualitative diagram is in
excellent agreement with the extended Hu¨ckel complete band
structure (see Figure 7b). Thus, this simple approach also
provides a way to rationalize how different structural modifica-
tions affect the t2g-block band structure in this system. According
to this simple approach, the salient difference between the layers
of the R-P or D-J phases is that the t2g-block is now made of
a series of 1D bands only. However, thex2-y2 bands are 1D
along thec-direction, whereas thexzandyzbands are also 1D
but along thea-direction. The FS for many electron counts will
result from the superposition of 1D contributions along

Figure 7. Band structure for the M4O14 quadruple layers of the AnBnO3n+2

(n ) 4) phases: (a) qualitative band structure; and (b) calculated extended
Hückel band structure for a Ta4O14 layer with regular octahedra, that is, all
Ta-O distances identical (1.95 Å) and angles of 90° and 180°. TheΓ, X,
and Z labels refer to the (0, 0), (a*/2, 0), and (0,c*/2) wave vectors,
respectively.
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orthogonal directions as in the systems exhibiting the so-called
hidden nesting,51,54and this brings about interesting possibilities
if these levels may be partially filled.

G. First-Principles Results for Quadruple Layer Systems
of the AnBnO3n+2 Phases.Here, we report first-principles
calculations for Sr2Ta2O7, which is one of the members of this
series withn ) 4 and for which two structures are known, before
(298 K) and after (123 K) the ferroelectric transition at 196
K.49 Thus, how much the distortions occurring in these phases
can affect the simple picture may be tested using this material.
We will restrict ourselves to this aspect, and we will not consider
here the details of the ferroelectric transition. We have also
studied the room temperature, ferroelectrically distorted phase
of Sr2Nb2O7, in which the octahedral distortions are even
stronger. The calculated band structure for the room-temperature
structure of Sr2Ta2O7 is shown in Figure 8a. Let us note that
the unit cell contains two layers and thus all bands appear in
pairs. Although at first sight this band structure may look
complex, in fact it is not. After taking into account some weakly
avoided band crossings and realizing that the equivalence of
thexzandyzorbitals is lost in the real systems, it is quite clear
that all major features of the qualitative band structure are also
present here. To help the reader, we have noted with A and B
labels the lower pairs of bands originating from thexz/yz and
x2-y2 orbitals, respectively. We have also included the Fermi
levels appropriate for different Ta average configurations
according to a rigid band scheme. Shown in Figure 8b is a
section of the FS corresponding to a d0.23average configuration.
This section contains two pairs of open contributions, one of
which is flat (1D) and the other exhibiting a slight warping
(pseudo 1D), perpendicular to thea*-direction. Thus, for this

electron filling the system would behave as a 1D material along
thea-direction. The systematic study of the FS as a function of
the electron filling shows that the 1D bands along the orthogonal
direction start to be filled for electron fillings slightly larger
than those corresponding to d0.25, although only for larger fillings
(∼d0.5) are the open lines perpendicular to thec*-direction fully
developed.

When the system undergoes the ferroelectric transition, the
more noticeable change is a movement of the Ta atoms in the
equatorial plane so that one M-Oequatorialdistance becomes short.
As a result, thex2-y2 orbitals are destabilized and the corre-
sponding bands (i.e., bands B in Figure 8a) are raised in energy.
As a consequence, the B-type bands start to be filled for higher
band fillings (d0.37) and thex2-y2 orbitals mix into the lower
bands in an even smaller way. The section of the FS is now
even more clearly 1D (see Figure 8c). For the Sr2Nb2O7

compound where the distortions are even stronger,47 thex2-y2

bands are even higher lying and start to be filled for slightly
larger band fillings (d0.4). It is clear that even if the octahedra
in these phases are quite different from the ideal ones used in
our simple qualitative scheme, the main features of the band
structure are kept. Thus, we conclude that, except if the
octahedral distortions are weak, partial filling of the t2g-block
bands by partial cationic substitution for instance will generally
lead to 1D metallic systems along thea-axis.

At this point, let us note that phases such as Sr3.2La0.8Nb4O14

(i.e., a phase withn ) 4 and d0.2) or Sr5Nb5O17.05 (i.e., a phase
with n ) 5 and d0.18) have been recently found to be quasi-1D
metals along thea-direction,45,53 as predicted by the simple
model. In previous theoretical works,23 the unexpected 1D
behavior of the last phase was attributed to specific octahedral
distortions of the layer. However, the present work clearly shows
that this is not the case. The 1D behavior is also exhibited by
a perfectly ideal layer, and consequently it is only related to
the topology of the lattice and the nature of the t2g orbitals as
analyzed in the previous section. Understanding the fine details
of the physical behavior of these phases depends of the real
degree of band filling and the relative position of the bottom
part of the lowerx2-y2 bands, which can give some additional
small pockets. However, this goes beyond the scope of the
present work and will not be discussed here.55 It would be
interesting to see if the 1D character along the second,
orthogonal direction, associated with thex2-y2 orbitals, could
be activated and forced to play a clear role in some of these
compounds. According to our study, only for systems with
regular octahedra can this become a likely possibility. Thus, it
could be worth exploring if vanadium phases of this type could
be prepared.

Concluding Remarks

The main goal of this work was to develop a simple yet
rigorous approach that could give a feeling on the nature of the
partially filled t2g-block bands of different layered perovskites.
We believe that the orbital approach presented above, which
has been validated by first-principles calculations for many of
these phases, fulfills this goal. The more relevant results of this
approach are as follows: (1) There are both 1D and 2D bands
near the Fermi level for the R-P and D-J phases where the
bottom t2g-block bands are partially filled.20b (2) Double layer(54) (a) Whangbo, M.-H.; Canadell, E.; Foury, P.; Pouget, J. P.Science1991,

252, 96-98. (b) Canadell, E.; Whangbo, M.-H.Int. J. Mod. Phys. B1993,
7, 4005-4043. (c) Seo, D.-K.; Liang, W.; Whangbo, M.-H.; Zhang, Z.;
Greenblatt, M.Inorg. Chem. 1996, 35, 6396-6400. (55) Tobias, G.; Canadell, E., work in progress.

Figure 8. (a) Band structure calculated for the room-temperature structure
of Sr2Ta2O7. FS (sectionky ) 0) calculated for the room temperature (b)
and 123 K (c) structures of Sr2Ta2O7 assuming a band filling corresponding
to d0.23 and d0.2, respectively. TheΓ, X, Y, Z, andM labels refer to the (0,
0, 0), (a*/2, 0, 0), (0,b*/2, 0), (0, 0,c*/2), and (a*/2, 0, c*/2) wave vectors,
respectively.
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R-P and D-J phases of this type are generally expected to
exhibit 2D metallic behavior. The 1D bands may play a role,
however, for systems with regular octahedra and electron counts
corresponding to d0.5 or higher. (3) For triple layer R-P and
D-J phases, the 1D bands may play a larger role for lower d
electron counts than they do for the double layer phases if there
are no strong octahedral apical distortions in the outer layers.
Systems with such distortions will generally be 2D metals with
little difference in the electron population for the inner and outer
layers. (4) Even if they are structurally 2D materials, a 1D
metallic behavior is expected for low t2g-block band fillings of
the AnBnO3n+2 phases.

An important feature that must be taken into account for some
of the systems in which the t2g-block bands exhibit low band
fillings is disorder. For low band fillings, that is, low density
of carriers, an electron localization due to disorder can occur
(Anderson localization56) in which case the conductivity would
be activated. There are several possible causes of disorder in
these layered perovskites in addition to the possible oxygen
nonstoichiometry. First, cationic disorder occurs within the van
der Waals gap either because of the intercalation or because of
partial occupation with different cations of the holes between
the perovskite layers. A typical example of activated conductiv-
ity due to this type of disorder is provided by the Na2-x+y-
Cax/2La2Ti3O10 (x ) 1.22,y ) 0.32) phase obtained from Na2-
La2Ti3O10.16 Second, there is disorder in the occupation of the
cation sites within the perovskite slabs. For instance, this occurs
in the quadruple layer phases Na2Ca2Nb4O13 or RbCa2-
NaNb4O13.14,57Because disorder lies within the slab, it may have
a stronger influence than in the previous case. For instance, it
is not clear if this feature may be at the origin of the absence of
superconductivity in the quadruple layer D-J phase LixKCa2-

NaNb4O13.11d Related materials in which disorder can have a
decisive role in imposing the nature of conductivity are
perovskite-type layered oxynitrides. Although use of a rigid band
scheme and the present qualitative approach may be more
questionable in this case where disorder affects the octahedral
network, it may give some useful hints. The single layer R-P
oxynitrides Sr2NbO4-xNx (x ≈ 0.72),12 and LaxSr2-xNbO3N
(x ≈ 0.2),58 possess Nb with an average d0.28 and d0.2

configuration, respectively. For the first of these phases, the
neutron Rietveld refinement has clearly proved that the nitrogen
atoms occur in the equatorial positions.12b This is an especially
bad situation in which to expect metallic conductivity because
the lower lying levels for this materials are based on thexy
orbitals, which lie in the equatorial plane. Thus, the O/N disorder
must completely kill the possibility of metallic behavior. The
simple qualitative scheme suggests that this will be the general
case for these layered oxynitrides. However, it also gives a hint
that maybe there is a possibility of realizing the metallic behavior
in these materials if the nitrogen atoms occupy the apical
positions, as it has been reported for Nd2AlO3N.59
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