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The spin, charge, and orbital ordering inR0.5A0.5MnO3 andR0.5A1.5MnO4 (R5rare earth,A5Sr, Ca! has
been studied by means of unrestricted Hartree-Fock calculations on the multibandp-d model. Since the
superexchange interaction between the Mn31 and Mn41 sites depends on which type ofeg orbital is occupied
at the Mn31 site, antiferromagnetic states such asA type andCE type favor a specific orbital ordering. It is
shown that the Jahn-Teller distortion consistent with the orbital ordering plays an essential role in stabilizing
the experimentally observed antiferromagnetic states.
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Ferromagnetism and charge ordering in the doped
perovskite-type manganese oxidesR12xAxMnO3 (R5rare
earth,A5Sr, Ca! have attracted revived interest since the
rediscovery of colossal magnetoresistance.1 Extensive stud-
ies of the manganese oxides as a function of the size of the
R and A ions revealed that the GdFeO3-type distortion,
which becomes larger as the size of theR andA ions become
smaller, stabilizes the charge-ordered~CO! state compared
with the ferromagnetic~FM! state. The least distorted
La0.5Sr0.5MnO3 is a FM metal below the Curie temperature
(TC) and a paramagnetic insulator aboveTC without charge
ordering.2 More distorted Pr0.5Ca0.5MnO3 (TCO;230 K!
~Refs. 3 and 4! and Nd0.5Ca0.5MnO3 (TCO;220 K! ~Ref. 5!
become CO insulators below the charge-ordering tempera-
ture (TCO) and do not show ferromagnetism.
La0.5Ca0.5MnO3 (TCO;160 K! ~Refs. 6 and 7! and
Nd0.5Sr0.5MnO3 (TCO;150 K!,8 which are located between
the two extremes, undergo a FM metal to CO insulator tran-
sition on cooling. Most of the CO states in these compounds
haveCE-type AFM order which is well explained by the
model proposed by Goodenough.9 In this model, Mn31 and
Mn41 are arranged like a checkerboard~see Fig. 1! and the
Mn31 sites have a Jahn-Teller~JT! distortion. The charge
ordering and the JT distortion in theCE-type AFM state
have been observed by x-ray and neutron diffraction
measurements.3,6,7 Very recently, a neutron diffraction
study10 of Pr0.5Sr0.5MnO3 @TCO;130 K ~Ref. 11!# showed
thatA-type AFM order sets in belowTCO.

12 In addition to
the three-dimensional perovskites, the AFM CO state has
been observed in the layered perovskite La0.5Sr1.5MnO4,

13

which does not have the GdFeO3-type distortion. It is im-
portant to study how the stability of the CO states is con-
trolled by the lattice distortion of GdFeO3 and JT type. Es-
pecially, an interesting question is how the orbital degrees of
freedom of Mn31, which couples with the JT distortion, af-
fects the FM metallic versus AFM CO insulating behaviors.

Interplay between the magnetic ordering and the JT dis-
tortion has been studied inRMn31O3 by means of model
Hartree-Fock~HF!14 and local-spin-density approximation
~LSDA!15 band-structure calculations. These calculations
have shown that, while the system would be a FM metal

without the JT distortion,RMn31O3 is the A-type AFM
state because of the JT distortion. Since the exchange cou-
pling between Mn31 and Mn41 depends on which type of
eg orbital is occupied at the Mn

31 site, there is an interesting
interplay between the spin and orbital ordering also in the
doped RMn31O3. In this paper, HF calculations for
R0.5A0.5MnO3 andR0.5A1.5MnO4 are presented. The HF cal-

FIG. 1. Upper panel: Spin, charge, and orbital ordering for the
CE-type AFM CO state~a! and for theA-type AFM CO state~b!.
The broken line shows the unit cell for theCE-type AFM CO
order. Lower panel: JT distortions consistent with theCE-type
AFM CO state~c! and theA-type AFM CO state~d!. The dark and
light shaded squares show the Mn13 and Mn14 sites, respectively.
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culations tell us which type of charge and orbital ordering is
favored under a given spin arrangement. We also study the
relative stability of various spin, charge and orbital ordered
states as a function of the lattice distortion of GdFeO3 and
JT type. Based on the result of the calculations, we discuss
which type of orbital ordering and lattice distortion are rel-
evant to stabilize the CO state in the doped manganese ox-
ides.

We have employed the multibandd-p model, where the
tenfold degeneracy of the Mn 3d orbitals and the sixfold
degeneracy of the O 2p orbitals are taken into account.14 The
intra-atomic Coulomb interaction is expressed by Kanamori
parameters,u, u8, j , and j 8.16 The charge-transfer energy
D is defined byed

02ep1nU, whereU (5u220/9j ) is the
multiplet-averagedd2d Coulomb interaction andn53.5 for
R0.5A0.5MnO3 andR0.5A1.5MnO4. The transfer integrals be-
tween the Mn 3d and O 2p orbitals are given in terms of
Slater-Koster parameters (pps), (ppp), (pds), and
(pdp). D, U, and (pds) for LaMnO3 deduced from photo-
emission spectroscopy17 are 4, 5.5, and21.8 eV, respec-
tively. From theD and U values,ed

02ep for LaMnO3 is
evaluated to be218 eV. We have used these values of
(pds) anded

02ep as input for the HF calculations. The ratio
(pds)/(pdp) is fixed at22.16 and (pps) and (ppp) at
20.60 and 0.15 eV, respectively.18 The unit cells for
R0.5A0.5MnO3 andR0.5A1.5MnO4 include 16 and 8 Mn sites,
respectively. We have iterated the self-consistency cycle un-
til successive differences of all the order parameters con-
verged to less that 131024 by sampling 64k points in the
first Brillouin zone.

Firstly, we have performed the unrestricted HF calcula-
tion for the MnO3 perovskite-type lattice with 180° Mn-
O-Mn bond angle to study the spin, charge, and orbital or-
dering inR0.5A0.5MnO3. Without the JT distortion, the FM
state is the lowest in energy and theA type AFM state is the
second lowest@see Fig. 2~a!#. The FM andA-type AFM
states are metallic and are not accompanied by charge order-
ing. The CE-type AFM CO solution with a band gap of
;0.6 eV is obtained but is higher in energy than the FM
andA-type AFM state. In theCE-type AFM CO state, the
Mn31 and Mn41 are interlaced like a checkerboard with-
in the c plane as shown in Fig. 1~a!. Along thec axis, the
same in-plane arrangement of Mn31 and Mn41 is stacked
and the neighboring planes are antiferromagnetically
coupled. The Mn31 sites are accompanied by the
3x22r 2/3y22r 2-type orbital ordering even without the JT
distortion. This is because theeg orbital of the Mn31 site
tends to point the neighboring Mn41 site in order to gain
the kinetic exchange energy. TheCE-type AFM CO
state with the orbital ordering has originally been proposed
by Goodenough9 and has recently been obtained in an
LDA1U calculation19 although its stability relative to the
FM and other AFM CO states has not been studied. It is
interesting to note that the orbital ordering inR0.5A0.5MnO3
is contrasted with that inRMnO3, which is a mixture of the
z22x2/z22y2 type and the 3x22r 2/3y22r 2 type when the
JT distortion is absent.14 The calculated magnetic moments
at the Mn31 and Mn41 sites are 3.79 and 3.65mB , respec-
tively, and the net numbers of 3d electrons at the Mn31 and
Mn41 sites are 4.45 and 4.36, respectively. SinceRMnO3 is

a charge-transfer-type insulator, the net number of 3d elec-
trons at the Mn41 sites is close to that at the Mn31 sites. In
the present calculation, theC-type andG-type AFM CO
states, in which charge and orbital ordering is different from
that of theCE-type AFM CO state, are higher in energy than
theCE-type AFM CO state.

In Fig. 2~a!, we have plotted the energies of theA-type
andCE-type AFM states relative to the FM state as func-
tions of the JT distortion that is consistent with the
3x22r 2/3y22r 2-type orbital arrangement@Fig. 1~c!#. Al-
though the JT distortion causes a slight tilting of the MnO6
octahedra, in this model, we have neglected the tilting and
included only the JT distortion for simplicity. Here,
d(Mn31! and d~Mn41) denote averaged Mn-O bond dis-
tances within thec plane around the Mn31 and Mn41 sites,
respectively.dL~Mn

31) and dS~Mn
31) are the shorter and

longer Mn-O bond distances within thec plane around the
Mn31 site, respectively, satisfying the relationship
2d(Mn31!5dL~Mn

31)1dS(Mn
31). The Mn-O bond dis-

tance along thec axis is kept constant. The transfer integrals
are scaled using Harrison’sd23.5 law.18 The present calcula-
tion shows that theCE-type AFM state is stabilized by the
JT distortion. FordL~Mn

31)/d~Mn31)51.15, the calculated
magnetic moments at the Mn31 and Mn41 sites are 3.85 and
3.45mB , respectively, and the net numbers of 3d electrons at
the Mn31 and Mn41 sites are 4.57 and 4.28, respectively.

FIG. 2. Energies per formula unit of theCE-type andA-type
AFM states relative to the FM state as functions of the JT distortion
for the MnO3 perovskite-type lattice without the in-plane breathing-
type distortion~a! and with it ~b!.
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The difference increases with the JT distortion.
In the A-type AFM CO state, the orbital ordering as

shown in Fig. 1~b! is expected to be favored. The orbital
order couples with the in-plane breathing-type lattice distor-
tion in which the Mn31 ion is expanded and the Mn41 ion is
contracted within theab plane keeping the Mn-O bond dis-
tance along thec axis the same. This breathing-type distor-
tion makes the MnO6 octahedra at the Mn

31 sites expanded
with the ab plane and favors the orbital ordering in which
the x22y2-type orbital is occupied at the Mn31 sites. We
have calculated the energies of theA-type andCE-type
AFM states relative to the FM state with the in-plane
breathing-type lattice distortion. The relative energies as
functions of the JT distortion are shown in Fig. 2~b!. Here,
d~Mn41)/d~Mn31) is fixed at 0.95. Without the JT distor-
tion, theA-type AFM CO state with thex22y2-type orbital
ordering is the lowest in energy and has a band gap of
;0.35 eV. The magnetic moments at the Mn31 and Mn41

sites are calculated to be 3.87 and 3.37mB , respectively, and
the net numbers of 3d electrons at the Mn31 and Mn41 sites
are 4.51 and 4.36, respectively. This state would be related to
the A-type AFM state found in Pr0.5Sr0.5MnO3. However,
the difference in the magnetic moment between the Mn31

and Mn41 sites is not observed in Pr0.5Sr0.5MnO3.
10 Under

the breathing-type lattice distortion, the JT distortion consis-
tent with the 3x22r 2/3y22r 2-type orbital ordering also
makes theCE-type AFM state the lowest in energy.

We have also calculated the energies of theA-type and
CE-type AFM states relative to the FM state in the presence
of the GdFeO3-type distortion, namely, as functions of the
tilting of the MnO6 octaherda or the Mn-O-Mn bond angle.
The result is shown in Fig. 3. Here, the magnitude of the JT
distortion ordL~Mn

31)/d~Mn31) is fixed at 1.05. The tilting
of the MnO6 octaherda does not reduce the energy differ-
ence between the AFM states and the FM state very much.
The present calculations thus indicate that what is essential
to stabilize theCE-type AFM CO state is the JT distortion
and not the reduction of the Mn-O-Mn bond angle. Although
there is no systematic structural study to reveal the relation-
ship between the GdFeO3-type and JT-type distortions, it is
reasonable to assume that the GdFeO3-type distortion causes
not only the reduction of the Mn-O-Mn bond angle but also
the development of the JT distortion inR0.5A0.5MnO3. The

present result gives us a scenario that, as theR andA ions
become smaller, the magnitude of the JT distortion becomes
larger and consequently the JT distortion stabilizes the
CE-type AFM CO state.

We have also performed the model HF calculation using
the MnO4 layered perovskite-type lattice in order to study
the charge ordering inR0.5A1.5MnO4. In Fig. 4, we have
plotted the energy of theCE-type AFM CO state relative to
the FM state as a function of the JT distortion. Without the
JT distortion, the FM state is lower in energy than the
CE-type AFM state which has the 3x22r 2/3y22r 2-type or-
bital ordering as shown in Fig. 1~a!. In R0.5A1.5MnO4, too,
the JT distortion makes theCE-type AFM CO state lower in
energy than the FM state.

In conclusion, we have performed the model HF calcula-
tions forR0.5A0.5MnO3 andR0.5A1.5MnO4. Without the lat-
tice distortion, the FM metallic state is the lowest in energy.
The CE-type AFM state with orbital ordering of the
3x22r 2/3y22r 2-type is much higher in energy than the FM
state. InR0.5A0.5MnO3, the breathing-type distortion stabi-
lizes theA-type AFM state compared with the FM state. On
the other hand, both inR0.5A0.5MnO3 andR0.5A1.5MnO4, the
JT distortion at the Mn31 site, which is consistent with the
3x22r 2/3y22r 2-type orbital ordering, favors theCE-type
AFM CO state compared with the FM andA-type AFM
states. The present calculations show that the JT-type and
breathing-type distortions control the relative stability of the
various AFM CO states and the FM state and that the
GdFeO3 distortion has relatively weak influence on the
charge ordering. It would be useful to apply the present
method to other 3d transition-metal oxides such as nickelates
and cobaltites as well as manganites of other hole concentra-
tion in order to systematically study the interplay between
the spin, charge, and orbital ordering in the doped 3d
transition-metal oxides.
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FIG. 3. Energies per formula unit of theCE-type andA-type
AFM states relative to the FM state as functions of the Mn-O-Mn
bond angle for the MnO3 perovskite-type lattice.

FIG. 4. Energy per formula unit of theCE-type AFM state
relative to the FM state as a function of the JT distortion for the
MnO4 layered perovskite-type lattice.
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