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Tight-binding electronic band structures and Madelung potentials were calculated for La2NiO4, La3Ni2O7, and
La4Ni3O10 to examine why a metal-to-metal transition occurs in the nickelate Ln4Ni3O10 (Ln ) La, Nd, Pr).
La4Ni3O10 and La3Ni2O7 are each found to have two hidden one-dimensional (1D) Fermi surfaces, which suggests
that both compounds should possess a charge density wave instability. Factors leading to hidden 1D Fermi
surfaces in the eg block bands of the nickelates were discussed.

Introduction

The structures of ternary nickelates Lnn+1NinO3n+1 (Ln ) La
for n ) 1, 2; Ln) La, Pr, Nd forn ) 3)1 are similar to those
of the Ruddlesden-Popper series Srn+1TinO3n+1.2 In these
nickelates,n consecutive perovskite layers, (LaNiO3)n, alternate
with rock salt layers, LaO, along the crystallographicc direction
so their formulas can be written as (LnO)(LnNiO3)n (Figure 1).
The n ) ∞ member of this series corresponds to the three-
dimensional perovskite LnNiO3 (Ln ) Sm, Nd, Pr, La).3 The
nickelates commonly possess oxygen atom deficiency, which
affects their transport properties. Recently, the electrical and
magnetic properties of La2NiO4,4,5 La3Ni2O7,4,6 Ln4Ni3O10 (Ln
) Pr, Nd, La),4,7 and LnNiO3 (Ln ) Sm, Nd, Pr, La)3,4 have
been the focus of substantial interest. Then ) 1 member La2-
NiO4 is a magnetic semiconductor8 and was examined by several
electronic band structure calculations.9 As the temperature is
lowered, then ) ∞ member LnNiO3 (Ln ) Sm, Nd, Pr)
undergoes a metal-to-insulator transition (403, 201, and 135 K
for Ln ) Sm, Nd, and Pr, respectively) whereas LaNiO3 remains
metallic.3c An electronic band structure study of LaNiO3 was

reported.10 With decreasing temperature, Ln4Ni3O10 (Ln ) Pr,
Nd, La) undergoes a metal-to-metal phase transition around
150-160 K7 while La3Ni2O7 remains metallic.4,6 So far, no
electronic band structure study has been reported for La3Ni2O7

and Ln4Ni3O10.
Metal-to-insulator and metal-to-metal transitions are fre-

quently observed for one-dimensional (1D) metals11 because
the nesting of their Fermi surfaces leads to a charge density
wave (CDW) instability.12 The Fermi surface of a partially filled
band refers to the boundaries separating the occupied and
unoccupied wave vectors of the band. The Fermi surface of a
1D band consists of parallel lines perpendicular to the direction
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Figure 1. Perspective views of the crystal structures of (a) La2NiO4,
(b) La3Ni2O7, and (c) La4Ni3O10. The small (black), medium (white),
and large (hatched) circles refer to Ni, O, and La atoms, respectively.
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of the band dispersion. When a piece of the Fermi surface is
superposed onto another piece by a translational vectorq, it is
said that the Fermi surface is nested byq. For a solid with the
directR, the CDW (i.e., periodic charge density modulation)
associated with the nesting vectorq is described by cos(q‚R).
A CDW instability in solids is analogous to a first-order Jahn-
Teller instability that occurs in molecules with partially filled
degenerate levels.12

A CDW instability is also found for certain two-dimensional
(2D) metals whose Fermi surfaces are well described by a
superposition of several 1D Fermi surfaces [e.g., Magne´li phase
Mo4O11, purple bronze KMo6O17, and monophosphate tungsten
bronzes (PO2)4(WO3)m(WO3)].12,13 Such 1D Fermi surfaces,
as obtained by decomposing 2D Fermi surfaces, are referred to
as hidden 1D Fermi surfaces. The metal atoms of these
compounds are located at the octahedral sites, and their partially
filled bands are t2g block bands. The hidden 1D Fermi surfaces
result because interactions between the t2g orbitals of metal
atoms are strong only when their orbital lobes are contained
within a same plane.
With the average oxidation state of Ni ranging from+2 (for

n ) 1) to+3 (for n ) ∞), the partially filled bands of (LnO)-
(LnNiO3)n and LnNiO3 are derived from the eg orbitals of their
NiO6 octahedra. Provided that the in-plane Ni-O bonds of an
NiO6 octahedron are positioned along thex andy axes, the eg
orbitals are given byz2 (a short notation for 3z2 - r2)14 andx2

- y2. For a perovskite layer (NiO3)n (ne 3), one might consider
that the bands derived from thex2 - y2 orbitals will be more
dispersive than those derived from thez2 orbitals, and both sets
of bands will have 2D character. This reasoning does not
explain why Ln4Ni3O10 shows such a resistivity anomaly as is
often observed for 1D metals. Therefore, it is necessary to
investigate whether the anomaly results from hidden 1D Fermi
surfaces and, if so, how the eg orbital bands give rise to 1D
bands. It is also important to examine if the electronic structure
of La3Ni2O7 has a feature identical with that of Ln4Ni3O10

causing the resistivity anomaly. These questions were probed
in the present work on the basis of the electronic structures of
La2NiO4, La3Ni2O7, and La4Ni3O10 that were calculated using
the extended Hu¨ckel tight binding (EHTB) method.15 The
atomic parameters employed for our EHTB calculations are
summarized in Table 1.
Because of electron correlation it is generally difficult to

predict whether or not late transition metal oxides are metallic
by any electronic band structure calculations including first-
principle ones.16-18 For example, in disagreement with the
experimental results,8 La2NiO4 is predicted to be metallic by

most electronic band structure calculations.9 The primary focus
of our study is on La4Ni3O10 for which a one-electron electronic
structure description is considered to be adequate.4 In EHTB
electronic band structure calculations for transition metal oxides,
electrostatic Coulombic interactions between the ions are not
well described. This is in part responsible for why EHTB
calculations show a sizable energy gap between the p and d
block bands of late transition metal oxides whereas first-principle
calculations do not. A recent study indicates that electron
correlation in transition metal oxides can be reasonably well
estimated in terms of gas phase ionization potentials and bare
electrostatic Coulombic interactions.19 In the present work,
electrostatic Coulombic interactions in the three oxides La2NiO4,
La3Ni2O7, and La4Ni3O10 are examined in terms of their
Madelung potentials calculated using the PACK program.20

Electronic Structures of La3Ni2O7 and La4Ni3O10

As depicted in Figure 2, the unit cell of each perovskite layer
in La3Ni2O7 and La4Ni3O10 has two Ni atoms, and the in-plane
Ni-O bonds run along the directions diagonal to the repeat
vectorsa andb (i.e., along thea + b and-a + b directions).
The unit cells of La3Ni2O7 and La4Ni3O10 are each twice the
formula units in size so that, per unit cell, there are six electrons
to fill the eight eg block bands of La3Ni2O7 and eight electrons
to fill the 12 eg block bands of La4Ni3O10. Later in our
discussion, it is important to distinguish the in-plane and out-
of-plane Ni-O bonds of each perovskite layer. In this work,
the oxygen atoms forming the in-plane and out-of-plane Ni-O
bonds will be referred to as Oeq (i.e., equatorial oxygen) and
Oax (i.e., axial oxygen), respectively. The lengths of the Ni-
Oeq and Ni-Oax bonds found for La2NiO4, La3Ni2O7, and La4-
Ni3O10 are listed in Table 2.
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Table 1. Exponents,úi, and Valence Shell Ionization Potentials,Hii

of Slater-type Orbitals,øi, Used for EHTB Calculationsa

atom øi Hii (eV) úi c1b úi′ c2b

Ni 4s -9.17 2.10
Ni 4p -5.15 2.10
Ni 3d -13.4 5.75 0.5857 2.2 0.5902
O 2s -32.3 2.275
O 2p -14.8 2.275
a Hii ’s are the diagonal matrix elements〈øi|Heff|øi〉, whereHeff is the

effective Hamiltonian. In our calculations of the off-diagonal matrix
elementsHeff ) 〈øi|Heff|øj〉, the weighted formula was used (Ammeter,
J.; Bürgi, H.-B.; Thibeault, J.; Hoffmann, R.J. Am. Chem. Soc. 1978,
100, 3686).bContraction coefficients used in the double-zeta Slater-
type orbital.

Figure 2. Arrangement of a single perovskite layer in La3Ni2O7 and
Ln4Ni3O10 showing only the Ni and Oeq atoms. The small and large
circles represent the Ni and Oeq atoms, respectively.
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The dispersion relations of the eg block bands calculated for
La3Ni2O7 and La4Ni3O10 are presented in Figures 3a and 4a,
respectively, where the dashed lines refer to the Fermi levels.
The Fermi surfaces associated with the partially filled bands of
La3Ni2O7 and La4Ni3O10 are shown in Figures 3b and 4b,
respectively. A striking feature of the Fermi surfaces of La4-
Ni3O10 (Figure 4b) is that there exist nearly parallel lines (i.e.,
1D Fermi surfaces) perpendicular to each of the two Ni-Oeq

bond directions (i.e., along thea* + b* and -a* + b*
directions, which are identical with thea + b and-a + b
directions, respectively). This means that there is one 1D band
dispersive alonga + b and another 1D band dispersive along
-a + b. As depicted in Figure 5, the Fermi surfaces of these
two 1D bands are simultaneously nested by the vectorqa )
0.30a* or qb ) 0.30b* . The CDW instability associated with

these nesting vectors is probably responsible for the metal-to-
metal transition observed for Ln4Ni3O10 around 150-160 K.
The Fermi surfaces of La3Ni2O7 (Figure 3b) also possess two

1D Fermi surfaces perpendicular to each of the two Ni-Oeq

bond directions, and the two surfaces are simultaneously nested
by the vectorqa ) 0.44a* or qb ) 0.44b* . Thus, a CDW
phenomenon is predicted for La3Ni2O7, although it has not yet
been observed.6 The latter may be due to a poor sample quality
because, in the case of La4Ni3O10,4,7 it was found to depend on
the quality of the samples as to whether they exhibit a metal-
to-metal transition.

Cause for Hidden 1D Fermi Surfaces

Let us now discuss how the eg block bands of La3Ni2O7 and
La4Ni3O10 possess two 1D bands, each dispersive along one of

Table 2. Ni-O Bond Lengths and Madelung Potentials (VM) at the
Nickel and Oxygen Atoms in La2NiO4, La3Ni2O7, and La4Ni3O10

VM (|e|/Å)
oxygen nickelcompound Ni-O (Å)

La2NiO4 Oeq 1.335 Ni -1.899 Ni-Oeq) 1.935
Oax 1.556 Ni-Oax ) 2.243

La3Ni2O7 Oeq 1.423 Ni -2.462 Ni-Oeq) 1.917
Oax(o)a 1.536 Ni-Oax(o)) 1.962b

Oax(i)a 1.357 Ni-Oax(i) ) 1.978b

La4Ni3O10 Oeq(o) 1.452 Ni(o) -2.547 Ni-Oeq(o)) 1.923
Oeq(i) 1.415 Ni(i) -2.592 Ni-Oeq(i) ) 1.923
Oax(o) 1.617 Ni-Oax(o)) 1.957
Oax(i) 1.425 Ni-Oax(i) ) 1.929

aWhen there are nonequivalent Ni-Oax bonds and nonequivalent
Ni atoms, the symbols (o) and (i) refer to the outer and inner parts of
the perovskite layer structures, respectively.b The crystal structure of
ref 6 shows that the two Ni-Oax bond lengths are quite unsymmetrical,
i.e., Ni-Oax(o)) 1.906 Å and Ni-Oax(i) ) 1.993 Å. The values listed
in this table are obtained by using the fractional coordinates of (0, 0,
0.0964) for Ni and (0, 0, 0.192) for O(2), both of which are equally
valid within the standard deviation. These fractional coordinates were
for the electronic band structure calculations of La3Ni2O7.

Figure 3. Electronic band structure calculated for La3Ni2O7: (a)
dispersion relations of the eg-block bands; (b) Fermi surfaces associated
with the partially filled eg block bands.Γ ) (0, 0),X ) (a*/2, 0), Y)
(0, b*/2), andM ) (a*/2, b*/2).

Figure 4. Electronic band structure calculated for La4Ni3O10: (a)
dispersion relations of the eg block bands; (b) Fermi surfaces associated
with the partially filled eg block bands.Γ ) (0, 0),X ) (a*/2, 0), Y)
(0, b*/2), andM ) (a*/2, b*/2).

Figure 5. Schematic drawing that shows the common nesting vectors
qa ) (0.3a*, 0) and qb ) (0, 0.3b*) for the two hidden 1D Fermi
surfaces found for La4Ni3O10. Γ ) (0, 0) andM ) (a*/2, b*/2).
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the two Ni-Oeqbond directions. For this purpose, we calculate
the eg block bands of a single perovskite layer NiO46-, which
simulates the eg block bands of La2NiO4. We arrange the Ni-
Oeq bonds of this layer along thex andy axes, so the eg block
levels are given by thez2 andx2 - y2 orbitals. In a perovskite
layer NiO46- there are two electrons per unit cell to fill the two
eg block bands so that the eg block bands as a whole are half-
filled. Figure 6a shows the dispersion relations of the eg block
bands calculated for the ideal perovskite NiO4

6- layer made up
of regular NiO6 octahedra (Ni-Oax ) Ni-Oeq) 1.93 Å). The
Fermi surfaces associated with these bands (Figure 6b) are
essentially decomposed into two hidden 1D Fermi surfaces, each
perpendicular to one of the two Ni-Oeq bond directions. In
addition, the 1D band responsible for each 1D Fermi surface is
half-filled because the parallel lines of each Fermi surface are
separated by 0.5a* or 0.5b* . The contributions of the Niz2

andx2 - y2 orbitals to the eg block bands can be examined in
terms of projected density of state (PDOS) plots. Figure 6c
shows that the “z2” and “x2 - y2” bands (i.e., the PDOS plots
representing thez2 and x2 - y2 orbital contributions, respec-
tively) overlap nearly symmetrically around the Fermi level.

All of the above observations can be explained if, in the
region of the Fermi level, thez2 andx2 - y2 orbitals are linearly
combined to form hybridized orbitalsz2 - y2 and z2 - x2.
Namely,

With the orbitals of the bridging ligands Oeq, thez2 - y2 orbital
of the Ni atoms make a sigma overlap along they axis direction
but no overlap along thex axis direction. Therefore, thez2 -
y2 orbitals lead to a 1D band dispersive only along they axis
direction. Likewise, thez2 - x2 orbitals lead to a 1D band
dispersive only along thex axis direction. This explains why
the Fermi surfaces of Figure 6b are composed of two 1D
surfaces. To produce the two 1D Fermi surfaces found for La3-
Ni2O7 and La4Ni3O10, a d orbital hybridization similar to that
discussed above must occur in two of their eg block bands.
It is important to recognize why such a d orbital hybridization

should occur. The d block bands of a solid are antibonding
between the metal and ligand atoms.14 In the d block bands of
a solid made up of MLn polyhedra (M) transition metal, L)
ligand atoms such as oxygen, chalcogen, and halogen) by
sharing their corners, edges, or faces, a certain set of ligand
atoms cannot contribute their orbitals for certain values of the
wave vector.12 For these wave vectors, therefore, the site
symmetry of a metal atom M in the solid is lower than that of
an isolated MLn polyhedron. This makes the d block orbitals
of an MLn polyhedral unit mix together (i.e., hybridize) to form
lower-lying d block orbitals.

Madelung Potentials and Overlap between the eg Block
Bands

The extent of hybridization between thez2 andx2 - y2 orbitals
depends on how thez2 andx2 - y2 bands overlap in the region
of the Fermi level. To illustrate this point, results of our
calculations for the NiO46- layer with Ni-Oax ) 1.96 Å and
Ni-Oeq ) 1.93 Å are summarized in Figure 7 When the Ni-
Oax bond is lengthened, thez2 band is lowered with respect to
the x2 - y2 band, which makes the two bands overlap
unsymmetrically around the Fermi level (Figure 7c). As a
consequence, the orbital hybridization around the Fermi level
is not given by a 50:50 mixing of thez2 andx2 - y2 orbitals,
and the resulting Fermi surfaces (Figure 7b) are not well
described as a superposition of two 1D Fermi surfaces. Our
calculations of the NiO46- layer (with Ni-Oeq fixed at 1.93 Å)
show that the overlap between thez2 andx2 - y2 bands vanishes
quickly as the Ni-Oax bond length is increased. For the case
of Ni-Oax ) 2.243 Å and N-Oeq ) 1.935 Å found for La2-
NiO4, the two bands are completely separated according to the
present calculations (Figure 8a). This is understandable because
the lengthening of the Ni-Oax bond reduces the extent of
antibonding in thez2 block level (Figure 9). However, there
exists another factor affecting the overlap between thez2 and
x2 - y2 bands because, according to first-principle electronic
structure calculations for the normal metallic state of La2NiO4,9a

thez2 andx2 - y2 bands still overlap considerably (Figure 8b).
It is important to understand why this happens.
The Oeq and Oax atoms of La2NiO4 are not equivalent and

hence must have different potentials acting on them. This aspect
is not reflected in EHTB calculations because the matrix
elements of the effective HamiltonianHeff are not adjusted in a
self-consistent manner. As already pointed out, the lengthening
of the Ni-Oax bond lowers thez2 level if the orbital character
of Oax remains the same as that of Oeq. The extent of
antibonding in the Ni-Oax bond can remain substantial, even

Figure 6. Electronic structure of the perovskite NiO46- lattice with
Ni-Oax ) Ni-Oeq ) 1.93 Å: (a) dispersion relations of the eg block
bands; (b) Fermi surfaces associated with the partially filled eg block
bands; (c) PDOS plots of the Niz2 and x2 - y2 orbitals (solid and
dotted lines, respectively) calculated for the eg-block bands.Γ ) (0,
0), X ) (a*/2, 0), Y ) (0, b*/2), andM ) (a*/2, b*/2).

(3z2 - r2) + (x2 - y2) ∝ z2 - y2

(3z2 - r2) - (x2 - y2) ∝ z2 - x2

La2NiO4, La3Ni2O7, and La4Ni3O10 Inorganic Chemistry, Vol. 35, No. 22, 19966399



after the bond lengthening, if the orbitals of Oax are more diffuse
than those of Oeq. The more diffuse orbitals lead to a better
overlap with the Ni d orbitals and enhance the extent of
antibonding in thez2 level, thereby diminishing the energy-

lowering effect of the Ni-Oax bond lengthening. The orbitals
of Oax can be more diffuse than those of Oeq if the effective
potential acting on Oax is more repulsive than that on Oeq. To
test this idea, we used the PACK program20 to calculate the
Madelung potentials for the nickel and oxygen atom sites of
La2NiO4 assuming the presence of Ni2+, La3+, and O2- ions.
Our results (Table 2) clearly confirm that the Madelung potential
is more repulsive on Oax than on Oeq, as suggested. Table 2
also lists the Madelung potentials calculated for La3Ni2O7 and
La4Ni3O10. Compared with the case of La2NiO4, the Madelung
potentials on the Oeqand Oax atoms of La3Ni2O7 and La4Ni3O10

show much smaller differences. Thus, the results of our EHTB
calculations concerning these nickelates are not expected to
change substantially.

Concluding Remarks

The resistivity anomaly observed for La4Ni3O10 at around
150-160 K was examined on the basis of EHTB calculations.
This system possesses two hidden 1D Fermi surfaces perpen-
dicular to each of the Ni-Oeq bonds. The observed metal-to-
metal transition is explained by a CDW instability associated
with the common nesting vector of these 1D surfaces (0.3a* or
0.3b*). La3Ni2O7 also has two hidden 1D Fermi surfaces, which
are commonly nested by a vector 0.44a* or 0.44b* . Though
not yet observed, La3Ni2O7 is predicted to show a CDW
instability.
The present study shows that the hidden 1D Fermi surfaces

arise from the eg block bands when thez2 andx2 - y2 orbitals
are hybridized to formz2 - x2 and z2 - y2 orbitals. Such a
hybridization occurs when thez2 and x2 - y2 bands overlap
symmetrically around the Fermi level. The relative positions
of thez2 andx2 - y2 bands is affected by the bond length ratio
Ni-Oax/Ni-Oeqand also by the Madelung potentials acting on
the Oax and Oeq atoms.
A number of solids are made up of MLn polyhedra by sharing

their corners, edges, or faces. It is common to discuss the
electronic structures of such solids from the viewpoint of the d
block levels of an isolated MLn polyhedron. It is important to
note that this description becomes inadequate when a d orbital
hybridization can generate lower-lying d levels than those
expected from the d levels of an isolated MLn polyhedron. This
situation occurs in the eg block bands of the nickelates as well
as in thez2 bands of 2H-TaS2 (made up of TaS6 trigonal prisms)
12a and LaI2 (made up of LaI8 square prisms).21

Acknowledgment. This work was supported by the Office
of Basic Energy Sciences, Division of Materials Sciences, U.S.
Department of Energy, under Grant DE-FG05-86ER45259.

IC960379J

(21) Canadell, E.; Whangbo, M.-H.Inorg. Chem. 1994, 33, 287.

Figure 7. Electronic structure of the perovskite NiO46- lattice with
Ni-Oax ) 1.96 Å and Ni-Oeq ) 1.93 Å: (a) dispersion relations of
the eg block bands; (b) Fermi surfaces associated with the partially
filled eg block bands. (c) PDOS plots of the Niz2 andx2 - y2 orbitals
(solid and dotted lines, respectively) calculated for the eg-block bands.
Γ ) (0, 0),X ) (a*/2, 0), Y ) (0, b*/2), andM ) (a*/2, b*/2).

Figure 8. Schematic diagrams showing relative positions ofz2 andx2

- y2 bands calculated for the normal metallic state of La2NiO4: (a)
EHTB calculation; (b) first principle calculation (ref 9a).

Figure 9. Schematic diagram showing the antibonding interaction in
Ni-Oax bonds in thez2 block level of an NiO6 octahedron.
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