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Magnetic, orbital, and charge ordering in the electron-doped manganites
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The three-dimensional perovskite manganitesR12xAxMnO3 in the range of hole dopingx.0.5 are studied
in detail using a double-exchange model with degenerateeg orbitals including intraorbital and interorbital
correlations and near-neighbor Coulomb repulsion. We show that such a model captures the observed phase
diagram and orbital ordering in the intermediate- to large-bandwidth regimes. It is argued that the Jahn-Teller
effect, considered to be crucial for the regionx,0.5, does not play a major role in this region, particularly for
systems with moderate to large bandwidths. The anisotropic hopping across the degenerateeg orbitals is
essential for the understanding of the ground-state phases of this region, an observation emphasized earlier by
Brink and Khomskii. Based on calculations using a realistic limit of finite Hund’s coupling, we show that the
inclusion of interactions stabilizes theC phase, and the antiferromagnetic metallicA-phase moves closer to
x50.5 while the ferromagnetic phase shrinks, in agreement with recent observations. The charge ordering
close tox50.5 and the effect of reduction of bandwidth are also outlined. The effect of disorder and the
possibility of inhomogeneous mixture of competing states are discussed.
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I. INTRODUCTION

The colossal magnetoresistive manganites have bee
vestigated with renewed vigor in the recent past mainly
cause of their technological importance. It was soon reali
that these systems have a rich variety of unusual electr
and magnetic properties involving almost all the known d
grees of freedom in a solid, viz., the charge, spin, orbital,
lattice degrees of freedom.1–3 Of particular interest have
been the systemsR12xAxMnO3, whereR and A stand for
trivalent rare-earth~e.g., La, Nd, Pr, Sm! and divalent
alkaline-earth ~Ca, Sr, Ba, Pb, etc.! ions, respectively.
Around the region 0.17,x,0.4, electrical transport proper
ties of these systems generically show extreme sensit
towards external magnetic fields with a concomitant pa
magnetic insulator~or poor metal! to ferromagnetic meta
transition at fairly high temperatures~see Ref. 3 and refer
ences therein!. For a long time the dominant paradigm in th
theory of this unusual magnetic field dependence of trans
has been the idea ofdouble exchange4 ~DE! involving the
localized core spins coupled to the itinerant electrons in
Jahn-Teller spliteg level via strong Hund’s exchange. It ha
been realized recently that such a simplifying theoreti
framework may not be adequate to explain several other
lated features involving transport, electronic, and magn
properties.5–9 It was already known that the observed stru
tural distortions and magnetic and orbital orders in these
tems in the regionx.0.5 require interactions not included i
the DE model.10,11

Owing to the observation of colossal magnetoresista
~CMR! in the regionx,0.5 in the relatively narrow-band
width materials at high temperatures, much of the atten
was centered around this region. Only in the last few ye
has the CMR effect been observed in the larger-bandw
materials like Nd12xSrxMnO3 ~Refs. 12 and 13! and
Pr12xSrxMnO3 ~Refs. 14 and 15! in the regionx.0.5. If
0163-1829/2003/68~17!/174416~14!/$20.00 68 1744
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one counts the doping from the sidex51 in
R12xAxMnO3 where all Mn ions are in14 state, then dop-
ing by Ry (y512x) introduces Mn31 ions carrying one
electron in theeg orbitals. This region, therefore, is als
called theelectron-doped region. The charge, magnetic, an
orbital structures of the manganites in the electron-do
regime have already been found to be quite rich16–18and the
coupling between all these degrees lead to stimula
physics.19

In the framework of the conventional DE model with on
eg orbital, one would expect qualitatively similar physics f
x;0 andx;1. On the contrary, experiments reveal a ve
different and asymmetric picture for the phase diagram
tween the regionsx,0.5 andx.0.5. The lack of symmetry
about x50.5 manifests itself most clearly in the magne
phase diagram of these manganites. It has now been sh
quite distinctly13,20–22 that the systems Nd12xSrxMnO3,
Pr12xSrxMnO3, and La12xSrxMnO3 are antiferromagneti-
cally ordered beyondx50.5 while one observes either a m
tallic ferromagnetic state or a charge ordered state with s
gered charge ordering23 in the approximate range 0.25,x
,0.5. This charge-ordered insulating state can be tra
formed into a ferromagnetic metallic state2,14 by the applica-
tion of magnetic fields.

There are several different types of antiferromagne
~AFM! phases with their characteristic dimensionality
spin ordering observed in this regime
La12xSrxMnO3 shows anA-type antiferromagnetic ground
state ~in which ferromagnetically alignedxy planes are
coupled antiferromagnetically! in the range 0.52,x,0.58.
It also shows a sliver of FM phase20 immediately abovex
50.5. In Nd12xSrxMnO3 ~Refs. 13 and 22!, theA-type spin
structure appears atx50.5 and is stable up tox50.62 while
in Pr12xSrxMnO3 ~Refs. 14 and 24!, this region extends
from x50.48 to x50.6. In all these cases, the phase th
abuts theA-type AFM in the region of higher hole doping i
the C-type AFM state, in which antiferromagneticall
©2003 The American Physical Society16-1
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aligned planes are coupled ferromagnetically. TheC-type
AFM phase occupies the largest part of the phase diagra
this region. For even largerx, the C phase gives way to the
three-dimensional antiferromagneticG phase.

The systematics of the phase diagram changes cons
ably as a function of bandwidth in these systems. Rece
Kajimoto et al.25 have quite succinctly summarized th
phase diagrams of various manganites of varying bandwi
across the entire range of doping. Such a phase diagra
shown schematically in Fig. 1~a! after Kajimotoet al.25 The
phase diagram changes considerably with changing b
width. We note that the narrow-bandwidth compounds l
Pr12xCaxMnO3, La12xCaxMnO3, etc., exhibit a region of
CE-type insulating charge-ordered~CO! state aroundx
50.5 whereas the intermediate-bandwidth mate
Nd12xSrxMnO3 shows anA-type antiferromagnetic phase
As one moves towards the larger-bandwidth compounds s
as Pr12xSrxMnO3 and La12xSrxMnO3, a small strip of fer-
romagnetic~F! metallic phase appears atx50.5 ~Refs. 20

FIG. 1. ~a! Schematic phase diagram in the bandwidth vs h
concentration plane in the series of three-dimensional manga
after Kajimotoet al. ~Ref. 25!. The labels represent different mag
netic phases explained in the text. CxE12x stands for an incommen
surate charge-ordered and CE-type spin-ordered phase. In~b! is
shown the phase diagram inz vs hole concentration plane fo
(La12zNdz)12xSrxMnO3 after Akimotoet al. ~Ref. 20!. The effec-
tive bandwidth decreases asz increases. COI stands for charg
ordered insulating phase.
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and 25! followed by theA-type AFM state. In contrast with
the narrow-bandwidth manganites, the relatively wid
bandwidth manganites generally show the following s
quence of spin/charge ordering upon hole doping~in the en-
tire range 0<x<1): insulating A-type AFM → metallic
FM→metallic A-type AFM→ insulating C-type AFM and
finally insulatingG-type AFM states. Clearly, the most im
portant feature here is the absence of CE-type spin/ch
ordering and the presence of a metallicA-type AFM state in
these wider-bandwidth compounds in the region close tx
50.5. It appears that the physics involved in the CE-ty
charge/spin ordering, important for the low-bandwidth sy
tems, is not quite as relevant in this case. In addition, i
also observed in neutron diffraction studies that the meta
A-type AFM state is orbitally ordered21,22 with predominant
occupation ofdx22y2 orbitals. The importance of orbital or
dering has been emphasized previously in several o
experimental13,26–28and theoretical29–33 investigations.

In a detailed observation carried out by Akimotoet al.20

the electronic and magnetic properties of a heavily dop
manganiteR12xSrxMnO3 with R5La12zNdz are studied by
continuously changing the bandwidth. They were able
control the bandwidthchemicallyby the substitution of the
smaller Nd31 ions for the larger La31 ions. By increasingz,
they were able to go continuously from the large-bandwi
La12xSrxMnO3 down to the intermediate-bandwidt
Nd12xSrxMnO3 system. Forz,0.5, there is a metallic FM
phase in the region 0.5,x,0.52. Fromx>0.54 to aboutx
50.58 the ground state isA-type antiferromagnetic metallic
irrespective of the value ofz. They believe that the key facto
that stabilizes theA-type AFM metallic state in such a wid
range ofz is the structure of the twoeg orbitals (dx22y2 and
d3z22r 2) and the anisotropic hopping integral between the
There is no signature of charge ordering or CE-type order
below z50.5 for any x. The CO insulating state appea
abovez50.5 and aroundx50.5 primarily due to the com-
mensuration~between the lattice periodicity and hole co
centration! effect in the low-bandwidth systems. The groun
state phase diagram for doped manganites in thex-z plane
~i.e., doping versus bandwidthplane! is shown in Fig. 1~b!
after Akimotoet al.20

The general inferences from all these measurements
that the physics of the electron-doped region is very differ
from the hole-doped region. In this region, with decreas
bandwidth starting from La12xSrxMnO3 down to
Nd12xSrxMnO3, theF phase shrinks, and theA andC phases
remain nearly unaffected. TheA phase disappears and theC
phase reduces rapidly in the low-bandwidth systems
La12xCaxMnO3 and Pr12xCaxMnO3. The G phase at the
low-electron-doping region seems to remain unaffected
through. It has been seen13,20,22,26that the gradual buildup o
AFM correlations in the electron-doped region is preemp
by the orbital ordering in theA andC phases. Theeg orbitals
and the anisotropic hopping of electrons between them,11,34

must indeed play a significant role given the presence
orbital ordering in much of the phase diagram beyondx
50.5. It is also realized that the effect of lattice could
ignored in the first approximation for these moderate-
large-bandwidth systems in this region of doping.

There have been a large number of reports of charge
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dering and inhomogeneous states12,14,35–39in the regionx
.0.5. These states are quite abundant in the low-bandw
materials. The inhomogeneous states result from the com
ing ground states5,40 ~charge ordered/AFM and FM prima
rily ! that lead to first-order phase transitions with a disco
nuity in the density as the chemical potential is varied. Su
transitions are known to lead to phase separation in the
nonical ensemble.41–46 Such macroscopic phase separatio
are not stable against long-range Coulomb interactions
tend to break up into microscopic inhomogeneities.42,47,48

There is also the well-known CE-type charge and spin ord
ing that has been seen atx50.5 in some of the manganite

In both Nd12xSrxMnO3 and Pr12xSrxMnO3 Kawano
et al.21 and Kajimotoet al.22,25 have seen finite-temperatur
(T.150 K) first-order transitions atx50.5 from a ferro-
magnetic metal to an insulating AFMA phase. Kajimoto
et al.25 have also observed that close to the boundary of
FM and A phase of Pr12xSrxMnO3, an unusual stripelike
charge-order appears along with this weakly first-order tr
sition. This is distinctly different from the staggered charg
ordering of the CE-type state. Moritomo49 reports a large
region of phase separation between FM and CO in
ground state of (La12zNdz)12xCaxMnO3 immediately be-
yond x50.5 for z,0.5.

Very recently, an inhomegeneous mixture of micron-s
regions with no net magnetization and FM regions has b
seen in electron holography and dark-field imaging in
low-bandwidth system La12xCaxMnO3 at x50.5 ~Ref. 38!.
Moreover, there is charge ordering seen in both regio
These FM-CO coexistence regions are not found to have
AFM order ~expected if there were CE phase admixtu!
within experimental resolution. The ground-state energie
these different phases seem to be very close, leading
possible first-order phase transition and consequent p
segregation.

Almost all the experiments discussed above consider
bital ordering as the underlying reason for the various m
netic orders observed in the electron-doped regime. The
isotropy of the twoeg orbitals and the nature of overla
integral between them11,34 make the electronic bands low d
mensional. Such anisotropic conduction in turn leads to
isotropic spin exchanges and different magnetic structure
the A phase the kinetic energy~KE! gain of the electrons is
maximum when the orbitals form a two-dimensional~2D!
band in thexy plane and maximize the in-plane ferroma
netic exchange interaction. However, in thez direction the
AFM superexchange interaction dominates due to the ne
gible overlap ofdx22y2 orbitals. In addition, the presence o
charge ordering and inhomegeneous or phase-sepa
states, particularly around the commensurate densities
suggestive of the vital role of Coulomb interactions in t
manganites. The absence of CE phase in the moderat
large-bandwidth materials imply that the role of Jahn-Te
or static lattice distortions may not be as crucial in t
electron-doped regime even in the region close tox50.5.80

A model, for the electron-doped systems, therefore, sho
have as its primary ingredients the twoeg orbitals at each
Mn site and the anisotropy of hopping between them.
addition, the Coulomb interactions are present, and their
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fects on the charge, orbital, and magnetic order
important.5,30,40,50 In the next section, we use a model r
cently proposed by van den Brink and Khomskii51 for the
electron-doped manganites and later extended by us50 in or-
der to take into account the effects of local Coulomb int
actions present in these systems. We extend this model
ther in the present work, study the magnetic and orb
orders in more detail, investigate the possibility of char
ordering and phase separation, and discuss their co
quences. In Secs. II and III we present our calculations
results and compare them with experimental literature.
conclude with a brief discussion on the implications of o
results.

II. MODEL AND RESULTS

A. Degenerate double-exchange model

Evidently the physics of the regionx.0.5 is quite differ-
ent from that in thex,0.5 for the manganites and one has
look at the electron-doped manganites from a different p
spective. In order to pay due heed to the compelling exp
mental and theoretical evidence in support of the vital role
the orbitals, van den Brink and Khomskii51 ~BK! have pro-
posed a model for the electron-doped manganites that in
porates theeg orbitals and the anisotropic hopping betwe
them. In the undoped LaMnO3 compound each Mn ion ha
one electron and acts as a Jahn-Teller center, theeg orbitals
are split, and the system is orbitally ordered. Thus for
lightly ~hole-!doped system one can at the first approxim
tion ignore the orbital degrees of freedom and apply a sing
band model like the conventional double-exchange~DE!
model to describe it.

In the doped manganitesR12xAxMnO3 there arey51
2x electrons in the twoeg orbitals at each Mn site and henc
the actual filling~electron density! is y/4. This means that
the highest filling in the electron-doped region is only1

8 ~we
restrict ourselves to 0.5<x<1.0 in the foregoing!. Due to
this low electron concentration and hence very few Ja
Teller centers, theeg band is mostly degenerate and th
Jahn-Teller effect is negligible to a leading approximatio
Neglect of the Jahn-Teller effect is also justified from t
experimental evidence presented above. The usual ch
and spin dynamics of the conventional DE model then op
ate here too, albeit with an additional degree of freed
coming from the degenerate set ofeg orbitals. This process
has been described by BK asdouble exchange via degene
ate orbitals.

In order to capture the magnetic phases properly,
model includes the superexchange~SE! coupling between
neighboringt2g spins. At x51 the eg band is completely
empty and the physics is governed entirely by the antifer
magnetic exchange between thet2g spins at neighboring
sites. On doping, the band begins to fill up, and the KE
electrons in the degenerateeg levels along with the attendan
Hund’s coupling betweent2g andeg spins begin to compete
with the antiferromagnetic SE interaction, leading to a ri
variety of magnetic and orbital structures. The model used
describe the ground states of the electron-doped manga
is thus
6-3
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H5JAF(̂
i j &

Si•Sj2JH(
i

Si•si2 (
^ i j &s,a,b

t i , j
abci ,a,s

† cj ,b,s .

~1!

a,b take values 1 and 2 fordx22y2 andd3z22r 2 orbitals and
the hopping matrix elements are determined by the sym
try of eg orbitals.11,34 Although similar in appearance to th
conventional DE model, the presence of orbital degener
together with the very anisotropic hopping matrix eleme
t i j
ab makes this model and its outcome very different.4,52,53

BK treated thet2g spins classically and the Hund’s cou
pling was set to infinity. Canting was introduced through t
effective hopping matrix elements4 txy5t cos(uxy/2) and tz
5t cos(uz/2) whereuxy anduz are near-neighbor angles b
tweent2g spins in thexy plane andz direction. The SE en-
ergy per state becomesESE5(JAFS0

2/2)(2 cosuxy1cosuz). In
this level of approximation, the problem reduces to solv
the 232 matrix equationuutab2edabuu50 for a system of
spinless fermions:

t11522txy~coskx1cosky!, ~2a!

t125t2152
2

A3
txy~coskx2cosky!, ~2b!

t2252
2

3
txy~coskx1cosky!2

8

3
tzcoskz . ~2c!

Here t11 is the dispersion due to the overlap betweendx22y2

orbitals on neighboring sites,t12 between adx22y2 and a
d3z22r 2 orbital, andt22 between twod3z22r 2 orbitals. In the
foregoing, the system is assumed to posses a cubic unit
In the doping range considered, the deviations from cu
symmetry are small.3 For JH→`, writing txy andtz in terms
of uxy anduz the matrix equation is easily solved to get t
energy bandse6(k) as

e6~k!52
4txy

3
~coskx1cosky!2

4tz

3
coskz6S F2txy

3
~coskx

1cosky!2
4tz

3
coskzG2

1
4txy

2

3
~coskx2cosky!2D 1/2

.

~3!

In the pure~uncanted! phases the bands in theA and C
phases become purely two and one dimensional. Howe
even in the presence of canting there is almost no disper
in thexy (C-phase! or z (A-phase! direction. The total energy
(band energy1ESE) at a particular filling is then minimized
with respect touxy anduz . The sequence of phases follow
from the nature of the density of states~DOS! modulated by
the anisotropic overlap of orbitals as well as the DE mec
nism. Quite remarkably the phase diagram has the sequ
of almost all the magnetic phases observed in these sys
for x.0.5, although it has its own shortcomings. At very lo
electron doping (1.x.0.97) a cantedA-type AFM phase is
obtained54 which is stable for all values ofJAF whereas ex-
perimentally aG-type antiferromagnetic phase is observed
17441
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this range. The other problem is that of the limiting behavi
When the AFM exchange interaction is close to zero~i.e.,
t/JAF→`) the system should be completely ferromagne
missed out in their phase diagram.

The limit of infinite Hund’s coupling which BK worked
with is unphysical for the manganites considered.3,5,40,55

Typical values reported in the experiments3,18 and various
model studies5,30,55and LDA calculations40,56 do not suggest
the spin splittings of theeg band in various manganites to b
very large. These are typically comparable to~or slightly
larger than! the eg bandwidth. The scale of Coulomb corre
lations is most likely to be even higher.3,5 The other conse-
quence of using such large Hund’s coupling is that the lo
energy excitations~like optical spectra, specific heat, sp
fluctuation energy scales! are going to be inaccurate and, a
we show below, estimates for canting will be too large. BK
calculation, though, serves as an useful starting point
improved theories. In a more realistic treatment of the s
degrees, Pai57 considered the limit of finiteJH and succeeded
in recovering theG andF phases. From these studies it w
also clear that the Jahn-Teller~JT! effect does not play a
major role in this region of doping.

B. Double exchange and correlation

We mentioned earlier that by all estimates the Coulo
correlations in these systems are large19,56,58and it is nota
priori obvious, therefore, that the phase diagram obtained
BK will survive once these are introduced. Neither of t
treatments of BK or Pai includes the interactions presen
the system—namely, the interorbital and intraorbital Co
lomb interactions as well as the longer-range Coulomb in
actions. Although for low doping the local correlations a
expected to be ineffective, with an increase in doping th
preferentially enhance the orbital ordering.50 This affects the
F phase and alters the relative stability of theA andC phases.
The longer-range part of the interactions would tend to
calize the carriers and lead to charge ordering. It is, the
fore, necessary to include them in the Hamiltonian and lo
for their effects on the phase diagram. The addition of
correlation terms makes the model very different from t
ones considered by BK and Pai. Besides, the physics
charge and orbital ordering is beyond the scope of the m
els earlier considered. The model Hamiltonian we consi
consists of two parts; the first part is the same as the Ha
tonian in Eq.~1! we discussed in the previous section. T
second part, which is the interaction part, has on-site in
orbital and intraorbital interactions and nearest-neigh
Coulomb interaction terms. The total Hamiltonian is the
fore

H5H11Hint ,

whereH1 is the same as in Eq.~1! and

Hint5U(
ia

n̂ia↑n̂ia↓1U8 (
iss8

n̂i1sn̂i2s81V(̂
i j &

n̂i n̂ j .

~4!
6-4
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FIG. 2. Ground-state energy o
different magnetic phases vs ho
concentrationx.0.5 close to the
respective transitions@F phase to
A phase in~a!, A–C in ~b!, and
C–G in ~c!# for JHS0516.0 and
JAFS0

250.05. ~d!–~f! show the
same in the presence of on-site in
terorbital Coulomb interaction
U8. All energies are measured i
units of hoppingt.
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In the aboveU, U8, andV are the intraorbital and inter
orbital and the nearest-neighbor Coulomb interact
strengths, respectively. We treat thet2g spin subsystem qua
siclassically as in BK, but we work in the more realistic lim
of finite values ofJH . In an uncanted homogeneous grou
state we chooseS5S0exp(iQ•r ) where the choice ofQ de-
termines the different spin arrangements for thet2g spins.50

In the infinite-JH limit, the eg electron spins are forced t
follow the t2g spins, leading to the freezing of their sp
degrees of freedom. At finiteJH , however, the quantum na
ture of the transport allows for fluctuations and theeg spin
degrees of freedom, along with anisotropic hopping acr
the two orbitals, play a central role. For canted magne
structures where the angle between two nearest-neighbot2g
spins is different from that of the pure phases,Si is given by
Si5S0(sinui,0,cosui) with u i taking all values between 0
andp. We will discuss the canted structures at length in
foregoing. We begin our discussion by considering the mo
without the interaction termsU, U8, andV. The interactions
and their effects will be dealt with in detail later.

C. Noninteracting limit

Using the usual semiclassical approximation for thet2g
spins and the choiceS5S0exp(iQ•r ), the Hamiltonian~1!
reduces to
17441
n
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H5 (
k,a,b,s

ek
abckas

† ckbs2JHS0(
k,a

cka↑
† ck1Qa↑

1JHS0(
k,a

cka↓
† ck1Qa↓ , ~5!

where we follow the notation in Refs. 11 and 51. Hereek
ab

are the same astab of Eq. ~3!.
We can see from the above Hamiltonian that the matrix

now an 838 one with two spins~up and down!, two degen-
erate orbitals (dx22y2 and d3z22r 2) with ~anisotropic! hop-
ping between them, and two momentum indices (k and
k¿Q). Thus, a finiteJH makes the problem a 838 one at
eachk point in contrast to the 232 spinless problem for
infinite JH . The SE part of the ground-state energy is t
classical contributionESE.

We diagonalize the Hamiltonian in Eq.~6! at eachk point
on a finite-momentum grid.50 The ground-state energy is ca
culated for different magnetic structures (F, A, C, andG) in
their uncanted configurations. The magnetic structure w
minimum ground state energy is determined for each se
parameters (x, JH , andJAF) for the entire range of electron
doping (0.5<x<1). In Fig. 2 we show the ground-state e
ergies for different magnetic structures forJAFS0

250.05 and
JHS0516 around the transition points in the doping ran
6-5
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FIG. 3. Magnetic phase dia
gram in the doping (x)-JHS0

plane for differentU8. Note the
gradual shrinking of theF phase
in the regionx.0.5. For lowU8
the size of theA phase remains
unaffected but at largerU8 it rap-
idly shrinks. TheC phase grows a
bit while the G phase remains
nearly unaffected. In~a! the dotted
line shows the phase diagram i
the absence ofU8.
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2,
0.5<x<1.0. The value ofJHS0 is chosen somewhat large t
compare the figure withU8Þ0 case.82 All energies are mea
sured in units oft. The figure shows that there is aG-type
AFM to C-type AFM transition occurring atx50.91,C-type
to A-type transition atx50.62, andA-type AFM to FM ~fer-
romagnet! transition atx50.57. The procedure is repeate
for many different values ofJAF andJH to generate the full
phase diagrams.

D. Magnetic phase diagram and canting

The phase diagram in thex-JHS0 plane for a typical value
of JAFS0

250.05 is shown in Fig. 3~a! ~dotted lines!. In Fig. 4
is shown the phase diagram~dashed line! in the x-JAFS0

2

plane. There is no general agreement on the values of
different parameters involved in manganites. From pho
emission and optical studies5 and local density approxima
tion ~LDA ! analysis56 one can glean a range of typic
values40 0.1 eV,t,0.3 eV, JH.1.5–2 eV, and JAF
.0.03t20.01t ~Ref. 59!. We observe that for low values o
JHS0, anA-type AFM phase is stable nearx50.5, then theC
phase is stabilized for a wide region in the intermediate d
ing range, and finally nearx51 theG-type AFM phase has
the lowest energy. For higher values ofJHS0 the FM phase
has the lowest energy nearx50.5 and the sequence of ma

FIG. 4. Magnetic phase diagram in the doping (x)-JAFS0
2 plane

with U850 and 8.
17441
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netic phases fromx50.5 tox51 is F→A→C→G. All the
transitions appear to be continuous without any jump in
magnetic order parameters. The general trend observed
is in good accordance with the experimental phase diag
of the electron-doped manganites of intermediate bandw
such as Nd12xSrxMnO3 and Pr12xSrxMnO3 ~Refs. 22, 24,
and 25!.

At low electron doping the SE still wins over the KE ga
of the electrons via the development of a ferromagnetic co
ponent of spins in the DE mechanism. Thus theG phase is
stable up to a finite electron doping. The value ofx where the
G phase becomes unstable depends weakly onJH in the ex-
perimentally relevant region. The KE is an increasing fun
tion of doping and for small doping it is proportional to th
~electron! filling whereas the SE energy is nearly indepe
dent ofx ~Ref. 60!. A three-dimensional AF spin alignmen
such asG phase does not allow delocalization of electro
for the typical values ofJH . To gain KE the system tries to
polarize the spins along one, two, and finally all three dir
tions successively in the sequenceC, A, andF phases. Thus
the C-type AFM phase with ferromagnetically aligned spi
along thez direction appears first as we increase the elect
doping. Then appears theA-type AFM phase with a two-
dimensional spin alignment and finally the FM phase is o
served.

The stability ofA andC phases is further enhanced by th
ordering of orbitals in these phases. As we show below, thA
phase has an orbital ordering ofdx22y2 type and theC phase
d3z22r 2 type. The planardx22y2 orbital order in thexy plane
in the A phase and rodliked3z22r 2 orbital order in thez
direction in theC phase facilitate the hopping of electron
~along the plane forA phase and across it for theC phase!.
Hence, it is primarily the orbital order that regulates the D
mechanism and leads to theC- andA-type magnetic orders
Such a scenario has been borne out in sev
experiments20,22,35 where evidence for orbital ordering i
seen at a much higher temperature than the spin orde
However, in theG andF phases no significant orbital orde
ing has been observed. Thus the interplay of spin alignm
along chains or planes and the corresponding orbital o
lead to the transformation from the one-dimensional to
two-dimensional and finally to the three-dimensional ma
netic structure with increased doping. The competition
tween effective KE~determined byJH , band filling, and
orbital ordering! and SE leads to the transitionsG→C→A
→F ~with the number of antiferromagnetic bonds 6, 4,
6-6
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MAGNETIC, ORBITAL, AND CHARGE ORDERING IN . . . PHYSICAL REVIEW B68, 174416 ~2003!
and 0 per site, respectively! as the doping is varied. Th
dimensionality of the magnetic and orbital order in theA and
C phases described above is reflected in the DOS in th
phases. In theA-type AFM phase the dispersion of bands
two dimensional with a peak near the center of the band
small but nonzero DOS at the band edges when the hop
t12 is zero. For a finitet12 the peak at the center of the DO
splits. In the cantedC phase the DOS is quasi one dime
sional ~for txy50 it becomes purely one dimensional! with
peaks towards the band edges.

Experimentally20,22 it is observed that there is little can
ing in A and C phases in most of these systems. There
some experimental observations61 on Sm12xCaxMnO3 which
suggest that theG phase, for low doping, has small cantin
Canting of the core spins is included in our calculation
writing Si5S0(sinui,0,cosui) in the Hamiltonian withu i tak-
ing values between 0 andp. Such a canted spin configura
tion connects two different spin species~up and down! at the
same site. With this choice ofSi , the Hund’s coupling term
betweent2g andeg spins in the Hamiltonian becomes

HHund52JHS0(
i ,a

cosu i~cia↑
† cia↑2cia↓

† cia↓!

2JHS0(
i ,a

sinu i~cia↑
† cia↓1cia↓

† cia↑!.

In the case of canted magnetic structures the differ
magnetic phases need to be defined at the outset. The
vention to define the magnetic phases are the following:
phase isA type whenuxy,uz as the spins in thexy plane
have more ferromagnetic component than the spins ac
the planes. Similarly, in theC phaseuxy.uz . In the canted
G andF phases both anglesuxy anduz are close to 180° and
0°, respectively. The qualitative nature of the phase diag
is very similar to the uncanted phase diagram except for l
shifts in the phase boundaries~the shifts are small unlessJH
is large!. We show in Fig. 5 the angle of canting as a functi
of JH deep inside theG phase atx50.98 ~the angles in Fig.
5 represent the deviation from 180°) for different values
JAFS0

2.
There is almost no canting in thez direction while in the

xy plane there is insignificant canting for lowJH and it is
about 10° only for largeJH . The absence of canting inuz is
seen for all different values ofJAFS0

2. An increase inJAF

reduces the canting ofuxy ~Fig. 5, inset! and stabilizes the
pureG phase as expected. Changingy and moving closer to
the boundary with theC phase, canting inuxy is seen to
increase quite slowly. However, very close to theG-C
boundary,uxy reverts back towardsp while uz begins to
deviate fromp. On doping, the delocalization of electrons
costly in a purely AFM configuration (JH being the largest
scale! and the spins will begin to cant. The canting angle w
be anisotropic; i.e.,uz is going to be different fromuxy due
to the anisotropy oft i j

ab . We also note that the canting in th
plane leads to a higher gain in KE as against canting in thz
direction. This does not, however, mean that the phase
abutsG phase would be the planar (A-type! phase; it is in
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fact theC phase that appears first. The magnitudes of the
angles are delicate functions of doping and the dimensio
ity of the DOS as well as the anisotropy of the hoppi
integral. The phase that appears after theG phase with in-
creased doping is theC phase.

In the JH→` limit the effective hopping ist cos(u/2)
50 in an AFM background. Hence on doping canting of t
core spins is expected to be large as it leads to the FM c
ponent and facilitates hopping from site to site. In theJH
→` effective theory the ‘‘wrong’’ spin sector of the Hilber
space is projected out and canting is large. However, at fi
JH this picture is changed altogether. An electron in t
wrong spin state costs a finite energy (}JH). Hence the cant-
ing angle reduces drastically. In fact, for realistic values
JH the canting is almost negligible as we see from Fig.
Moreover, the KE gain, which is proportional to doping~for
small doping!, cannot overcome the SE energy unlessx de-
viates from 1 reasonably. Hence one gets a cantedG phase
with very small canting angles in the region close tox51,
resembling the end-member pureG phase. Since the KE con
tribution is quite small~due to the small values of canting!,
this phase does not have any preferential orbital arran
ment. Evidently the region ofG phase will grow with an
increase inJAF . Conversely, forJAF→0 the system should
exhibit ferromagnetism for any doping. However, BK fin
that the phase boundary between the cantedG phase and the
C phase does not change significantly asJAF is varied. In
contrast, the phase diagram we obtained gives an FM s
for JAF→0 for the entire doping regime and the stability
the G phase grows withJAF .

Using four Q vectors it is possible to define a CE-typ
magnetic order. In the pure degenerate DE model, at fi

FIG. 5. Canting of the anglesuxy anduz in degrees as a function
of JHS0 for JAFS0

250.04 ~solid line!, 0.05 ~dotted line!, and 0.06
~dashed line!. uxy vs JAFS0

2 at JHS0510 is shown in the inset.
6-7
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TULIKA MAITRA AND A. TARAPHDER PHYSICAL REVIEW B 68, 174416 ~2003!
JH , Pai has found this state stable atx50.5. We observe tha
this state is unstable anywhere away fromx50.5 towardsA
or F phases.62 Our results agree in general with the results
Maezonoet al.63 though theA phase nearx50.5 is missing
in their work. Solovyev and Terakura64 studied the noninter-
acting Hamiltonian of BK in the sameJH→` limit using a
multiple-scattering approach. With well-defined conventio
for different spin order, they succeeded in recovering
magnetic phases in thex-JH plane with intermediate region
having significant spin canting. As pointed out by Maezo
et al.30 and us50 earlier, orbital ordering in theA phase for-
bids KE gain even when there is finite FM component in
z direction. We do not find any significant canting in eith
the A or C phase~or at their boundaries! and believe that
canting in those regions is primarily an artifact of th
infinite-JH approximation and incomplete orbital order di
cussed above. Besides, any finite Coulomb interaction (U8)
will enhance the orbital order and reduce canting furth
Experimentally, however, there is hardly any evidence
significant canting in those values ofx. In a related work,
Sheng and Ting65 considered the problem from the stron
correlation point of view in contrast to the band limit that w
have adopted. TheC phase, however, could not be obtain
in their Monte Carlo study in the regionx>0.5.

III. INTERACTING CASE

A. Magnetic phases

We treat the three interaction terms in the Hamiltonian~5!
in the mean-field theory. It has been pointed out by Ho
et al.,55 that the mean-field theory for the interacting D
model even in low dimension gives very good agreem
with exact diagonalization on small systems. Comparison
mean-field phase diagram with exact diagonalization
small systems by Misraet al.40 is also quite encouraging. W
first look into the interorbital Coulomb interaction ter
U8( iss8n̂i1sn̂i2s8 and set U5V50. In the mean-field
theory, one neglects fluctuations and writesn̂i1sn̂i2s8
5^n̂1s&n̂i2s81^n̂2s8&n̂i1s2^n̂1s&^n̂2s8&.

The homogeneous averages^n̂1↑&, ^n̂1↓&, ^n̂2↑&, and

^n̂1↓& were calculated iteratively through successive dia
nalization of the Hamiltonian. Each of the average quanti
and the filling were calculated from the resultant eigenv
tors for a chosen chemical potential and fed back to
Hamiltonian for next iteration. All the averages and fillin
were thus allowed to reach self-consistent solutions. S
consistency is achieved when all averages and the gro
state energy converge to within 0.01% or less~depending on
the difference in energy with the competing ground state!. In
this way the ground-state energies are calculated at each
ing for all four magnetic phases (F, A, C, andG) and the
minimum-energy phase was determined to obtain the c
plete magnetic phase diagram in the entire electron-dop
regime by varying bothJH andJAF .

We show in Figs. 2~d!–2~f! the ground-state energies o
different magnetic phases around the transition points w
JAFS0

250.05, JHS0516, andU858. TheG-C phase transi-
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tion occurs atx50.91 as in theU850 case,C-A transition
at x50.57, and theA-F transition atx50.51. Comparing
this with Figs. 2~a!–2~c! we note the shift of position of the
transitions. TheG phase remains unaffected, theC phase
widens, andF phase shrinks forU8.0. The panel from
Figs. 3~a!–3~c! show the progression of the phase diagram
U8 increases. TheU850 phase diagram is shown in Fig
3~a! by dashed lines for comparison.

It is observed that on increasingU8 the ferromagnetic
phase starts shrinking fast, theC phase gains somewha
while the G phase remains almost unaltered for the en
range of values ofJHS0 studied. The trends observed he
are in good agreement with the experimental observation
Kajimoto et al.22,25 and Akimotoet al.20 @see Figs. 1~a! and
1~b!#. The enhanced correlation effectively reduces the ph
space for the electrons. The observation20,25 that on decreas-
ing the bandwidth the ferromagnetic phase shrinks and
nally gets pushed belowx50.5 with theA phase becoming
stable atx50.5 is borne out in Fig. 3. The stabilities ofA and
C phases are primarily derived from the enhanced orb
ordering in theA and C phases driven by the interorbita
repulsion and the low-dimensional nature of the DOS. In
presence ofU8, the one-dimensional order leading to th
AFM instability in theC phase seems to grow faster. Clo
to the x51 end the electron density is very low; there a
almost no sites with both orbitals occupied andU8 is there-
fore ineffective. TheG phase remains almost unaffected
seen in Fig. 2. Similarly the canting of the spin away fromp
observed in theG phase remains the same as in Fig. 5. At t
other end, however, the electron density is higher and thF
phase has preferential occupation of one species of sp
both the orbitals. Hence this phase is affected drastically
the interorbital repulsion.

We also compare the phase diagrams with and withoutU8
in the x-JAF plane forJHS0510. The corresponding phas
diagram is shown in Fig. 4. Trends observed in Fig. 3
also seen in this case. The topology of the phase diagram
not changed much with finiteU8, though theA phase andF
phase shrink in the presence ofU8 while the C phase has
grown.

It is known55 that at the level of mean-field theory th
intraorbital repulsionU between opposite spins mimics th
effect of JH . As we are working with quite low densitie
~actual filling <0.125) and the relevantJH values are mod-
erate to large, there is hardly any site with both spin spec
Therefore, we find almost no observable effect ofU on the
phase diagram~except for very lowJH where again the
changes are small! and keep its value zero in the phase d
grams that follow.

B. Magnetic ordering and disorder

The doped manganitesR12xAxMnO3 are intrinsically
disordered owing to the substitution of trivalent ions by d
valent ones. Although the dopant ions do not enter the ac
network of MnO6 octahedra that are considered central to
transport properties and magnetic ordering, their effects c
not be ignored. In this kind of substitution not only are t
charges on the dopant ions different from the trivalent ra
6-8
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MAGNETIC, ORBITAL, AND CHARGE ORDERING IN . . . PHYSICAL REVIEW B68, 174416 ~2003!
earth ions they replace, the ionic sizes of the rare earths
considerably~e.g., La, Nd, and Pr all have different ion
sizes!. Hence there is a mismatch of ionic sizes betwe
these and the divalent ion~like Sr, Ca, etc.! that replaces
them. Such a mismatch would quite naturally bring ab
large lattice distortions locally.

However, the effect of disorder has been completely
nored in the treatments discussed so far. BK and Pai57 argue
that to a first approximation, the disorder does not seem
play a major role in the magnetic phase diagram in this
gion of doping. This is possibly due to the nonmagnetic
ture of the disorder—the rare-earth ions are not found
have any observable moment except for Pr and it has b
shown that Pr-Mn coupling does not have a detecta
effect66 in the magnetic structure. They, however, conside
substitution only at the rare-earth site.

Since the Mn ions are central to the mechanism of m
netic and orbital order in the manganites, substitution at
site would be quite revealing. In the last few years quite
few experimental investigations67,68have been carried out b
substitution of Mn by Fe, Ga, and Al. These have simi
ionic sizes and valences as Mn and therefore cause very
distortion in the lattice.67 For example, the substitution o
Mn31 by Fe31 ~which has identical ionic size as Mn31) in
La12xCaxMn12yFeyO3 in the AFM region atx50.53 shows
that the resistivity increases and magnetoresistance d
pears by abouty50.13. Although the Fe31 has a higher
moment than the Mn31 that it replaces, one observes
steady suppression of the magnetic moment and ferrom
netism with Fe doping.67 Whether there is any accompanyin
changes in the underlying magnetic ordering is not cle
Also the systematics across several manganites with diffe
bandwidths are also not available yet.

There are two things that happen when Fe is doped
place of Mn: ~i! In the octahedral crystal field the Fe31

~high-spind5 configuration! sites have all theireg↑ orbitals
filled up and forbid the motion of electrons from Mn31 into
Fe31 sites, preventing DE mechanism from operating a
~ii ! the presence of an Fe31 instead of Mn31 in any site
alters the superexchange interaction between this and
neighboring sites. It is possible to account for these effect
a qualitative manner following Alonsoet al.69

The fraction of Mn41 sites~which is the depletion in the
number of electrons in the system! is increased by (1
2y)21 whenyÞ0 as compared toy50. For the range ofy,
Ahn et al.67 work with (y;0.10), this is only about 10%. S
the effective depletion of electrons and effect~i! can be ne-
glected to a first approximation deep inside any given pha
Similar situation obtains when Al31 or Ga31 ~having filledd
band! are doped.

The change in the SE interaction is approximated by
timating the change in the effective antiferromagnetic int
action between neighboring core spins owing to the chan
values of them in the coupling of Mn-Mn, Mn-Fe, and Fe-F
The new~effective! JAF is given by

JAF
e f f5JAFF ~12y!21

5

3
2y~12y!1

25

9
y2G .
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The prefactors~25/9, 5/3, and 1! come from the new spin
values involved and the factors (12y)2, etc., are for count-
ing the probability of sites with Mn-Mn, Mn-Fe, and Fe-F
bonds, respectively. Then, aty50.12, for example, the ef-
fective JAF is about 0.06 if the initial value ofJAF is 0.05.
This will enhance the AF tendencies~and can even take th
system from theF- to A-type AFM phase as in Fig. 4 forx
close to 0.5! and increase the resistivity as observed by A
et al.

Although a smaller effect, the depletion of the effecti
number of electrons taking part in the DE mechanism w
reduce the conductivity and move the effective dopingx to-
wards right in the phase diagram and increase AF corr
tions and resistivity further. There is also the possibility th
due to these combined effects, the magnetic ground s
may get altered, a possibility only further experiments w
reveal.

There is another source of scattering coming from
localized t2g spins at each Mn site. The itineran
eg electrons, in a mean-field sense, can be thought o
moving in a magnetic ‘‘field’’ of the localized spins. It ha
been shown70 that such a random field can indeed locali
part of the electronic states, particularly in the low
dimensional bands~as obtain inC and A phases!. Substitu-
tion of Mn31 by Fe31, which has a different moment~5/2 as
opposed to 2!, introduces random changes in this field a
additional channel for scattering. The observation71 of a spin-
glass-type phase at low temperature in the Cr-do
La0.46Sr0.54Mn12yCryO3 (0,y,0.08) is a possible indica
tion of how the competing interactions between the coex
ing FM phase in the metallicA-type AFM matrix is affected
by scattering off the random magnetic Cr impurity and t
resultant localization of mobile charge carriers.

C. Orbital ordering

In the noninteracting case we observed orbital order
both theA phase (dx22y2 type! as well as in theC phase~of
d3z22r 2 type!. Such orbital order is also borne out in expe
ments discussed above. In the interacting situation, we
culate the orbital occupancies from the eigenvectors co
sponding to the converged ground-state solutions for b
dx22y2 andd3z22r 2 orbitals inA andC phases in their respec
tive regions of stability and show the results in Fig. 6. In t
A phase thedx22y2 orbital has a higher occupancy whereas
the C phase it is reversed. We check that the sum of
occupancies of the two orbitals is equal to the actual filling
all the phases. The three-dimensional magnetically ordereF
andG phases, however, show no orbital ordering.

The presence of interorbital Coulomb interactionU8 en-
hances the orbital ordering in bothA andC phases as shown
in Fig. 6 for three differentU8. Note that at lower electron
densities—i.e., asx increases—the effect ofU8 on the orbital
occupancies becomes less pronounced and the curves fo
ferentU8 merge as expected. We also note that the effec
U8 is noticeable in both theA and C phases. The orbita
densities in theC phase attain their saturation values byU8
.8. Since we are interested in the regionx>0.5, we have
not plotted the orbital densities in theA phase beyondU8
6-9
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TULIKA MAITRA AND A. TARAPHDER PHYSICAL REVIEW B 68, 174416 ~2003!
58—above this value theA phase shifts belowx50.5 at
JHS055. In the largeU8 limit the Hamiltonian can be
mapped onto a pseudospin Hubbard model19,72 with off-
diagonal hopping@which breaks the SU~2!, while still retain-
ing the global U~1! symmetry#. Such a model overestimate
the orbital order72 and the orbital-paramagnetic state is
most never obtained.

The orbital order obtained in theA andC phases leads to
anisotropic band structures in these phases and this fe
becomes sharper asJH increases. In particular, theC phase
has a quasi-one-dimensional density of states. Ideally,
phase should be conducting in thez direction along the fer-
romagnetic chains while insulating in the plane. Howev
experimentally one finds this phase to be nonmetallic. T
nearly one-dimensional nature of transport makes it v
sensitive to disorder, possibly localizing the states. In thA

FIG. 6. Orbital densities as a function of dopingx for three
values ofU850, 4, 8. The solid symbols are fordz2 and open
symbols fordx22y2 orbitals. The vertical dotted lines represent t
boundary betweenA and C phases for differentU8. We choose
JHS055 here in order to have stableA andC phases for a reason
able range ofx ~see Fig. 3! for all threeU8 values.JAFS0

2 was kept
at 0.05.
17441
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phase the nature of the occupied orbitals impedes elec
motion along thez direction, giving rise to a large anisotrop
between the in-plane and out-of-plane resistivities.25 There-
fore theA phase with its planar ferromagnetic alignment~and
quasi-2D DOS! is less sensitive to disorder and exhibits i
plane metallic behavior.20,24,25

D. Charge ordering

The nearest-neighbor Coulomb interaction te
V(^ i j &n̂i n̂ j is also treated in the mean-field theory with^n̂i&
5n1C0exp(iQ•r i) whereC0 is the charge-order paramete
n is the average number of electrons per site, andQ
5(p,p,p). We calculate the charge-order parameterC0
self-consistently. KeepingU850, the major change ob
served in the phase diagram now is the absence of thA
phase and the presence of charge ordering for values oV
.0.29. The typical values ofV are between 0.2 and 0.
~Refs. 3 and 5! ~in units of t). Below V50.29, we do not
observe any charge ordering and theA phase reappears. Th
phase diagrams in thex-JHS0 plane are shown in Figs. 7~a!–
7~c! with V50.4, V50.5, andV50.6 atU850. Note that
there are only three phases now. A coexisting ferromagn
and charge-ordered (F-CO! phase, the orbitally orderedC
phase, and theG phase. The topology does not change a
preciably whenU8 is finite. The resultant phase diagram
shown in Fig. 8. The pattern reflects what is seen in Fi
3~a!–3~c!. TheF-CO phase reduces while theC phase grows
slightly with U8.

In Figs. 7 and 8 a wide region ofF-CO phase is observe
near x50.5. This observation is somewhat reminiscent
the recent experiments20,25 where the charge-ordered pha
close tox50.5 is possibly residing at the boundary of theF
andA phases and straddling both. SuchF-CO phase coexist-
ence is also seen by Moritomo49 in Nd-substituted
La12xCaxMnO3. As noted earlier, grains ofF-CO coexist-
ence at x50.5 in La12xCaxMnO3 have been observe
recently,38 although the coexistingF-CO region that we get
is considerably wider. We do not find any self-consistent
lution with both theA phase and charge ordering for anyV.
It is possible that the charge ordering instability is too stro
close to commensurate (x50.5) filling. TheA phase, being
also close tox50.5 and deriving its stability from a low-
dimensional DOS, gets affected by the charge-order insta
-

-

FIG. 7. Magnetic phase dia
gram in the doping (x)-JHS0

plane for three differentV. The
F-CO region gets wider with in-
creasingV. TheF-CO toC transi-
tion is first order and shown with
hatching while others are continu
ous as in Fig. 3.
6-10
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MAGNETIC, ORBITAL, AND CHARGE ORDERING IN . . . PHYSICAL REVIEW B68, 174416 ~2003!
ity. Both C andG phases are seen to have no charge orde
in them. Unlike in the CE phase, the CO state obtained h
has staggered charge ordering in all directions.

Our observation of the ferromagnetic charge-orde
(F-CO! ground state agrees qualitatively with the mean-fi
calculation of Jackeliet al.73 They considered a Hamiltonia
that has orbital degeneracy, Hund’s exchange, supe
change, and the near-neighbor Coulomb term and studied
ground-state phase diagram asV andJAF change. There is no
local Coulomb term in their model. They restrict their calc
lations to thex50.5 andJH→` limit only and obtained
charge-orderedF, A, C, andG phases in theJAFS0

2-V plane
when the degeneracy of theeg orbitals is neglected. In the
degenerate model, theF-CO phase appears only at a critic
value of V'0.7. There is noA phase untilJAFS0

2 reaches
0.1. All the transitions from theF-CO phase into AFM state
are first order.

We do indeed find a critical value ofV for theF-CO phase
to appear. The critical value ofV for JHS058 and JAFS0

2

FIG. 8. Magnetic phase diagram in the doping (x)-JHS0 plane
for finite V at two different values ofU8. Note that on changingU8
the trend follows that in Fig. 3. TheF-CO to C transition is not
hatched here to show the effect of changingU8.
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50.05 atx50.5 is about 0.3, well below the value at th
JH→` limit. The larger value of criticalV is an artifact of
the JH→` limit. The tendency to large canting away from
pure AFM spin structures is markedly reduced in the fini
JH limit as we discussed above. The infinite-JH limit is,
therefore, expected to overestimate the critical value of
near-neighbor repulsion responsible for CO instability in t
model as the canting and eventual ferromagnetic instab
with a uniform charge distribution are too strong in th
limit. This critical value is nearly independent ofx inside the
region of stability of theF-CO phase for the parameter va
ues we considered. This is an indication of a possible ph
separation~with first-order transition! with part of the system
pinned at the commensurate density. The CO order par
eterC0 has a discontinuous jump at the transition from theC
phase into theF-CO phase as shown in Fig. 9~a!, which is a
signature of a first-order transition between two states hav
different magnetic symmetry. A similar first-order jump h
been seen at in previous work40,73 as well and borne out in
several experiments described above. The transition a
function of V from pure F to F-CO phase appears to b
continuous@Fig. 9~b!#.

IV. DISCUSSION

A summary of the trends observed as a function of ne
neighbor interactionU8 across the entire range of electro
doping is presented in Fig. 10. A comparison with Fig. 1~a!
reveals the similarity between them if one interprets the
crease inU8 as an effective reduction in the mobility o
electrons and suppression of the DE mechanism. The r
reduction in the stability ofF andA phases at largeU8 and
an almost unchangedG phase are indeed observed in Fig.
The C phase is stable over a wider region of phase diagr
in Fig. 10 than what is experimentally observed.

There are several appealing features of the model and
limits that we have studied in the present investigation.
have been able to show that the phase diagram and or
ordering resemble the experimentally observed ones for
electron-doped regime to a large degree. By putting in c
relations the orbital orders are enhanced and it was poss
s

-

FIG. 9. ~a! The charge-order parameter v
hole concentration forJAFS0

250.05 and~b! the
same vsV for two different dopings. The transi
tion F to F-CO as a function ofV is continuous.
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to obtain regions of charge ordering close tox50.5. How-
ever, there are several interesting questions that need t
addressed. The neglect of Jahn-Teller effects may well
scribe the electron-doped manganites in the moderate
large-bandwidth systems and also works for low-bandwi
systems at low electron doping. But the presence of CE-t
ordering atx50.5 in the entire class of low-bandwidth ma
terials reminds us that the effects are relevant close to
doping. A more complete theory should account for the Ja
Teller distorted Mn31 sites and evolve from the low
bandwidth to the large-bandwidth description successfu
Such a theory, however, is lacking at present.74

The region close tox50.5 has a lot of competing state
and a large body of literature exists on the first-order tran
tions and coexisting phases or phase separations into c
peting orders in this region. The model described here g
a first-order transition from anF-CO state to aC-type AFM
state with concomitant phase separation, albeit with a la
region of stability for the CO state. In real systems, w
longer-range Coulomb interactions present, the phase s
ration is likely to appear as domains of one phase dispe
in another. Whether this indeed is the mechanism of the
homogeneous phases observed or they are intrinsic to
systems41,42,47,74is an open question. Transport properties
this region are going to be intriguing with possible perco
tive growth of FM clusters in an applied magnetic field as
alternate route to negative magnetoresistance as oppos
the DE mechanism.

Extending the model we considered with the possible

*Electronic address: tulika@mpipks-dresden.mpg.de
†Electronic address:
arghya@phy.iitkgp.ernet.in, arghya@cts.iitkgp.ernet.in
1Physics of Manganites, edited by T.A. Kaplan and S.D. Mahant

~Kluwer Academic, New York, 1999!.
2Y. Tokura, Colossal Magnetoresistive Oxides~Gordon and

FIG. 10. Summary of the general trend observed in the vari
phase diagrams~for V50). Note the trend with increasingU8 fol-
lows closely that of Fig. 1~a! with decreasing bandwidth.
17441
be
e-
to
h
e

is
n-

y.

i-
m-
s

e

pa-
ed
-

he

-
n

to

-

clusion of lattice degrees of freedom and from a fini
temperature calculation, it should be possible to look in
stripe formations and anisotropic charge orders. It has b
suggested75 recently from a finite-temperature mean-fie
calculation with a degenerate, noninteracting DE mode
the infinite-JH limit that without the Jahn-Teller physic
brought in, the CE phase atx50.5 in the low-bandwidth
system is not accessible, though the possibility is w
open33 in the presence of Coulomb interactions likeU8 and
V.

There is a major class of layered manganites for which
electron-doped side is still unexplored in detail. The bilay
systems like La222xSr112xMn2O7 have shown76 similar an-
isotropic magnetic structures as in 3D manganites. Preli
nary results from a mean-field analysis77 show interesting
promise. It is difficult though to account for the large regio
of C-type ordering seen in experiments in such layered s
tems at doping~x! ranges as high as 0.75–0.90. In the la
ered systems the DE mechanism is expected to favor eith
planar A-type or a G-type state, depending on the carri
concentration, over the 1DC-like ordering.81 The present
model may need additional inputs like coupling to distortio
in the lattice in order to understand the layered mangani

We have not looked into the excitation spectrum of t
manganites so far. The effects of fluctuation coming fro
both spin and orbital degree and their coupling may lead
complicated excitations.19,29,78They will affect the thermo-
dynamics quite strongly. The controlled incorporation of d
order, particularly without affecting the lattice67,68, has
opened up a host of possibilities. The observation of nonm
tallic behavior in an inhomogeneous mixture of two metal
phases39 is an indication of the complex nature of couplin
across the boundary of such domains. The spin-glass-
phase reported close to the border of the hole- and elect
doped region71 in La0.46Sr0.54Mn12yCryO3 is another mani-
festation of the complicated coupling of the impurity wi
spin and charge degrees of freedom. More results of s
impurity doping in the electron-doped manganites are
pected in the near future. We have extended the model
used to incorporate some of these effects79 and it would be
quite instructive to investigate the nature of coupling b
tween the impurity and the magnetic and orbital degrees
freedom.80–82
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