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Electronic structure calculations were performed for the mixed-valent Ni1þ=Ni2þ nickelate La3Ni2O6,

which exhibits electronic instabilities of the Fermi surface similar to that of the isostructural super-

conducting La2CaCu2O6 cuprate. La3Ni2O6 shows activated hopping, which fits to Mott’s variable-range-

hopping model with localized states near the Fermi level. However, a simple local spin density

approximation calculation leads to a metallic ground state. The calculations including local density

approximationþ HubbardU and hybrid functionals indicate a multiply degenerate magnetic ground state.

For electron-doped La2ZrNi2O6, which is isoelectronic with La2CaCu2O6, an antiferromagnetic insulat-

ing ground state is found when correlations are included. The nickelates are thus ideal model systems for a

deeper understanding of correlated transition metal compounds, magnetism, and superconductivity.
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Currently, there is much excitement about the high tem-
perature superconductors based on FeAs layers [1]. Com-
petition between magnetism and superconductivity is con-
sidered in these materials [2]. The FeAs intermetallic
compounds and the classical cuprate high temperature
superconductors have similar low-dimensional (LD) crys-
tal structures [3], are at the border line to magnetism [2],
and show spin density wave (SDW) instabilities [4]. It was
the observation of the SDW state in BaFe2As2 [5] that
guided Johrendt’s group to search for superconductivity
in the doped compound [6]. Superconductivity in the FeAs
systems occurs in the doped compounds or can be induced
by suppressing the magnetism by applying high pressure
[7]. Nickel-containing compounds such as LuNi2B2C are
structurally related to BaFe2As2 [2] and become super-
conducting at higher temperatures (16 K) [8]. The fact
that LD structure types are favorable for superconductivity
inspired us to look for possible candidates for supercon-
ductivity in nickelates, which are isoelectronic with the
cuprates.

Bednorz and Muller started their exploration for super-
conductivity in the La-Ni-O system with Ni in oxidation
states 3þ =2þ [9]. Their discovery of high-Tc supercon-
ductivity in cuprates [10] motivated an extensive search for
similar phenomena in nickelates. It was shown, however,
by local density approximation (LDA) calculations includ-
ing Coulomb correlations (LDAþU) that most of the
mixed-valent nickelate phases are considerably different
from the superconducting cuprates [11]. The oxides with a
Ni3þ formal oxidation state do not form magnetic insula-
tors but localized S ¼ 1, Ni2þ states embedded in a sea of
itinerant O holes [11]. Only if the Ni1þ ions are forced into
a planar coordination with the O ions is a S ¼ 1=2 mag-
netic insulator realized that possibly can be doped with low

spin (S ¼ 0) Ni2þ holes in analogy with the high-Tc cup-
rates [11].
Ni1þ nickelates are not often investigated due to their

chemical instability [12]. The Ni1þ ion in LaNiO2 has a
3d9 electronic configuration as Cu2þ in the isostructural
CaCuO2. LaNiO2 is, however, reported to be nonmagnetic
and probably metallic, whereas CaCuO2 is a magnetic
insulator [13]. In LaNiO2, additional La-5dxy states leave

a band with Ni 3d character pinned to the Fermi level [13].
The recently discovered mixed-valent Ni1þ=Ni2þ nickel-
ate La3Ni2O6 [12] shares with the superconductive
Cu2þ=Cu3þ cuprates a common structural element—the
infinite MO2 (M ¼ Ni;Cu) planes and identical elec-
tronic configuration. Thus, this particular nickelate may
be a direct analog of the superconducting cuprate
La2CaCu2O6 that is an antiferromagnetic (AFM) insulator
and becomes superconducting at 60 K by hole doping [14].
The present work reports transport properties together with
the results of electronic structure calculations of pure and
electron-doped La3Ni2O6 in comparison to La2CaCu2O6.
To account for the electronic correlations, the calculations
were performed beyond the local density approximation by
LDAþU and hybrid functionals.
La3Ni2O6, as well as all known nickelates with infinite

NiO2 square-planar layers, are members of the T0-type
Lnnþ1NinO2nþ2 (Ln ¼ La;Nd; n ¼ 2, 3, and 1) homolo-
gous series [12,15]. The structures of the T0-type nickelates
can be described as built by stacking of alternating
(Ln=O2=Ln) fluorite-type layers with Lnn�1ðNiO2Þn infi-
nite layer structural blocks [12] (Fig. 1). The so-called
double (n ¼ 2) and triple (n ¼ 3) layer T0-type nickelates
are unique examples of such structural arrangements.
Although the structure of La2CaCu2O6 is formed by alter-
nating perovskite and rocksalt blocks, this double-layered
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Ruddlesden-Popper cuprate is structurally the closest ana-
log among cuprates to La3Ni2O6 nickelate (Fig. 1). Both
phases crystallize in the I4=mmm (no. 139) space group.
The (Ln=O2=Ln) fluorite-type layers in La3Ni2O6 can
serve as a charge reservoir similar to the LaO rocksalt
layers in La2CaCu2O6. The most important difference in
the crystal structures is the coordination of the 3d ele-
ments, i.e., square-pyramidal coordination of Cu and a
square-planar environment of Ni.

The electronic structure was calculated by the full po-
tential linearized augmented plane wave method as imple-
mented in WIEN2K [16]. The exchange-correlations
functional was taken within the generalized gradient ap-
proximation (GGA) [17]. LDA is not able to describe the
magnetic state of such highly correlated systems properly
[18]. The LDAþU approach allows the most important
on-site correlations [19,20]; LDAþU was successfully
applied to describe various electronic properties of cup-
rates; see, e.g., Ref. [21]. To account for on-site correlation,
the LDAþU method with U from 1 to 10 eV was used in
the self-interaction correction scheme with J ¼ 0. In par-
ticular, the value of U ¼ 7 eV comes close to the one
usually used for the Mott insulator NiO. Similar values
were used in the calculations of LaNiO2 [13] and La2NiO4

[11]. Another approach to describe the oxides correctly is
the use of exact exchange in Hartree-Fock (HF) -based
hybrid functionals [22–24]. Here, the B3PW (a three-
parameter combination of the Becke exchange functional
[25] with the PW-GGA [26] and the HF scheme) hybrid
functionals were selected [27]. To allow for an AFM setup
of the spins at different atoms, the crystal structure reported
in Ref. [12] was transformed from I4=mmm (space group
no. 139) to I4mm (no. 107) symmetry.

The calculated band structures are shown in Fig. 2.
Independent of the magnetic order, steep bands are cross-
ing the Fermi energy in the �N, �P, and XP directions,
indicating that the compound is metallic. Along the �X
direction, where the bands have a flat dispersion just above
or below �F, they exhibit van Hove singularities of the
saddle point type. In the antiferromagnetic case, two highly

dispersive bands are nearly degenerate, and such band
‘‘doubling’’ is a result of the bilayered character of the
crystal structure. These bands comprise states derived from
the Ni-dx2�y2 and in-plane oxygen O-2px and py states.

The origin of the high dispersion within the layers (�-X-Z)
is due to the dx2-y2 orbitals of Ni ions pointing directly

toward the four oxygen neighbors within the layers.
Hopping of electrons between neighboring Ni ions is
thus possible through the chessboardlike ordering of the
3d metal ions. The bands show no dispersion along Z-�,
which is perpendicular to the planes. For La3Ni2O6 two
saddle points, one 0.12 eV above and the second 0.14 eV
below �F are found along X and �. The nickelates
La2 MNi2O6 (M ¼ Zr;Hf) are isoelectronic with the cup-
rates and show a similar Fermi surface nesting as
La2CaCu2O6 (compare [28]). This nesting may render
possible spin density wave instabilities. Such a nesting
instability is found in superconducting cuprates and FeAs
compounds [4] and shows that electron-electron correla-
tions have to be taken into account.
To investigate the magnetic properties, spin-polarized

calculations were performed assuming an AFM ordering of
the nickelate similar to that found in La2CaCu2O6 as well
as ferromagnetic (FM) ordering. Different from the results
of Lee and Pickett for LaNiO2 [13], the AFM and the FM
ground states of La3Ni2O6 are nearly degenerate. The
energy difference between the FM and the AFM ground
states is small (about 0.2 meV). Similar to LaNiO2, a
magnetic moment of 0:53�B is found on the Ni ions. The
total moment per formula unit is 1:089�B. Overall, the
spin-polarized calculations of La3Ni2O6 were very un-
stable with respect to final convergence, independent of
the method used. Such problems were not observed in the
spin-polarized calculations for La2CaCu2O6. This suggests
that the instabilities arise from the degenerate magnetic
ground state of La3Ni2O6 with nearly equal total energies

FIG. 1 (color online). Crystal structures of La3Ni2O6 and
La2CaCu2O6 with denoted layers and structural blocks: P, pe-
rovskite; RS, rocksalt; IL, infinite layer; F, fluorite.

FIG. 2 (color online). The band structure of La3Ni2O6.
(a) shows the GGA calculation for the antiferromagnetic state.
The corresponding ferromagnetic majority and minority bands
are shown in (b1) and (b2), respectively. The LDAþ U calcu-
lation results in a half-metallic ferromagnetic state [majority
(c1), minority (c2)].
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of the FM and AFM states independent of the calculational
scheme.

To estimate the influence of electron-electron correla-
tions, the FM and AFM states were calculated in the
LDAþU scheme and compared to the B3PW exact ex-
change method with the Hartree-Fock scheme for the
exchange part of the hybrid energy functional. Remark-
ably, already a small Hubbard U of about 1.4 eV transfers
the metallic FM state into a half-metallic FM state with a
gap of about 0.55 eV in the minority states [compare
Fig. 2(b) with Fig. 2(c)]. The size of this gap increases
with U and is about 1.5 eV for U � 3:5 eV or when using
hybrid functionals. Concerning the magnetic properties,
the results from LDAþU with U � 3:5 eV and from
the B3PW hybrid functional agree very well. Comparing
the total energies of the FM and AFM states, no pro-
nounced differences are recognized, independent of the
calculational method (including U ¼ 0). The FM and
AFM ground states are obviously also degenerate, when
correlations are included.

To make the importance of the electron-electron corre-
lation more clear, the density of states calculated for the
AFM state by different methods is shown in Fig. 3. The
non-spin-polarized density from GGA is shown for com-
parison and makes clear that such an approach is unreal-
istic for correlated systems. However, it is also seen that
this density differs not much from the spin-averaged AFM
calculation. It is clear by comparing the spin-polarized
AFM densities [Fig. 3(b)] and Figs. 3(c) and 3(d) how
the states are shifted away from the Fermi energy under
the influence of an increasing correlation. The same shift is
observed for the hybrid functional [Fig. 3(e)] where the
correlations are better accounted for. In particular, the
changes observable in the unoccupied states may be
more reliable from the hybrid functional approach [22].

For comparison, the electronic structure of La2CaCu2O6

was calculated using LDAþU. The electronic structure of
the materials is compared in Fig. 4 (U ¼ 7 eV). As for the
nickelate, the results for this value of U are very similar to
those from the hybrid functionals. The Ni compound stays
metallic [Fig. 4(a)], whereas the Cu compound becomes
semiconducting [Fig. 4(c)], when electron correlations are

included. The size of the indirect gap amounts to about
300 meV, whereas the optical gap at � is much larger
(2.2 eV). A similar opening of the gap was reported for
LaCuO3 and La2CuO4 [29]. The magnetic moments at
the two Cu atoms with antiparallel spins are about
�0:8�B. As mentioned above, even LDAþU is unable
to split the steep band crossing �F in La3Ni2O6. It stays
pinned to the lowest completely unoccupied band. In con-
trast, this band is shifted by correlations completely below
�F in La2CaCu2O6. As a result, all valence bands are
shifted away from �F. This is the reason why it seems
that U has a stronger effect on the cuprate than on the
nickelate. Obviously, the differences between the two
compounds are due to the different numbers of valence
electrons in the primitive cell, 65 in La3Ni2O6 and 66 in
La2CaCu2O6. To have a nickelate with the same electron
count as the cuprate, one may replace one La by an element
of group IVB, for example, Zr or Hf. The calculations
reveal that both La2ZrNi2O6 and La2HfNi2O6 exhibit a
gap at �F in the band structure and thus become semi-
conducting if electron correlations are respected. The cal-
culated magnetic moments at the two Ni atoms are
�1:5�B and �1:4�B in the AFM state.
We have performed transport measurements on poly-

crystalline pressed pellets of La3Ni2O6 in the temperature
range of 5–400 K with a standard four-probe technique.
The fit of the resistivity (�) data to Mott’s variable-range-
hopping model (Fig. 5) with localized states near the Fermi
level [30]

� ¼ �0 expðT0=TÞ� ð� ¼ 1=4Þ (1)

yields � ¼ 4 k�cm at 300 K, T0 ¼ 3:1� 107 K, and
�0 ¼ 8� 10�5 � cm. The observed degree of localization
as manifested by the magnitude of T0 is large. The dis-
crepancy among the LDAþU, metallic, and observed
semiconducting behavior is attributed to the measurement
made on a polycrystalline pressed pellet of the sample. For
the layered structure of La3Ni2O6 (Fig. 1), highly aniso-
tropic transport properties are expected: metallic conduc-

FIG. 3 (color online). Comparison of the density of states of
La3Ni2O6 for different functionals.

FIG. 4 (color online). Band structure of (a) La3Ni2O6,
(b) La2ZrNi2O6, and (c) La2CaCu2O6, calculated for AFM
spin orientation at Ni using LDAþU, with U ¼ 7 eV.
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tivity in the infinite plane of Ni1þ=2þ-O, while semicon-
ducting or insulating behavior perpendicular to these
planes. Evidently, in the polycrystalline sample, the
semiconducting property dominates (Fig. 5). Single crystal
measurements are required to resolve this discrepancy, but
single crystals are difficult or impossible to obtain.

Preliminary magnetic measurements indicate no mag-
netic order down to 4 K; weak FM is observed in the
magnetization versus field (M vs H) at 5 K, which persists
at least up to 400 K. This result is consistent with the band
structure calculations, which show degenerate FM and
AFM ground states. However, we cannot exclude local
FM clustering or small Ni metal impurities. No saturation
of M is evidenced even at the maximum field of 5 T
available in our SQUID.

A fundamentally interesting scenario would be to
change the electronic structure of the nickelate by bringing
the saddle point (high density of states) and the Fermi
energy to coincidence, which might be accomplished in
two ways. Substitution of Zr for La or oxygen deficiency
should raise �F to higher energy in the vicinity of the
saddle point. Similar chemical doping leads to supercon-
ductivity in the cuprate. However, substitution in the nick-
elate is a challenge, and a FM ground state should compete
with superconductivity. The investigation of the transport
properties under high pressure may be a better way to
lower the saddle point to cross �F and to suppress FM.
Under pressure, the AFM ground state is preferred.
Therefore, it may be possible to suppress FM interactions
in La3Ni2O6 by pressure to induce superconductivity.

In summary, it has been shown that electronic structure
calculations of the mixed-valent La3Ni2O6 including cor-
relations result in instabilities close to the Fermi energy
similar to that of the superconducting cuprate
La2CaCu2O6. It is concluded that La3Ni2O6 is an ideal
model system for a deeper understanding of the interplay
between magnetism and superconductivity in correlated
electronic oxides.
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