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Spin and charge ordering in self-doped Mott insulators

T. Mizokawa, D. I. Khomskii, and G. A. Sawatzky
Solid State Physics Laboratory, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Neth

~Received 20 January 2000!

We have investigated possible spin and charge ordered states in 3d transition-metal oxides with small or
negative charge-transfer energy, which can be regarded as self-doped Mott insulators, using Hartree-Fock
calculations ond-p-type lattice models. It was found that an antiferromagnetic state with charge ordering in
oxygen 2p orbitals is favored for relatively large charge-transfer energy and may be relevant for PrNiO3 and
NdNiO3. On the other hand, an antiferromagnetic state with charge ordering in transition-metal 3d orbitals
tends to be stable for highly negative charge-transfer energy and can be stabilized by the breathing-type lattice
distortion; this is probably realized in YNiO3.
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The electronic structure of 3d transition-metal oxides is
described by Zaanen-Sawatzky-Allen~ZSA! scheme1 in
which they are classified into two regimes according to
relative magnitude of the oxygen-to-metal charge-trans
energyD and thed2d Coulomb interaction energyU. While
the magnitude of the band gap is given byU in the Mott-
Hubbard regime, it is given byD in the charge-transfer re
gime D,U. 3d transition-metal oxides with high valenc
generally have very small or negative charge-transfer ene
D and fall in a region which is not included in the ZS
scheme.2 Actually, perovskite-type 3d transition-metal ox-
ides such as LaCu31O3,3 PrNi31O3,4 and SrFe41O3 ~Ref. 5!
have been studied by high-energy spectroscopy and h
been found to have very small or even negative char
transfer energyD.

With small or negativeD, the highest part of the oxyge
2p bands can overlap with the lowest part of the upper H
bard band constructed from the transition-metal 3d orbitals
so that some holes are transferred from the 3d orbitals to the
2p orbitals in the ground state. This state can be viewed
self-doped state of a Mott insulator6 such as has recentl
been suggested for CrO2.7 The properties of such system a
far from clear and can be very rich. It can be a paramagn
metal, a ferromagnetic~FM! metal, and a nonmagnetic insu
lator similar to Kondo-insulators.6 However, there exists an
other possibility which has not been explored until now:
may have charge ordering or charge-density wave. It is p
sible that, in a self-doped state of a Mott insulator, holes
the oxygen 2p orbitals undergo charge ordering just lik
doped Mott insulators such as La22xSrxNiO4.8 In this paper,
we study this possibility using model Hartree-Fock~HF! cal-
culation and show that spin and charge ordered states
appear in perovskites with negativeD. Based on the calcu
lations, we argue that this phenomena occurs in perovsk
containing Fe41(CaFeO3)~Ref. 9! and Ni31(RNiO3 whereR
is a rare earth!.10 Specifically, we consider the latter system
properties of which, especially its strange magnetic prop
ties, have remained a puzzle until now.4,11

We use the multibandd-p model with 16 Ni sites in
which full degeneracy of the Ni 3d orbitals and the oxygen
2p orbitals are taken into account.12 The Hamiltonian is
given by
PRB 610163-1829/2000/61~17!/11263~4!/$15.00
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di ,ms
1 are creation operators for the 3d electrons at sitei.

dk,ms
1 and pk,ls

1 are creation operators for Bloch electro
with wave vectork which are constructed from themth com-
ponent of the 3d orbitals and from thel th component of the
2p orbitals, respectively. The intra-atomic Coulomb intera
tion between the 3d electrons is expressed using Kanam
parametersu,u8, j and j 8.13 The transfer integrals betwee
the transition-metal 3d and oxygen 2p orbitals Vk,lm

pd are
given in terms of Slater-Koster parameters (pds) and
(pdp). The transfer integrals between the oxygen 2p orbit-
alsVk,l l 8

pp are expressed by (pps) and (ppp). Here, the ratio
(pds)/(pdp) is 22.16. (pps) and (ppp) are fixed at
20.60 and 0.15 eV, respectively, for the undistorted latti
When the lattice is distorted, the transfer integrals are sca
using Harrison’s law.14 The charge-transfer energyD is de-
fined by ed

02ep1nU, whereed
0 and ep are the energies o

the bare 3d and 2p orbitals and U(5u220/9j ) is the
multiplet-averagedd2d Coulomb interaction.D, U, and
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(pds) for PrNiO3 are 1.0, 7.0, and21.8 eV, respectively,
which are taken from the photoemission study.4

The formally Ni31 ~low-spin d7) compoundsRNiO3 ex-
hibit a metal-insulator transition as a function of temperat
and the size of theR ion.10 Among them, PrNiO3 and
NdNiO3 are antiferromagnetic insulators below the met
insulator transition temperature. Neutron-diffraction study
PrNiO3 and NdNiO3 has shown that the magnetic structu
has a propagation vector of~1/2,0,1/2! with respect to the
orthorhombic unit cell or is a up-up-down-down stacking
the ferromagnetic planes along the~1,1,1! direction of the
pseudocubic lattice@see Fig. 1~a!#.11 In order to explain the
magnetic structure, orbital ordering of thex22y2 and 3z2

2r 2 orbitals has been proposed because one of theeg orbit-
als is occupied in the low-spind7 configuration.11 However,
previous model HF calculations have shown that the orb
ordered state ofx22y2/3z22r 2 type has a relatively high
energy, suggesting that orbital ordering is not responsible
the magnetic structure.12

The photoemission study of PrNiO3 has shown that the
charge-transfer energyD of PrNiO3 is ;1 eV and that the
ground state is a mixture of thed7 andd8L configurations,
whereL denotes a hole at the oxygen 2p orbitals. Since the
ground state has a large amount of oxygen 2p holes, it is also
possible to describe it starting from thed8L state. In this
picture, the system can be viewed as a self-doped Mott in
lator and the antiferromagnetic and insulating state
PrNiO3 and NdNiO3 may be interpreted as a spin and char
ordered state in the self-doped Mott insulator. Indeed,
calculations confirmed the existence of such ordered st
which are consistent with the neutron diffractio
measurement. They are illustrated in Fig. 1. In the st
shown in Fig. 1~a!, half of the oxygen sites have more hol
than the other half. The excess holes located at the oxy
sites cause the ferromagnetic coupling between the neigh
ing two Ni spins. Therefore the up-up-down-down stacki
of the ferromagnetic planes along the~1,1,1! direction is re-
alized without orbital ordering. On the other hand, all the
sites have the same number of 3d electrons. Let us denot
this state as an oxygen-site charge-ordered~OCO! state. In
the state shown in Fig. 1~b!, while all of the oxygen sites are

FIG. 1. Schematic spin and charge orderings~a! for the oxygen-
site charge-ordered~OCO! and ~b! for metal-site charge-ordere
~MCO! states. The arrows and the circles indicate the Ni spins
the oxygen 2p holes, respectively. The larger and smaller circ
are for the hole-rich and hole-poor oxygen sites, respectively.
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occupied by the same amount of holes, half of the Ni si
have more 3d electrons than the other half. This state can
called a metal-site charge-ordered~MCO! state.

In Fig. 2~a!, the energies of the spin and charge orde
states relative to the FM and metallic state are plotted
functions of the charge-transfer energyD for the cubic per-
ovskite lattice. ForD<1 eV, the OCO and MCO states ex
ist as stable solutions. The OCO state is lower in energy t
the MCO state for25 eV<D<1 eV. At D527 eV, the
OCO and MCO states are almost degenerate in energy.
result indicates that, as the charge-transfer energyD de-
creases, the MCO state becomes favored compared to
OCO state. In Fig. 2~b!, the energies of the OCO and MCO
states relative to the FM state are plotted for the perovs
lattice with the orthorhombic distortion which is due to th
tilting of the NiO6 octahedra as previously studied by M
zokawaet al.4 Here, the tilting angle is 15° which is a typica
value found inRNiO3.10 At D527 eV, the MCO state is
slightly lower in energy than the OCO state, indicating th
the orthorhombic distortion or the GdFeO3-type distortion
favors the MCO state. However, forD>25 eV, the OCO
state has lower energy than the MCO state even with
substantial distortion. Since, in PrNiO3 and NdNiO3, every
Ni site has the same magnitude of the magnetic moment,11 it
is reasonable to attribute the antiferromagnetic and insula
state in PrNiO3 and NdNiO3 to the OCO state. In the presen
model calculation without lattice distortions, the OCO sta
is higher in energy than the FM and metallic state for re

d

FIG. 2. Energies of the OCO and MCO states relative to
ferromagnetic and metallic state as functions of the charge-tran
energyD ~a! for the cubic perovskite lattice and~b! for the perov-
skite lattice with the orthorhombic distortion.
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istic D. However, since the charge ordering at the oxyg
sites is expected to strongly couple with a lattice relaxati
a structural modulation may stabilize the OCO state as
cussed in the following paragraphs.

The number of 3d holesNd
h and spinSd at the Ni sites are

plotted as functions ofD in Fig. 3~a!. In the OCO state,Nd
h is

uniform at all the Ni sites. AsD decreases,Nd
h becomes

smaller because the transfer of holes from the Ni sites to
oxygen sites increases. In these solutions,Nd

h are approxi-
mately two and the population of thedx22y2 orbital is the
same as that of thed3z22r 2 orbital, indicating that, in the
OCO state, Ni is essentially12 and the orbital degeneracy
lifted. On the other hand,Nd

h are 2.00 and 2.28 in the MCO
state forD51 eV. The Ni sites withNd

h of 2.00 have the
spinSd of 0.80 and are Ni21 as those in the OCO state. Th
Ni sites withNd

h of 2.28 have no spin and is well describe
by thed8L2 state which can hybridize with the low-spind6

state. In this sense, the Ni sites can be viewed as Ni41-like
~low-spin d6) sites. Therefore the MCO state is a kind
charge disproportionated state in which two Ni31 sites are
turned into the Ni21-like and Ni41-like sites as pointed ou
by Solovyev et al. based on local-density approximatio
~LDA !1U calculation.15 An antiferromagnetic ordering o
magnetic Ni21-like sites @see Fig. 1~b!# is also consisten
with the neutron-diffraction results.11 As D decreases, the
difference ofNd

h between the Ni21-like and Ni41-like sites
becomes smaller in the MCO state. The difference alm
disappears atD527 eV, where the MCO state is almo
degenerate in energy with the OCO state. Here, it is inter

FIG. 3. ~a! Number of 3d holesNd
h and spinSd at the Ni sites as

functions of the charge-transfer energyD. ~b! Number of 2p holes
Np

h at the oxygen sites as functions of the charge-transfer energD.
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ing to note that the charge disproportionation of 2Fe41

→Fe311Fe51 has been observed in CaFeO3,9 which has
highly negative charge-transfer energyD.5 The number of
2p holesNp

h at the oxygen sites are plotted as functions ofD
in Fig. 3~b!. The OCO state has the hole-rich and hole-po
oxygen sites. ForD of 1 eV, Np

h is ;0.33 at the hole-rich
oxygen sites and is;0.22 at the hole-poor oxygen sites. O
the other hand, in the MCO state,Np

h is uniform at all the
oxygen sites.

Recently, Medardeet al. have observed strong16O-18O
isotope effect on the metal-insulator transition ofRNiO3,16

indicating that the electron-lattice coupling is important
RNiO3. Very recently, Alonsoet al. performed neutron-
diffraction studies of YNiO3 and found the breathing-typ
distortion which may be an indication of charge ordering17

In Fig. 4, the relative energies of the OCO and MCO sta
compared to the ferromagnetic state are plotted forD of

FIG. 4. Energies of the OCO and MCO states relative to the
state as functions of~a! the breathing-type distortion given by th
shift of the oxygen ions,~b! the modulation of the bond length
driven by the shift of the Ni ions, and~c! the modulation of the
bond angle driven by the shift of the oxygen ions.dO anddNi are
the shifts of the oxygen and Ni ions.dNi-O is the Ni-O bond length
for the undistorted lattice.
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21 eV as functions of the various lattice distortions w
which the charge orderings are expected to couple. Here
use D of 21 eV where the MCO state is stable enou
without the lattice distortion and which is reasonably close
the experimental value of PrNiO3. The MCO state become
lower in energy than the FM state with the breathing-ty
lattice distortion as shown in Fig. 4~a!. Here,dO is the shift
of the oxygen ions which gives the breathing-type distorti
The MCO state becomes the lowest in energy for rat
small distortion, indicating that the MCO state coupled w
the breathing-type distortion is relevant for YNiO3. The
OCO state can be stabilized with the modulation of the bo
length which is a consequence of the shift of the Ni ions
shown in Fig. 4~b!. Here, the shifts of the Ni ion are alon
the ~1,1,1! direction and are given by (dNi ,dNi ,dNi) and
(2dNi ,2dNi ,2dNi). Consequently, the Ni-O bond lengt
for the FM coupling becomes shorter and that for the AF
coupling becomes longer. Figure 4~c! shows that the OCO
state is also stabilized by the modulation of the bond an
which is derived from the tilting of the octahedra and t
shift of the oxygen ions. In this model distortion, the N
O-Ni bond angle for the FM coupling is 180° and that for t
AFM coupling is smaller than 180°. In Fig. 4~c!, the relative
energy is plotted as a function of the smaller Ni-O-Ni bo
angle. Although these distortions can stabilize the O
state, we need unreasonably large modulations in orde
make the OCO state lower in energy than the FM state.
need a more realistic model including the elastic energy
identify the lattice distortion realized inRNiO3.

In conclusion, we have studied spin and charge orde
states in self-doped Mott insulators with small or negat
charge-transfer energy. It was found that two types of cha
ordered states are possible: the OCO state with charge o
ing at the oxygen sites and the MCO state with charge
e
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dering at the transition-metal sites. The present HF calc
tion without distortion has shown that the OCO state h
lower energy than the MCO state for moderately smallD and
that the OCO and MCO states are almost degenerate
highly negativeD. Since, in PrNiO3 and NdNiO3, every Ni
site has the same magnitude of the magnetic moment,11 the
antiferromagnetic and insulating state in PrNiO3 and
NdNiO3 can be attributed to the OCO state of the self-dop
Mott insulators. The OCO state in the self-doped Mott ins
lators is interesting in that, even without explicit doping, t
spin ordering at the transition-metal sites and the charge
dering at the oxygen sites coexist and couple with each o
just like the spin and charge ordered states in the doped M
insulators. On the other hand, for YNiO3, the strong
breathing-type distortion stabilizes the MCO state. Here, i
interesting to note thatD of CaFeO3 is highly negative and
can have the MCO state even without the strong beath
type distortion. The charge disproportionated state obser
in CaFeO3 may be regarded as a kind of MCO state in t
self-doped Mott insulators. InRNiO3 and CaFeO3, the ho-
mogeneous state corresponds to an orbitally degenerate
(t2g

6 eg
1 for Ni31 and t2g

3 eg
1 for Fe41). The charge dispropor

tionation observed in CaFeO3 and the OCO and MCO state
for RNiO3 may be another way to get rid of this orbita
degeneracy besides the usual cooperative Jahn-Teller~or or-
bital! ordering.
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