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Mott interfaces

Lots of interesting suggestions!

Orbital Order and Possible Superconductivity in LaNiO3=LaMO3 Superlattices
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A hypothetical layered oxide La2NiMO6 where NiO2 and MO2 planes alternate along the c axis of
ABO3 perovskite lattice is considered theoretically. Here, M denotes a trivalent cation Al, Ga,. . . such that
MO2 planes are insulating and suppress the c-axis charge transfer. We predict that correlated eg electrons
in the NiO2 planes develop a planar x2-y2 orbital order driven by the reduced dimensionality and further
supported by epitaxial strain from the substrate. Low-energy electronic states can be mapped to a single-
band t! t0 ! J model, suggesting favorable conditions for high-Tc superconductivity.

DOI: 10.1103/PhysRevLett.100.016404 PACS numbers: 71.27.+a, 74.78.Fk, 75.30.Et

Despite decades of extensive research, cuprates remain
the only compounds to date hosting the high-temperature
superconductivity (SC). On empirical grounds, the key
electronic and structural elements that support high Tc
values are well known—no orbital degeneracy, spin one-
half, quasi two-dimensionality (2D), and strong antiferro-
magnetic (AF) correlations. While these properties are
partially realized in various materials (e.g., layered cobal-
tates), only cuprates possess all of them.

A unique feature of the high-Tc cuprates is the presence
of an extended doping interval 0:05 & ! & 0:20 where the
correlated electron maintains its (plane-wave–localized-
particle) duality, and both fermionic and spin statistics may
operate in physically relevant energy scales. The multi-
faceted behavior of electrons results in an exotic ‘‘normal’’
state of the cuprates with ill-defined quasiparticles, pseu-
dogap, etc., which condenses into the superconducting
state below Tc. There are a number of strongly correlated
metallic oxides [1] based on S " 1=2 3d ions as Ti3# and
V4# (both with a single t2g electron), Co4# (a t2g hole) and
Ni3# (closed t2g shell plus one eg electron) that possess a
low-spin state in octahedral environment. These com-
pounds show a great diversity of physical properties [1];
however, the mysterious strange-metal phase from which
anomalous SC may emerge is missing.

Apart from dimensionality, the orbital degeneracy is ‘‘to
blame’’ here. Originating from high symmetry of the
MeO6 octahedron—a common building block of both
pseudocubic and layered perovskites,—the orbital degen-
eracy enlarges the Hilbert space and relaxes kinematical
constraints on the electron motion. Consequently, a fermi-
onic coherency is enhanced and doping induced insulator-
metal transitions occur without a reference to the pseudo-
gap phase. For example, in La1!xSrxTiO3 the formation of
a three-band, correlated Fermi liquid completes within just
a few percent doping range near x$ 0:05 [2].

The orbital degeneracy strongly reduces AF correlations
(believed to be crucial in cuprate physics), as electrons are
allowed to have parallel spins residing on the different or-
bitals. This leads to competing Ferro- and AF-interactions

that result in a rich variety of magnetic states in S " 1=2
oxides such as RTiO3, NaxCoO2, Sr2CoO4, RNiO3,
NaNiO2. In contrast, spin correlations in single-band cup-
rates are of AF nature exclusively and hence strong.

How to suppress the orbital degeneracy and promote
cupratelike physics in other S " 1=2 oxides? In this
Letter, we suggest and argue theoretically that this goal
can be achieved in oxide superlattices. Specifically, we
focus on Ni-based superlattices (see Fig. 1) which can be
fabricated using recent advances in oxide heterostructure
technology ([3–5] and references therein). While the pro-
posed compound has a pseudocubic ABO3 structure, its
low-energy electronic states are confined to the NiO2
planes and, hence, are of a quasi-2D nature. A substrate
induced compression of the NiO6 octahedra further stabil-
izes the x2-y2 orbital. Net effect is a strong enhancement of
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FIG. 1. (a) Superlattice La2NiMO6 with alternating NiO2 and
MO2 planes. MO2 layers suppress the c-axis hopping resulting in
2D electronic structure. Arrows indicate the c-axis compression
of the NiO6 octahedron imposed by tensile epitaxial strain and
supported by Jahn-Teller coupling. (b) ,(c), (d) Strain-induced
stretching of the NiO2 planes occurs when superlattices with
M " Al, Ga, Ti are grown on SrTiO3 or LaGaO3 substrates
having large lattice parameter compared to that of LaNiO3.
Expected deformations are indicated by arrows.
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Nickelates

But... we should understand the bulk first

One of the classic perovskites for studying 
the Mott transition c.f. Goodenough + Raccah, 1965 

Torrance et al, 1992



Bulk transitions

Transitions are all first order, w/ hysteresis

Polycrystalline NdNiO3 was synthesized under high oxy-
gen pressure !200 bar" following the procedure described in
Ref. 28. The sample was extensively characterized by labo-
ratory x-ray powder diffraction, magnetic and electric mea-
surements, and synchrotron diffraction, which confirmed its
quality. High-resolution synchrotron x-ray powder-
diffraction !SPD" measurements were performed at the
ESRF in Grenoble !BM16". Good quality diffraction patterns
were collected at 290 and 50 K, using a short wavelength of
!=0.518056!3" Å. Polycrystalline NdNiO3 was loaded in a
borosilicate glass capillary !"=0.5 mm" and rotated during
data collection. The counting time was about 3 h to have the
desired statistics over the angular range 4 to 42 degrees in
2#. The data were analyzed by the Rietveld method using the
FULLPROF !Ref. 29" program. A minor residual NiO phase
was detected and accounted for appropriately in the refine-
ments.

The electrical resistance shown in Fig. 1 illustrates
the abrupt change in the resistance !about 3 orders of mag-
nitude" at the metal-insulator transition, TMI#205 K.
The hysteretic behavior of the resistivity extends along the
interval 110–205 K and suggests a possible coexistence of
metallic and insulating phases over that temperature range.
Although there is not yet a proper explanation of the change
in the spectral properties of NdNiO3 down to temperatures as
low as #0.5TMI !Ref. 22", they appear to be related to elec-
tronic inhomogeneities in that temperature range. On the
contrary, in the compounds with TN!TMI !like SmNiO3 or
EuNiO3" no changes were observed in the photoemission
spectra below TMI !Ref. 22". Figure 1 also shows the hyster-
etic small anomaly in the susceptibility $!T" at TN=TMI.

Synchrotron diffraction data were collected at both sides
of the metal-insulator transition. 50 K is far below the tem-
perature interval with hysteretic behavior of the resistivity.
Diffraction data collected a 290 K !metallic phase" were re-
fined using the orthorhombic Pbnm symmetry. The room

temperature !RT" structure, interatomic distances, and angles
reported in Ref. 3 were confirmed. The corresponding atomic
coordinates are given in Table I. Selected interatomic dis-
tances and angles are shown in Table II, where we have also
reproduced for comparison the values reported in Ref. 3
from neutron data using the Pbnm group. The high angular
resolution of the synchrotron x-ray data allowed us to
determine the cell dimensions with high precision. NdNiO3
cell is highly pseudocubic !a$=5.3871 Å%#b$=5.3826 Å%
#c / &2$=5.3807 Å%"; it is the member of the RNiO3 family
with the highest metric pseudocubicity. This is shown in
Fig. 2, where RT cell parameters and the orthorhombic strain
obtained for NdNiO3 are compared to those of other nick-
elates.

Regarding the insulating phase, we have tested the ortho-
rhombic Pbnm and monoclinic P21 /n symmetries against
the data recorded at 50 K !see Fig. 3". Although differences
in the reliability factors were not huge, we obtained better
fitting indices with the P21 /n than with the Pbnm descrip-
tion: RB=5.26!5.59" and $2=5.07!6.60" in the refined mono-
clinic !orthorhombic" model. However, a more direct and
definitive evidence of the real symmetry was achieved by
visual examination of the high-resolution SPD profile below

TABLE I. !a" Refined atomic coordinates for NdNiO3 at 290 K
in space group Pbnm. !b" Refined atomic coordinates for NdNiO3 at
50 K in space group P21 /n.

!a" a=5.38712!2", b=5.38267!2", c=7.60940!3" Å

Atom x y z
B

!Å2"

Nd !4c" 0.9958!2" 0.0350!1" 1/4 0.65!2"
Ni !4b" 1/2 0 0 0.32!2"
O1 !4c" 0.0692!9" 0.4896!9" 1/4 0.72!8"
O2 !8d" 0.7165!9" 0.2870!9" 0.0394!9" 1.13!9"

Reliability factors
290 K $2 RB Rf

Pbnm 4.53 3.06 4.81

!b" a=5.37783!5", b=5.38846!4", c=7.60511!6" Å,
%=90.061!1"°

Atom x y z
B

!Å2"

Nd !4c" 0.99321!1" 0.03910!7" 0.2495!3" 0.52!2"
Ni1 !2d" 1/2 0 0 0.55!5"
Ni2 !2c" 1/2 0 1/2 0.28!5"
O1 !4e" 0.0752!17" 0.4866!9" 0.2521!29" 0.54!6"
O2a !4e" 0.7143!29" 0.2762!29" 0.0267!16" 0.55!8"
O2b !4e" 0.2187!26" 0.2036!29" 0.9470!17" 0.57!8"

Reliability factors
50 K $2 RB Rf

P21 /n 5.07 5.26 2.93
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FIG. 1. !Color online" Resistance of NdNiO3 !on heating and
cooling" showing an augment of 3 orders of magnitude after forma-
tion of a charge order phase. Inset: kink in the susceptibility related
with the metal-insulator transition and the onset of the antiferro-
magnetic order !TN=TMI". Hysteresis on heating and cooling can be
appreciated.
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Nickelates

Ideally

RNiO3, with R3+, Ni3+ = 3d7 

Local moment and orbital degeneracy

eg
1

t2g
6



Magnetic structure

Neutron scattering

R=Pr, Nd, Ho, Eu, Sm, Y all show the same, 
unusual magnetic structure

k=(1/2,0,1/2) in orthorhombic coordinates, 
equivalent to k=(1/4,1/4,1/4) in cubic ones

unusual pattern: along cubic axes

initially interpreted as evidence for orbital order

...



Charge order

Alonso et al, 1999: “rock salt” charge order

Since seen in R=Y, Nd, Ho, Y, Eu, Tm, Yb, 
Er, Lu, by alternating expansion/
contraction of octahedra via neutrons/x-
rays

negligible Jahn-Teller distortions seen

Implication (observed in Ho, Y, Eu)

... ...



Charge and spin 
order

Torrance et al, 1992

CO

CO+AF



Valence skipping

Mazin et al, 2007: theoretically suggest mixed 
valence state to enhance exchange

and in the fully delocalized limit, the additional Coulomb
energy due to CO is reduced to the Hartree energy, a very
strong reduction. Furthermore, delocalization often leads
to metallization, and thus to screening that further dimin-
ishes the effect of the Coulomb repulsion. This reduction of
the effective U is especially strong in systems with a small
or negative charge-transfer gap and large contribution of
oxygen holes, to which nickelates belong.

Unlike U, the Hund rule coupling JH is hardly sensitive
to delocalization, so that the energy gain associated with
CO is much more robust against band formation. It is also
less sensitive to the value of the charge transfer: in the
itinerant band picture even an incomplete charge transfer
!n < 1 can (and often does) correspond to complete or
nearly complete spin polarization with S ! 1 on one site
and S ! 0 on the other (a band may be fully polarized yet
be composed of a mixture of the Ni1 and Ni2 states). Thus,
there may be a crossover region where the CO schematized
in Fig. 1(b) is stable with respect to both the high-
symmetry phase and the JT state. We will show that this
happens in perovskite nickelates RNiO3, especially with
small rare earths R ! Lu, Y, where low-spin Ni3" ions are
JT ions with the original configuration t62ge

1
g. We will also

identify some other systems where similar effects take place.
Perovskite nickelates with small rare earths exhibit a

metal-insulator transition at a temperature TMI !
640–670 K. Simultaneously the symmetry lowers from
orthorhombic to monoclinic, with two inequivalent Ni
ions [1], Ni2" (t62ge

2
g) and Ni4" (t62ge

0
g) (although the actual

charge disproportionation is much less than one, we can
still use the integer valence values, keeping in mind that
they are quantum numbers of the respective states rather
than actual charges). At lower temperatures these systems
develop a nontrivial ""## antiferromagnetic order [2,3].
With the increase of the ionic radius of R the Ni-O-Ni
bond angle increases, the bands widen, and TMI goes down.
In NdNiO3 and PrNiO3 the insulator-metal and magnetic
transitions occur simultaneously as a first order transition;
but below Tc the same, although weaker, charge segrega-
tion occurs, with a transition to a monoclinic phase [4].
And, finally, in LaNiO3 the bands become so broad that

even the magnetic instability disappears and it remains a
paramagnetic metal down to the lowest temperatures.

The insulator-metal transition and the unusual magnetic
structure in RNiO3 are apparently connected to the charge
disproportionation. Experimentally, the charge ordering
manifests itself in oxygen breathing and in different mag-
netic moments on the two Ni sites, e.g., 1:4"B for Ni4" and
0:7"B for Ni2" in YNiO3 and LuNiO3 [3], respectively, or
1:4"B and 0:6"B for HoNiO3 [5].

A close inspection of these compounds shows that,
contrary to popular believe, they cannot be described as
Mott-Hubbard insulators. It appears that a more conven-
tional band picture gives a better description. In particular,
it is capable of explaining the charge segregation that
occurs in the crossover region between localized and itin-
erant states along the lines outlined above. Indeed, our
band structure calculations [6], Fig. 2, show that optimi-
zation of the nonmagnetic (not allowing magnetic mo-
ments on Ni) crystal structure (relaxing the O positions
keeping the cell dimensions fixed) leads to hardly any
difference between Ni1 and Ni2; at the same time, the O
octahedra become substantially (>5%) JT distorted. The
magnetic solutions (either ferromagnetic or antiferro-
magnetic), with the exchange splitting fully operating,
lead to strong inequivalence of these Ni’s: Ni1 has practi-
cally the configuration t62ge

2
g, and Ni2 t62ge

0
g, corresponding,

respectively, to Ni2" and Ni4". The calculated moments
are 1.25 and 0:28"B, in reasonable agreement with the
experiment. The resulting ratio of the bond valence sumsP

d2
Ni2"#O

=
P

d2
Ni4"#O

! 1:025 is close to the experimen-
tal value of 1.037. These results clearly shows that the
proposed mechanism of charge ordering relies heavily on
the energy gain due to an exchange splitting (Hund’s rule
energy gain), which is actually a local property and does
not strongly depend on the detailed type of magnetic order-
ing (or on the presence of a magnetic long-range order at
all). On the other hand, it requires that the starting state
have an orbital degeneracy, as opposed to other known
cases of charge disproportionation, such as 2Bi4" !
Bi3" " Bi5" or 2Pb3" ! Pb2" " Pb4", where the insta-
bility is due to the atomic tendency to have either fully
empty or fully occupied shells.

According to the presented scenario, RNiO3 compounds
may be treated as band insulators with a gap forming be-
tween the spin-up eg band of Ni2" and the (hardly spin-
polarized) eg band of Ni4" [see Fig. 2 (bottom)], as op-
posed to earlier interpretations in terms of a Mott-Hubbard
gap [7], a Ni-O charge-transfer gap [8], or an inhomoge-
neous phase [9]. Since local density approximation (LDA)
calculations usually underestimate the value of the energy
gap but correctly reproduce the trend in its pressure de-
pendence, we decided to check the resulting picture ex-
perimentally by studying the behavior of RNiO3 under
pressure.

A Mott (or charge-transfer) insulator and a band insula-
tor behave differently under pressure. The former usually

 

FIG. 1 (color online). Schematic electronic level diagram of Ni
ions in RNiO3 in two cases: (a) two JT distorted Ni3" ions
(energy gain EJT per site), and (b) charge disproportionation.
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Valence skipping

Mazin et al, 2007: theoretically suggest mixed 
valence state to enhance exchange

But: Why the complex magnetic ordering 
pattern?

and in the fully delocalized limit, the additional Coulomb
energy due to CO is reduced to the Hartree energy, a very
strong reduction. Furthermore, delocalization often leads
to metallization, and thus to screening that further dimin-
ishes the effect of the Coulomb repulsion. This reduction of
the effective U is especially strong in systems with a small
or negative charge-transfer gap and large contribution of
oxygen holes, to which nickelates belong.

Unlike U, the Hund rule coupling JH is hardly sensitive
to delocalization, so that the energy gain associated with
CO is much more robust against band formation. It is also
less sensitive to the value of the charge transfer: in the
itinerant band picture even an incomplete charge transfer
!n < 1 can (and often does) correspond to complete or
nearly complete spin polarization with S ! 1 on one site
and S ! 0 on the other (a band may be fully polarized yet
be composed of a mixture of the Ni1 and Ni2 states). Thus,
there may be a crossover region where the CO schematized
in Fig. 1(b) is stable with respect to both the high-
symmetry phase and the JT state. We will show that this
happens in perovskite nickelates RNiO3, especially with
small rare earths R ! Lu, Y, where low-spin Ni3" ions are
JT ions with the original configuration t62ge

1
g. We will also

identify some other systems where similar effects take place.
Perovskite nickelates with small rare earths exhibit a

metal-insulator transition at a temperature TMI !
640–670 K. Simultaneously the symmetry lowers from
orthorhombic to monoclinic, with two inequivalent Ni
ions [1], Ni2" (t62ge

2
g) and Ni4" (t62ge

0
g) (although the actual

charge disproportionation is much less than one, we can
still use the integer valence values, keeping in mind that
they are quantum numbers of the respective states rather
than actual charges). At lower temperatures these systems
develop a nontrivial ""## antiferromagnetic order [2,3].
With the increase of the ionic radius of R the Ni-O-Ni
bond angle increases, the bands widen, and TMI goes down.
In NdNiO3 and PrNiO3 the insulator-metal and magnetic
transitions occur simultaneously as a first order transition;
but below Tc the same, although weaker, charge segrega-
tion occurs, with a transition to a monoclinic phase [4].
And, finally, in LaNiO3 the bands become so broad that

even the magnetic instability disappears and it remains a
paramagnetic metal down to the lowest temperatures.

The insulator-metal transition and the unusual magnetic
structure in RNiO3 are apparently connected to the charge
disproportionation. Experimentally, the charge ordering
manifests itself in oxygen breathing and in different mag-
netic moments on the two Ni sites, e.g., 1:4"B for Ni4" and
0:7"B for Ni2" in YNiO3 and LuNiO3 [3], respectively, or
1:4"B and 0:6"B for HoNiO3 [5].

A close inspection of these compounds shows that,
contrary to popular believe, they cannot be described as
Mott-Hubbard insulators. It appears that a more conven-
tional band picture gives a better description. In particular,
it is capable of explaining the charge segregation that
occurs in the crossover region between localized and itin-
erant states along the lines outlined above. Indeed, our
band structure calculations [6], Fig. 2, show that optimi-
zation of the nonmagnetic (not allowing magnetic mo-
ments on Ni) crystal structure (relaxing the O positions
keeping the cell dimensions fixed) leads to hardly any
difference between Ni1 and Ni2; at the same time, the O
octahedra become substantially (>5%) JT distorted. The
magnetic solutions (either ferromagnetic or antiferro-
magnetic), with the exchange splitting fully operating,
lead to strong inequivalence of these Ni’s: Ni1 has practi-
cally the configuration t62ge

2
g, and Ni2 t62ge

0
g, corresponding,

respectively, to Ni2" and Ni4". The calculated moments
are 1.25 and 0:28"B, in reasonable agreement with the
experiment. The resulting ratio of the bond valence sumsP

d2
Ni2"#O

=
P

d2
Ni4"#O

! 1:025 is close to the experimen-
tal value of 1.037. These results clearly shows that the
proposed mechanism of charge ordering relies heavily on
the energy gain due to an exchange splitting (Hund’s rule
energy gain), which is actually a local property and does
not strongly depend on the detailed type of magnetic order-
ing (or on the presence of a magnetic long-range order at
all). On the other hand, it requires that the starting state
have an orbital degeneracy, as opposed to other known
cases of charge disproportionation, such as 2Bi4" !
Bi3" " Bi5" or 2Pb3" ! Pb2" " Pb4", where the insta-
bility is due to the atomic tendency to have either fully
empty or fully occupied shells.

According to the presented scenario, RNiO3 compounds
may be treated as band insulators with a gap forming be-
tween the spin-up eg band of Ni2" and the (hardly spin-
polarized) eg band of Ni4" [see Fig. 2 (bottom)], as op-
posed to earlier interpretations in terms of a Mott-Hubbard
gap [7], a Ni-O charge-transfer gap [8], or an inhomoge-
neous phase [9]. Since local density approximation (LDA)
calculations usually underestimate the value of the energy
gap but correctly reproduce the trend in its pressure de-
pendence, we decided to check the resulting picture ex-
perimentally by studying the behavior of RNiO3 under
pressure.

A Mott (or charge-transfer) insulator and a band insula-
tor behave differently under pressure. The former usually

 

FIG. 1 (color online). Schematic electronic level diagram of Ni
ions in RNiO3 in two cases: (a) two JT distorted Ni3" ions
(energy gain EJT per site), and (b) charge disproportionation.
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Naive expectations

Rock-salt ordering of Ni2+ ions forms an fcc 
lattice

FCC antiferromagnet is degenerate and 
orders at (keeping original cubic conventions) 

Q=(1/2,0,q) - usually (1/2,0,0) 

But Q=(1/4,1/4,1/4) found experimentally

“type I AF”



Outline
Introduction to Mott transitions and charge/spin order in the 
RNiO3 nickelates 

Hubbard model

itinerant limit: spin-density wave

Landau analysis of spin and charge order

role of orthorhombicity

Localized limit

spin and charge order

Other tests for itinerant versus localized physics



Hubbard Model

A minimal model to consider is 
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Phase Diagram

Which is more appropriate starting point? 
and how do we tell experimentally?

U/t

JH/t

metal
intermediate correlation

strongly correlated insulator

(localized)

(itinerant)
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Which is more appropriate starting point? 
and how do we tell experimentally?
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Itinerant Limit

?Ho



Keep just σ-bonding for 2 eg bands

Tight-binding model
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Comparison w/ LDA

N. Hamada, 1993

Best fit 

t=0.75 eV

t’/t=0.07

Fits reasonably well the bands crossing the 
Fermi energy, but misses some (t2g) states 
below

NORIM HAMADA 

w 
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Figure 1: Band structure of a cubic LaNiOs with a lattice parameter of 3,88A. The origin of 
energy is taken at the Fermi energy. 

M V  
Figure 2: Fermi surfaces of a cubic LaNKIs: (a) a electron pocket at the I? point contain~g 0.04 
electrons, and (b) a large hole Fermi surface around the R point containing 1.04 holes inside. 
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Variation with t’/t

Fermi surfaces

t’/t
0.24 0.06

t’/t = 0.25 t’/t = 0.15 t’/t = 0



Comparisons

to the Ni 3d t2g bands. In addition, EDCs for 600–660 eV
clearly show a dispersive band crossing at the EF !arrows"
around the ! point. This dispersive band originates in Ni 3d
eg states and forms a small electron pocket as predicted by
the local-density approximation !LDA" band calculation. The
band disappears for energies below 600 eV and above 660
eV photon energy and an increase in intensity is observed
close to the M point at h"=570 and 700 eV.

Figure 2!a" shows the FS mapping in a vertical !kz-kx"
plane “#” of Brillouin zone as shown in Fig. 1!a", which is
obtained by a plot of the integrated intensity from !0.05 to
0.05 eV binding energy in EDCs. A small circle centered at !
point is observed, while no intensity is observed around the
X point. The existence of a nearly spherical small FS cen-
tered at ! point, corresponding to the electron FS, was pre-
dicted by band calculations.24 From photon energy
!kz"-dependent ARPES measurements, we can decide the
photon energy tracing the !-X and X-M directions as shown
in Fig. 1!b". In order to observe the in-plane cuts of the FSs,

we measured ARPES at a fixed photon energy of 630 eV
!kz#0" and 710 eV !kz#$ /c". The FS mapping in horizon-
tal !kx-ky" planes “%” and “&” of Brillouin zone in Fig. 1!a"
was obtained as shown in Figs. 2!b" and 2!c". In “%” plane,
the small electron FS around ! point is again observed. This
result indicates that the 3D spherelike FS around ! point can
be observed by ARPES experimentally. The squarelike in-
tense area around M points obtained from raw data without
symmetrization corresponds to the projection of the hole FS
centered at R point. In “&” plane, no small FS is observed.
Instead large FSs centered at R point were observed. From
the complete data set of energy and angle-dependent FS
maps, the experimental FS obtained by soft x-ray ARPES is
in overall agreement with that predicted by the band
calculation.24 However, the actual band dispersions reveal an
important difference in electron and hole FSs as discussed in
the following.

In order to discuss the band structures forming these FSs,
we measured the ARPES in the high-symmetry lines with
detailed momentum steps and an energy resolution 'E
#150 meV. The EDCs $Figs. 3!a" and 3!b"% and the inten-
sity plots $Figs. 3!c" and 3!d"% along !-X and R-M directions
are shown in Fig. 3. The FS crossing kF points are labeled as
kF1-kF4. The intensity plots in both directions $Figs. 3!c" and
3!d"% show an intense feature around 0.0–0.2 eV at ! and M
points, corresponding to the electron band and the hole band
derived from Ni 3d eg states, respectively. While the band
bottom at M point is around 0.25 eV, the band bottom at !
point is not at 0.25 eV. The intensity remains in high binding-
energy region !about 0.5–1.0 eV" at ! point $Fig. 3!c"%, in-
dicating that the bands extend to high binding energies. Be-
cause the t2g bands also appear above 0.5 eV at X point, the

FIG. 2. !Color online" Fermi-surface mapping in !a" a vertical
!kz-kx" plane “#” and !b" horizontal !kx-ky" planes “%” and !c" “&”
of Brillouin zone in Fig. 1!a". Solid white lines correspond to the
cubic Brillouin zone and dotted white lines correspond to the high-
symmetry lines. kF1-kF4 indicate the MDC peak positions at EF in
Figs. 3!c" and 3!d". Blue !gray" lines show nesting character hole
FSs. All the intensity maps are measured data over the displayed
range and no symmetrization has been used to obtain the maps.
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FIG. 3. !Color online" !a" and !b" EDCs along !-X and R-M
direction, respectively. !c" and !d" The intensity maps of EDCs.
kF1-kF4 indicate the MDC peak positions at EF.
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soft x-ray ARPES, R. Eguchi et al, 2009
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Nesting

Large fermi surface contains rather flat 
portions

Approximate “nesting” leads to a large 
susceptibility at some wavevectors, and a 
tendency to CDW or SDW order



Susceptibility

Susceptibility is peaks for k=(k,k,k), with 
k≈0.4π (close to π/2), for the FS closest to 
ARPES

Due to JH, this drives a Spin Density Wave 
instability (in e.g. RPA)
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Hartree-Fock

Two SDW phases appear

PM+M : paramagnetic metal
SM : semimetal+SDW
SDW+CO+I : spin density wave + 
charge ordering + insulator
SDW+M : spin density wave + metal

Ɵ = π/4

0 < Ɵ < π/4

Ɵ =0 

SDW

n.b. calculated for ideal cubic structure



Outline
Introduction to Mott transitions and charge/spin order in the 
RNiO3 nickelates 

Hubbard model

itinerant limit: spin-density wave

Landau analysis of spin and charge order

role of orthorhombicity

Localized limit

spin and charge order

Other tests for itinerant versus localized physics



Landau Theory

SDW order parameter

�Si� = Re
�
ψeiQ·ri

�
in reality there are 4 (2) 
equivalent Qa by cubic 
(orthorhombic) 
symmetry, but we expect 
the system to choose only 
one to order into



Landau Theory

SDW order parameter

Charge order parameter

Symmetry allows the term

�Si� = Re
�
ψeiQ·ri

�

�ni� = (−1)xi+yi+ziΦ

F = λΦRe [ψ · ψ]

Φ ∝ Re [ψ · ψ]



Cubic symmetry

Landau free energy

Physics of u2:

u2<0: collinear state

u2>0: spiral state

F = rψ∗ · ψ + u1 (ψ∗ · ψ)2

+u2 |ψ · ψ |2 + u3

�
(ψ · ψ)2 + h.c.

�



Cubic symmetry

Landau free energy

Physics of u2:

u2<0: collinear state

u2>0: spiral state

F = rψ∗ · ψ + u1 (ψ∗ · ψ)2

+u2 |ψ · ψ |2 + u3

�
(ψ · ψ)2 + h.c.

�



Cubic symmetry

Landau free energy

Physics of u3:

fixes phase of SDW

find θ=0 or π/4

F = rψ∗ · ψ + u1 (ψ∗ · ψ)2

+u2 |ψ · ψ |2 + u3

�
(ψ · ψ)2 + h.c.

�

ψ = |ψ|n̂eiθ

F = constant +u3|ψ|4 cos 4θ



SDW states

Look along <100> axis

θ=0

θ=π/4

max Φ

Φ=0

“site centered”

“bond centered”



“site centered” “bond centered”

m1=m, m2=0 m1=m2=m
“MCO” “OCO”c.f. Mizokawa et al, 2000

Cubic lattice



Magnetic structures

Refinements give no materials with 
momentless Ni sites

material m1(µB) m2(µB) Reference

Ho 1.4 0.6 PRB 64, 144417 (2001)

Y 1.4 0.7 PRL 82, 3871 (1999)

Eu 1.2 1.2 PRB 57, 456(1998)

Sm 0.9 0.9* PRB 57, 456(1998)

Nd 0.9 0.9* PRB 50, 978 (1994)

Pr 0.9 0.9* PRB 50, 978 (1994)

* observed charge order is inconsistent with equal moments



Orthorhombic 
Distortion

1918 J B Goodenough

Figure 2. Cooperative MX6/2 rotations giving (a) tetragonal (projection on (001) of MX3 array),
(b) rhombohedral and (c) orthorhombic (Pbnm axes) symmetry. Note: Pbnm axes a, b, c, become
c, a, b, in Pnma.

The equilibrium (A–X) and (M–X) bond lengths are calculated for ambient conditions
from the sums of the ionic radii available in tables [1]; they were obtained from x-ray data taken
at room temperature and ambient pressure. Since the (A–X) and (M–X) bonds have different
thermal expansions and compressibilities, t = t (T , P ) is unity only at a single temperature for a
given pressure. A larger thermal expansion of the (A–X) bonds makes dt/dT > 0 except where
a spin-state transition occurs on the M cation. Normally the (A–X) bond is more compressible
than the (M–X) bond [2–4], which makes dt/dP < 0; but where transition-metal M atoms
have 3d electrons that approach or enter the crossover from localized to itinerant electronic
behaviour, the (M–X) bond may be more compressible and give a dt/dP > 0 [5].

A t < 1 places the (M–X) bonds under compression and the (A–X) bonds under tension.
The structure alleviates these stresses by a cooperative rotation of the MX6/2 octahedra that
lowers the space group symmetry from cubic (Pm3̄m). Glazer [6] identified 15 tilt systems
that are possible and their space groups; he also provided a notation for their description that,
for simplicity, is not employed in this review. The common rotations are about a cubic [001]
axis to give the tetragonal (I4/mcm if rotations of successive (001) planes are out of phase and
P 4/mbm if these rotations are in-phase) symmetry of figure 2(a), about a cubic [111] axis to
give the rhombohedral (R3̄c if the rotation in successive (111) planes are out of phase and Im3̄
if these rotations are in phase) symmetry of figure 2(b), or about a cubic [110] axis to give

orthorhombicity



Orthorhombicity

Orthorhomic distortion quadruples the unit cell 
and allows an additional term:

In the collinear SDW this becomes

Now the minima are at 

u3<0: θ=0

u3>0: θ=π/4 + δ, with δ ~ v/u

Fortho = v (ψ · ψ + h.c. )

Fortho = v|ψ|2 cos 2θ



SDW states

Look along <100> axis

Charge order grows with orthorhombicity!

θ=0

θ=π/4
+ δ 

max Φ

Φ ∝ δ

“site centered”

“off center” 
develops unequal 
moments and CO

zero moments 
due to I center



Unequal moments

orthorhombicity



Hartree-Fock
With orthorhombicity, charge order is 
everywhere

But, there are still 2 types of magnetic states

PM+M : paramagnetic metal
SM : semimetal+SDW
SDW+CO+I : spin density wave + 
charge ordering + insulator
SDW+M : spin density wave + metal

Ɵ = π/4

0 < Ɵ < π/4

Ɵ =0 

SDW+CO

θ=π/4±δθ=0

↑0↓0 ↑↑↓↓



Outline
Introduction to Mott transitions and charge/spin order in the 
RNiO3 nickelates 

Hubbard model

itinerant limit: spin-density wave

Landau analysis of spin and charge order

role of orthorhombicity

Localized limit

spin and charge order

Other tests for itinerant versus localized physics



Back to the Mott 
Transition

What about the separation of charge and spin 
ordering for smaller rare earths?

?Ho



Phase Diagram

Which is more appropriate starting point? 
and how do we tell experimentally?

U/t

JH/t

metal
intermediate correlation

strongly correlated insulator

(localized)

(itinerant)

look here



Strong Coupling 
Approach

Consider perturbation theory in the hopping

t=t’=0:

E=2U-3JH/2 E=4U-2JH



Strong Coupling 
Approach

Consider perturbation theory in the hopping

t=t’=0:

E=2U-3JH/2 E=4U-2JH

U/t

JH/t

metal

intermediate correlation

(itinerant)

JH=4Upaired

electrons are bound 
into S=1 bosonic pairs



Ordering of pairs

Half of sites should be occupied (Ni2+)

or or...



Half of sites should be occupied (Ni2+)

At second order in hopping, the ordering is 
determined to be of rock salt (fcc) type

virtual hopping processes favor Ni2+ 
neighboring Ni4+

TCO ~ t2/JH

Ordering of pairs

or or...



Magnetism

The spin of each Ni2+ electron pair is totally free 
at O(t2/JH)

exchange coupling sets TAF ~ t4/JH3 << TCO

J1 FM J2 AF



Magnetism

The spin of each Ni2+ electron pair is totally free 
at O(t2/JH)

exchange coupling sets TAF ~ t4/JH3 << TCO

Gives Q=(1/4,1/4,1/4) when |J2| > |J1| (needs t’)

J1 FM J2 AF

But: the ↑0↓0 state is expected here



Put it together

Strong coupling picture agrees with HF

PM+M : paramagnetic metal
SM : semimetal+SDW
SDW+CO+I : spin density wave + 
charge ordering + insulator
SDW+M : spin density wave + metal

Ɵ = π/4

0 < Ɵ < π/4

Ɵ =0 

SDW+CO

θ=π/4±δθ=0

↑0↓0 ↑↑↓↓

↑0↓0



Put it together

Strong coupling picture agrees with HF

Off-center SDW seems most compatible with expt

PM+M : paramagnetic metal
SM : semimetal+SDW
SDW+CO+I : spin density wave + 
charge ordering + insulator
SDW+M : spin density wave + metal

SDW+CO

Ɵ = π/4

0 < Ɵ < π/4

Ɵ =0 

θ=π/4±δθ=0

↑0↓0 ↑↑↓↓

↑0↓0
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Itinerant vs. 
Localized?

How to tell?

Magnetism: “off center” SDW (itinerant) vs. 
“site centered” SDW (localized)

Order of phase transitions (1st order)

Other ways?

Electronic structure

Heterostructures: response of charge+spin 
order to confinement, strain

c.f. arXiv:1008.2373v1



Electronic 
structure

Another way to distinguish two SDWs is by 
electronic properties

c.f. DOS (cubic symmetry taken here)

Ɵ = π/4

0 < Ɵ < π/4

Ɵ =0 
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semi-metal state
In Hartree-Fock, one finds a semi-metallic 
solution in the cubic system

This corresponds to the bond-centered SDW, 
and essentially electrons of one spin 
polarization are confined to a pair of 
parallel <111> planes

This forms a honeycomb lattice

looks familiar?



Hartree-Fock
graphene-like band structure!

protected by topology and inversion symmetry

but: orthorhombic distortion will open up a gap

t’=0 t’=0.15

<111>



Hartree-Fock

small gap opens with orthorhombicity

before after

<111>



Anisotropy
SDW wavevectors

Transport along Q is the “hard” direction - expect large 
in-plane anisotropy for a single-domain film

cubic unit cell 4 wavevectors top down view



Films, Interfaces

Landau analysis can be readily adapted:

include terms reflecting lowered symmety

Example: interface

z-translation symmetry is removed

leads to “two-q” state near interface

Similar effects can lead to switching of SDW 
wavevector and hence can turn charge order on/off

δF = λ
�
eiα ψ1 ·ψ3 + c.c.

� Q1 = 1
4 (11̄1̄)

Q2 = 1
4 (1̄11̄)



Nesting

Confinement affects Fermi surfaces

N=4 layers N=3 N=2 N=1



Spin susceptibility

Single layer is enhanced for broad range of t’/t

N=3 layers is peaked at 2π(1/4,1/4,1/8)

Confined subbands N=1( 2d case)
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Summary
Theory of the nickelates must bridge the gap between itinerant 
and localized behavior

There are sharp ways to define the two regimes, that can be 
experimentally distinguished

“site centered” versus “off-center” magnetic order

electronic structure

behavior in heterostructures

These methods can readily be applied to heterostructures and 
interfaces, and lead to testable predictions

e.g. Expect conductivity anisotropy enhanced in SDW state

Reference: arXiv:1008.2373v1


