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Magnetic, orbital, and charge ordering in the electron-doped manganites
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The three-dimensional perovskite mangankgs,A,MnO; in the range of hole doping>0.5 are studied
in detail using a double-exchange model with degeneggterbitals 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 regior 0.5, does not play a major role in this region, particularly for
systems with moderate to large bandwidths. The anisotropic hopping across the degependdigals 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 th@ phase, and the antiferromagnetic metaliphase moves closer to
x=0.5 while the ferromagnetic phase shrinks, in agreement with recent observations. The charge ordering
close tox=0.5 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 one counts the doping from the sidx=1 in
R;_A,MnO; where all Mn ions are int4 state, then dop-
The colossal magnetoresistive manganites have been iig by R, (y=1-x) introduces MA* ions carrying one
vestigated with renewed vigor in the recent past mainly beglectron in theey orbitals. This region, therefore, is also
cause of their technological importance. It was soon realize§alled theelectron-doped regiariThe charge, magnetic, and

that these systems have a rich variety of unusual electronierbital structures of the manganites in the electron-doped

and magnetic properties involving almost all the known de-égime have already been found to be quite ficand the

grees of freedom in a solid, viz., the charge, spin, orbital,an&ougi'g‘s? between all these degrees lead to stimulating

lattice degrees of freedom?® Of particular interest have phy

been the systemR; ,AMnOs, whereR and A stand for In the framework of the conventional DE model with one
trivalent rare—earthl(;axgx La 3’Nd Pr, Smand divalent ey Orbital, one would expect qualitatively similar physics for

. . . x~0 andx~1. On the contrary, experiments reveal a very
alkaline-earth (Ca, Sr, Ba, Pb, ett.ions, respectively. 7. . . )
Around the region 0.1Zx<0.4, electrical transport proper- different and asymmetric picture for the phase diagram be

. . - tween the regiong<<0.5 andx>0.5. The lack of symmetry
ties of these systems generically show extreme sensitivityp 0 it x=0.5 manifests itself most clearly in the magnetic

towardg external magnetic fields with a concom_itant paraphase diagram of these manganites. It has now been shown
magnetic insulatoor poor metal to ferromagnetic metal quite distincty>2°-22 that the systems Nd,SrMnO,

transition at fairly high temperaturdsee Ref. 3 and refer- Pr,_,SrMnOz;, and Lg ,SrMnO; are antiferromagneti-
ences therein For a long time the dominant paradigm in the cajly ordered beyond=0.5 while one observes either a me-
theory of this unusual magnetic field dependence of transpoghlic ferromagnetic state or a charge ordered state with stag-
has been the idea afouble exchande(DE) involving the  gered charge orderiAgin the approximate range 0.2%
localized core spins coupled to the itinerant electrons in the<Q.5. This charge-ordered insulating state can be trans-
Jahn-Teller spligy level via strong Hund's exchange. It has formed into a ferromagnetic metallic staté by the applica-
been realized recently that such a simplifying theoretication of magnetic fields.
framework may not be adequate to explain several other re- There are several different types of antiferromagnetic
lated features involving transport, electronic, and magneti€éAFM) phases with their characteristic dimensionality of
properties® It was already known that the observed struc-spin ordering observed in this regime.
tural distortions and magnetic and orbital orders in these syd-a, ,S,MnO; shows anA-type antiferromagnetic ground
tems in the regiox=0.5 require interactions not included in state (in which ferromagnetically alignedy planes are
the DE modef%* coupled antiferromagneticallyin the range 0.52 x<<0.58.
Owing to the observation of colossal magnetoresistancé also shows a sliver of FM pha®eimmediately abovex
(CMR) in the regionx<<0.5 in the relatively narrow-band =0.5. In Nd,_,Sr,MnO; (Refs. 13 and 2R the A-type spin
width materials at high temperatures, much of the attentiostructure appears at=0.5 and is stable up to=0.62 while
was centered around this region. Only in the last few yearin Pr;,_,SrMnO; (Refs. 14 and 2% this region extends
has the CMR effect been observed in the larger-bandwidtifrom x=0.48 tox=0.6. In all these cases, the phase that
materials like Nd@_,SrMnO; (Refs. 12 and 1B and  abuts theA-type AFM in the region of higher hole doping is
Pr_4SKMnO; (Refs. 14 and 1bin the regionx>0.5. If  the C-type AFM state, in which antiferromagnetically

0163-1829/2003/687)/17441614)/$20.00 68 174416-1 ©2003 The American Physical Society



TULIKA MAITRA AND A. TARAPHDER PHYSICAL REVIEW B 68, 174416 (2003

Ry4AMNO; R A and 25 followed by. theA-type AFM state. In contrast with
27 ’ the narrow-bandwidth manganites, the relatively wider-
bandwidth manganites generally show the following se-

7/ quence of spin/charge ordering upon hole doginghe en-
I Z Aot oL@ s tire range Gs=x=<1): insulating A-type AFM — metallic

| . G FM— metallic A-type AFM— insulating C-type AFM and
G| e sn finally insulating G-type AFM states. Clearly, the most im-

portant feature here is the absence of CE-type spin/charge
(La, Ca) ordering and the presence of a metalicype AFM state in
these wider-bandwidth compounds in the region clos& to
Insulator |y =0.5. It appears that the physics involved in the CE-type
\ M S charge/spin ordering, important for the low-bandwidth sys-
00 02 04 06 08 10 tems, is not quite as relevant in this case. In addition, it is
(@) Hole concentration x also observed in neutron diffraction studies that the metallic
A-type AFM state is orbitally orderéd??with predominant
occupation ofd,2_,2 orbitals. The importance of orbital or-
dering has been emphasized previously in several other
experimentdf26-28and theoretic§ ~33investigations.
In a detailed observation carried out by Akimabal?°

the electronic and magnetic properties of a heavily doped
manganiteR; _,Sr,MnO; with R=La; _,Nd, are studied by
continuously changing the bandwidth. They were able to
control the bandwidtichemicallyby the substitution of the
smaller Nd* ions for the larger L3 ions. By increasing,
they were able to go continuously from the large-bandwidth

La; ,Sr,MnO; down to the intermediate-bandwidth

- Nd; _,Sr,MnO; system. Foz<0.5, there is a metallic FM
1asn 0> O 0} phase in the region 06x<<0.52. Fromx=0.54 to aboutx
03 0.4 0.5 05 0.7 =0.58 the ground state i&-type antiferromagnetic metallic
(b) - irrespective of the value af They believe that the key factor
that stabilizes thé\-type AFM metallic state in such a wide
FIG. 1. (a) Schematic phase diagram in the bandwidth vs holerange ofz is the structure of the twey orbitals [d,2_,2 and
concentration plane in the series of three-dimensional manganiteds,2_,2) and the anisotropic hopping integral between them.
after Kajimotoet al. (Ref. 25. The labels represent different mag- There is no signature of charge ordering or CE-type ordering
netic phases explained in the textE;_, stands for an incommen- below z=0.5 for anyx. The CO insulating state appears
surate charge-ordered and CE-type spin-ordered phaso) lis  abovez=0.5 and arounck=0.5 primarily due to the com-
shown the phase diagram invs hole concentration plane for mensuration(between the lattice periodicity and hole con-

(La;—,Nd,); SKMnO; after Akimotoet al. (Ref. 20. The effec-  centration effect in the low-bandwidth systems. The ground-
tive ban_dwidth_decreases asincreases. COIl stands for charge- giate phase diagram for doped manganites inxtzeplane
ordered insulating phase. (i.e., doping versus bandwidthlane is shown in Fig. 1b)

after Akimotoet al°

aligned planes are coupled ferromagnetically. Type The general inferences from all these measurements are
AFM phase occupies the largest part of the phase diagram ithat the physics of the electron-doped region is very different
this region. For even larges, the C phase gives way to the from the hole-doped region. In this region, with decreasing
three-dimensional antiferromagnet&phase. bandwidth  starting from La,SrMnO; down to

The systematics of the phase diagram changes consideXd, _,Sr,MnOs, theF phase shrinks, and tieandC phases
ably as a function of bandwidth in these systems. Recentlyemain nearly unaffected. Thephase disappears and te

Kajimoto etal? have quite succinctly summarized the phase reduces rapidly in the low-bandwidth systems like
phase diagrams of various manganites of varying bandwidthisa, _,CaMnO; and P;_,CaMnO;. The G phase at the
across the entire range of doping. Such a phase diagram lisw-electron-doping region seems to remain unaffected all
shown schematically in Fig.(d) after Kajimotoet al®® The  through. It has been seBrf®222%hat the gradual buildup of
phase diagram changes considerably with changing bangsFM correlations in the electron-doped region is preempted
width. We note that the narrow-bandwidth compounds likeby the orbital ordering in th& andC phases. The, orbitals
Pr,_,CaMnO;, La_,CaMnO;, etc., exhibit a region of and the anisotropic hopping of electrons between theth,
CE-type insulating charge-ordere(CO) state aroundx  must indeed play a significant role given the presence of
=0.5 whereas the intermediate-bandwidth materiabrbital ordering in much of the phase diagram beyond
Nd; _,Sr,MnO; shows anA-type antiferromagnetic phase. =0.5. It is also realized that the effect of lattice could be
As one moves towards the larger-bandwidth compounds sudgnored in the first approximation for these moderate- to
as P{_,SrMnO; and La_,Sr,MnO;, a small strip of fer-  large-bandwidth systems in this region of doping.
romagnetic(F) metallic phase appears at=0.5 (Refs. 20 There have been a large number of reports of charge or-
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dering and inhomogeneous state$*°>~*in the regionx  fects on the charge, orbital, and magnetic order are
=0.5. These states are quite abundant in the low-bandwidtimportant>3%4%°|n the next section, we use a model re-
materials. The inhomogeneous states result from the competently proposed by van den Brink and Khoms3kifor the
ing ground statés’® (charge ordered/AFM and FM prima- electron-doped manganites and later extended BYinsor-
rily) that lead to first-order phase transitions with a disconti-der to take into account the effects of local Coulomb inter-
nuity in the density as the chemical potential is varied. Suclactions present in these systems. We extend this model fur-
transitions are known to lead to phase separation in the cdher in the present work, study the magnetic and orbital
nonical ensembl&~4® Such macroscopic phase separationsorders in more detail, investigate the possibility of charge
are not stable against long-range Coulomb interactions andrdering and phase separation, and discuss their conse-
tend to break up into microscopic inhomogeneified*®  quences. In Secs. Il and Il we present our calculations and
There is also the well-known CE-type charge and spin orderresults and compare them with experimental literature. We
ing that has been seent 0.5 in some of the manganites. conclude with a brief discussion on the implications of our
In both Nd_,Sr,MnO; and Py _,SrMnO; Kawano  results.
et al?* and Kajimotoet al???° have seen finite-temperature
(T=150 K) first-order transitions at=0.5 from a ferro- Il. MODEL AND RESULTS
magnetic metal to an insulating AFM phase. Kajimoto
et al® have also observed that close to the boundary of the
FM and A phase of Pr_,Sr,MnO;, an unusual stripelike Evidently the physics of the regiorn>0.5 is quite differ-
charge-order appears along with this weakly first-order tranent from that in thex<0.5 for the manganites and one has to
sition. This is distinctly different from the staggered charge-look at the electron-doped manganites from a different per-
ordering of the CE-type state. Moritorfforeports a large spective. In order to pay due heed to the compelling experi-
region of phase separation between FM and CO in thenental and theoretical evidence in support of the vital role of
ground state of (La ,Nd,);_,CaMnO; immediately be- the orbitals, van den Brink and KhomsKiiBK) have pro-
yond x=0.5 forz<0.5. posed a model for the electron-doped manganites that incor-
Very recently, an inhomegeneous mixture of micron-sizeporates theey orbitals and the anisotropic hopping between
regions with no net magnetization and FM regions has beethem. In the undoped LaMnQOcompound each Mn ion has
seen in electron holography and dark-field imaging in theone electron and acts as a Jahn-Teller centergjharbitals
low-bandwidth system La ,CaMnO; atx=0.5(Ref. 3§.  are split, and the system is orbitally ordered. Thus for the
Moreover, there is charge ordering seen in both regiondightly (hole)jdoped system one can at the first approxima-
These FM-CO coexistence regions are not found to have angon ignore the orbital degrees of freedom and apply a single-
AFM order (expected if there were CE phase admixjure band model like the conventional double-exchar(@)
within experimental resolution. The ground-state energies ofmodel to describe it.
these different phases seem to be very close, leading to a In the doped manganiteR;_,A,MnO; there arey=1
possible first-order phase transition and consequent phasex electrons in the twe, orbitals at each Mn site and hence
segregation. the actual filling(electron densityis y/4. This means that
Almost all the experiments discussed above consider orthe highest filling in the electron-doped region is oglywe
bital ordering as the underlying reason for the various magrestrict ourselves to 0=5x<1.0 in the foregoingy Due to
netic orders observed in the electron-doped regime. The anhis low electron concentration and hence very few Jahn-
isotropy of the twoey orbitals and the nature of overlap Teller centers, thee, band is mostly degenerate and the
integral between theh®*make the electronic bands low di- Jahn-Teller effect is negligible to a leading approximation.
mensional. Such anisotropic conduction in turn leads to anNeglect of the Jahn-Teller effect is also justified from the
isotropic spin exchanges and different magnetic structures. Iexperimental evidence presented above. The usual charge
the A phase the kinetic enerdyKE) gain of the electrons is and spin dynamics of the conventional DE model then oper-
maximum when the orbitals form a two-dimensioridD)  ate here too, albeit with an additional degree of freedom
band in thexy plane and maximize the in-plane ferromag- coming from the degenerate setef orbitals. This process
netic exchange interaction. However, in thalirection the has been described by BK dsuble exchange via degener-
AFM superexchange interaction dominates due to the negliate orbitals
gible overlap ofd,2_,2 orbitals. In addition, the presence of  In order to capture the magnetic phases properly, the
charge ordering and inhomegeneous or phase-separatgwbdel includes the superexchan{®E) coupling between
states, particularly around the commensurate densities, iighboringt,, spins. Atx=1 the e; band is completely
suggestive of the vital role of Coulomb interactions in theempty and the physics is governed entirely by the antiferro-
manganites. The absence of CE phase in the moderate- moagnetic exchange between thg, spins at neighboring
large-bandwidth materials imply that the role of Jahn-Tellersites. On doping, the band begins to fill up, and the KE of
or static lattice distortions may not be as crucial in theelectrons in the degeneratg levels along with the attendant
electron-doped regime even in the region close+d0.58°  Hund’s coupling betweetyy andey spins begin to compete
A model, for the electron-doped systems, therefore, shoul@vith the antiferromagnetic SE interaction, leading to a rich
have as its primary ingredients the tveg orbitals at each variety of magnetic and orbital structures. The model used to
Mn site and the anisotropy of hopping between them. Indescribe the ground states of the electron-doped manganites
addition, the Coulomb interactions are present, and their efis thus

A. Degenerate double-exchange model
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this range. The other problem is that of the limiting behavior.
H=Jar > S'Sj_‘]HE S-s— > tia,jBCiT,a,UCj,ﬁ,a- When the AFM exchange interaction is close to zére.,
w ' (iie.a.p (1) UJar—) the system should be completely ferromagnetic,
missed out in their phase diagram.
@, take values 1 and 2 fat,2_y2 andds,2_ 2 orbitals and The limit of infinite Hund’s coupling which BK worked
the hopping matrix elements are determined by the symmewith is unphysical for the manganites considetéd®®®
try of e, orbitals'** Although similar in appearance to the Typical values reported in the experimetiand various
conventional DE model, the presence of orbital degeneracgnodel studies*>**and LDA calculation®* do not suggest
together with the very anisotropic hopping matrix elementsthe spin splittings of the, band in various manganites to be
ti# makes this model and its outcome very differért>? very large. These are typically comparable (@ slightly
BK treated thet,y spins classically and the Hund’s cou- larger thanm the e, bandwidth. The scale of Coulomb corre-
pling was set to infinity. Canting was introduced through thelations is most likely to be even high&r.The other conse-
effective hopping matrix elemer‘itstxy:t cos@/2) andt,  quence of using such large Hund's coupling is that the low-
=tcos(@/2) whered,, and ¢, are near-neighbor angles be- energy excitationglike optical spectra, specific heat, spin
tweent,, spins in thexy plane andz direction. The SE en- fluctuation energy scalgsire going to be inaccurate and, as
ergy per state becomes;g= (JAFsg/z)(z COSbyy+C0S6,). In we show below, estimates for canting will be too large. BK’s
this level of approximation, the problem reduces to solvingcalculation, though, serves as an useful starting point for
the 2x2 matrix equation||t,z— €d,4/|=0 for a system of improved theories. In a more realistic treatment of the spin

spinless fermions: degrees, Paf considered the limit of finitd,, and succeeded
in recovering theG andF phases. From these studies it was
t13=—2t,,(cosk,+ cosky), (28  also clear that the Jahn-Tell€dT) effect does not play a
major role in this region of doping.
2
ti,=ty= — —t,,(cosk,— cosk,), 2b
122 V3 2 X y) (2b) B. Double exchange and correlation
We mentioned earlier that by all estimates the Coulomb
fom — Et (cosk, + cosk,) — §t cosk 20 correlations in these systems are 1afg&°8and it is nota
2 3 X ylogreThe priori obvious, therefore, that the phase diagram obtained by

_ ) _ BK will survive once these are introduced. Neither of the
Herety, is the dispersion due to the overlap betwekn 2 yreatments of BK or Pai includes the interactions present in
orbitals on neighboring sites,, between ad2-,2 and a e system—namely, the interorbital and intraorbital Cou-
d3,2 2 orbital, andty, between twods,2 2 orbitals. In the o mp interactions as well as the longer-range Coulomb inter-
foregoing, the system is assumed to posses a cubic unit celloions Although for low doping the local correlations are
In the doping range considered, the deviations from cubigypected to be ineffective, with an increase in doping they
symmetry are smaﬂ.FngHHm?, writing t,y andt; in terms  yreferentially enhance the orbital orderffgThis affects the
of 6,y and #, the matrix equation is easily solved to get the £ phase and alters the relative stability of fhandC phases.
energy bandg..(k) as The longer-range part of the interactions would tend to lo-
calize the carriers and lead to charge ordering. It is, there-
fore, necessary to include them in the Hamiltonian and look
for their effects on the phase diagram. The addition of the
12 correlation terms makes the model very different from the
— cosk )z) _ ones considered by BK and Pai. Besides, the physics of

y charge and orbital ordering is beyond the scope of the mod-
3 els earlier considered. The model Hamiltonian we consider
consists of two parts; the first part is the same as the Hamil-

In the pure(uncantedl phases the bands in theand C tonian in Eq.(1) we _discusged in t_he previous secti(_)n. _The
phases become purely two and one dimensional. Howeve$€cond part, which is the interaction part, has on-site inter-
even in the presence of canting there is almost no dispersigffbital and intraorbital interactions and nearest-neighbor
in thexy (C-phasg or z (A-phasg direction. The total energy Coulomb interaction terms. The total Hamiltonian is there-
(band energy Esg) at a particular filling is then minimized fore
with respect tod,, and ¢,. The sequence of phases follows
from the nature of the density of statd30S) modulated by H=H;+Hy,
the anisotropic overlap of orbitals as well as the DE mecha-
nism. Quite remarkably the phase diagram has the sequenGiereH, is the same as in Eq1) and
of almost all the magnetic phases observed in these systems
for x>0.5, although it has its own shortcomings. At very low
electron doping (>x>0.97) a canted\-type AFM phase is o ~n , ~on nn
obtained* which is stable for all values af,- whereas ex- Hint U% MiatMiat +U i%’ nllgnl20’+v(i2j> ;-
perimentally aG-type antiferromagnetic phase is observed in (4)

4ty 4t, 2ty
e+ (k)=— 3 (cosk,+ cosk,) — ?coskzi T(coskX
2 2

4t 4t
—Z + %(coskx

3

+cosk,) — —-cosk,
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In the aboveU, U’, andV are the intraorbital and inter- 6.t .
orbital and the nearest-neighbor Coulomb interaction H = > e Ckaackﬁo_‘]Hsokz Cka Ck+Qat
strengths, respectively. We treat thg spin subsystem qua- wha “
siclassically as in BK, but we work in the more realistic limit N
of finite values ofJ,; . In an uncanted homogeneous ground +JHSOk2 Cka| Ck+Qal » )
state we choos8= Syexp(Q-r) where the choice o de- “
termines the different spin arrangements for tﬂf:spins?’o o
In the infinitedy, limit, the e, electron spins are forced to Where we follow the notation in Refs. 11 and 51. Hefé
follow the t,, spins, leading to the freezing of their spin are the same as* of Eq. (3). - o
degrees of freedom. At f|n|téH , however, the guantum na- We can see from the abO\{e Hamiltonian that the matrix is
ture of the transport allows for fluctuations and tyespin ~ NOW an 8<8 one with two spingup and dow two degen-
degrees of freedom, along with anisotropic hopping acros§rate orbitals ¢,z 2 and ds;2_2) with (anisotropi¢ hop-
the two orbitals, play a central role. For canted magnetid®ing between them, and two momentum indicés gnd
structures where the angle between two nearest-neighpor k+Q). Thus, a finiteJy makes the problem a>88 one at
spins is different from that of the pure phas8sis given by ~ €achk point in contrast to the 22 spinless problem for
S =S,(sin#,0,cosk) with 6; taking all values between 0 infinite . The SE part of the ground-state energy is the
and . We will discuss the canted structures at length in theclassical contributiorEge.
foregoing. We begin our discussion by considering the model We diagonalize the Hamiltonian in E¢6) at eachk point
without the interaction term§, U’, andV. The interactions 0N a finite-momentum grit The ground-state energy is cal-
and their effects will be dealt with in detail later. culated for different magnetic structurés, (A, C, andG) in
their uncanted configurations. The magnetic structure with
) S minimum ground state energy is determined for each set of
C. Noninteracting limit parametersy, J,;, andJ,g) for the entire range of electron
Using the usual semiclassical approximation for the  doping (0.5x<1). In Fig. 2 we show the ground-state en-
spins and the choic&=S,exp(Q-r), the Hamiltonian(1) ergies for different magnetic structures ﬂxpsgzo.OS and
reduces to JuSy=16 around the transition points in the doping range

174416-5



TULIKA MAITRA AND A. TARAPHDER

16

PHYSICAL REVIEW B 68, 174416 (2003

14}

12+

16 16 FIG. 3. Magnetic phase dia-

) S2= ‘ " 1,5 =005 (b) wal 1,8.2=005 (c) gram in the dopir)g X)-JuSo

U=40 | U=80 A U'=12.0 plane for differentU’. Note the

; 121 124 gradual shrinking of thd= phase

in the regionx>0.5. For lowU’
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sl 3 unaffected but at largdd’ it rap-
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6 6r bit while the G phase remains

nearly unaffected. lifa) the dotted

X
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line shows the phase diagram in
the absence of’.

0.5=x=<1.0. The value 08,S, is chosen somewhat large to netic phases from=0.5 tox=1 isF—A—C—G. All the
compare the figure with)’ #0 casé’? All energies are mea- transitions appear to be continuous without any jump in the

sured in units oft. The figure shows that there is@&type
AFM to C-type AFM transition occurring at=0.91, C-type
to A-type transition ak=0.62, andA-type AFM to FM (fer-

magnetic order parameters. The general trend observed here
is in good accordance with the experimental phase diagram
of the electron-doped manganites of intermediate bandwidth

romagnet transition atx=0.57. The procedure is repeated sych as Ngl ,SrL,MnO; and P§_,Sr,MnO; (Refs. 22, 24,

for many different values od,r andJy to generate the full

phase diagrams.

D. Magnetic phase diagram and canting
The phase diagram in theJHSO p|ane for a typ|ca| value Stable up toa f|n|te e|ectr0n dOpIng The Value(Whel’e the

of JArS5=0.05 is shown in Fig. @) (dotted line$. In Fig. 4

is shown the phase diagratdashed ling in the x-JAFS(ZJ
plane. There is no general agreement on the values of t
different parameters involved in manganites. From photo
emission and optical studizand local density approxima-
tion (LDA) analysis® one can glean a range of typica
0.1 e\<t<0.3 eV, Jy=15-2 eV,
=0.03—-0.01 (Ref. 59. We observe that for low values of
JuSy, anA-type AFM phase is stable near=0.5, then theC
phase is stabilized for a wide region in the intermediate dop
ing range, and finally neat=1 the G-type AFM phase has
the lowest energy. For higher values JfS, the FM phase
has the lowest energy near 0.5 and the sequence of mag-
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FIG. 4. Magnetic phase diagram in the doping-OAFSS plane

with U’=0 and 8.

1.0

and Jar

and 25.

At low electron doping the SE still wins over the KE gain
of the electrons via the development of a ferromagnetic com-
ponent of spins in the DE mechanism. Thus @Gghase is

G phase becomes unstable depends weakly,pim the ex-
perimentally relevant region. The KE is an increasing func-
jon of doping and for small doping it is proportional to the
(electron filling whereas the SE energy is nearly indepen-
dent ofx (Ref. 60. A three-dimensional AF spin alignment

| such asG phase does not allow delocalization of electrons
for the typical values of,;. To gain KE the system tries to
polarize the spins along one, two, and finally all three direc-
tions successively in the sequenceA, andF phases. Thus
the C-type AFM phase with ferromagnetically aligned spins
along thez direction appears first as we increase the electron
doping. Then appears the-type AFM phase with a two-
dimensional spin alignment and finally the FM phase is ob-
served.

The stability ofA andC phases is further enhanced by the
ordering of orbitals in these phases. As we show belowAthe
phase has an orbital ordering @f. > type and theC phase
ds,2_ 2 type. The planad,z_2 orbital order in thexy plane
in the A phase and rodlikel,,2 .2 orbital order in thez
direction in theC phase facilitate the hopping of electrons
(along the plane foA phase and across it for th@ phase.
Hence, it is primarily the orbital order that regulates the DE
mechanism and leads to ti&z and A-type magnetic orders.
Such a scenario has been borne out in several
experiment®?23% where evidence for orbital ordering is
seen at a much higher temperature than the spin ordering.
However, in theG andF phases no significant orbital order-
ing has been observed. Thus the interplay of spin alignment
along chains or planes and the corresponding orbital order
lead to the transformation from the one-dimensional to the
two-dimensional and finally to the three-dimensional mag-
netic structure with increased doping. The competition be-
tween effective KE(determined byJy, band filling, and
orbital ordering and SE leads to the transitio—C—A
—F (with the number of antiferromagnetic bonds 6, 4, 2,
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and O per site, respectivelas the doping is varied. The 15 . . .
dimensionality of the magnetic and orbital order in thand
C phases described above is reflected in the DOS in these
phases. In thé-type AFM phase the dispersion of bands is o
two dimensional with a peak near the center of the band and
small but nonzero DOS at the band edges when the hopping
tq, is zero. For a finite 1, the peak at the center of the DOS 10 -
splits. In the cantedC phase the DOS is quasi one dimen-
sional (for t,,=0 it becomes purely one dimensionalith __________________
peaks towards the band edges. "
Experimentally®??it is observed that there is little cant-
ing in A and C phases in most of these systems. There are
some experimental observatiGhen Sm _,CaMnO; which
suggest that th& phase, for low doping, has small canting.
Canting of the core spins is included in our calculation by
writing S = Sy(sin #,0,cos;) in the Hamiltonian with; tak-
ing values between 0 and. Such a canted spin configura-
tion connects two different spin speci@gp and dowhat the 7
same site. With this choice &, the Hund’s coupling term o
betweent,, andegy spins in the Hamiltonian becomes

x=0.98

0 n n
0.03 0.05 0.07
JAFSO-

Hhund= —InSo2 COSBi(ClyCiar =l Ciay)
e FIG. 5. Canting of the angle;,, and#z in degrees as a function
) s + of IS, for JAFS§=O.O4 (solid line), 0.05 (dotted ling, and 0.06
_JHSO% SiN6;(Ci41Cia) +Cin Ciat)- (dashed ling 6,, vs JorS5 at JySo=10 is shown in the inset.

) . fact theC phase that appears first. The magnitudes of the two
In the case of canted magnetic structures the differeniges are delicate functions of doping and the dimensional-
magnetic phases need to be defined at the outset. The COfy of the DOS as well as the anisotropy of the hopping
vention to define the magnetic phases are the following: Th?ntegral. The phase that appears after Giphase with in-
phase isA type whené,,< 6, as the spins in thety plane . e5sed doping is the phase.
have more ferromagnetic component than the spins across |, the Jy—oo limit the effective hopping ist cos@/2)
the planes. Similarly, in th€ phased,,> 0,. In the canted  _q in an AFM background. Hence on doping canting of the
G andF phases both angle, and 6, are close to 180° and  ¢ore spins is expected to be large as it leads to the FM com-
0°, respectively. The qualitative nature of the phase dlagrarﬁonem and facilitates hopping from site to site. In the
is very similar to the uncantt_ad phas_e diagram except for little_, ., affective theory the “wrong” spin sector of the Hilbert
shifts in the phase boundariéte shifts are small unlesk,  gpace is projected out and canting is large. However, at finite
is large. We show in Fig. 5 the angle of canting as a functionj  this picture is changed altogether. An electron in the
of Jy deep inside th& phase ak=0.98 (the angles in Fig. \yrong spin state costs a finite energyd,). Hence the cant-
5 represent the deviation from 180°) for different values ofing angle reduces drastically. In fact, for realistic values of
JarSo: o o o Jy the canting is almost negligible as we see from Fig. 5.
There is almost no canting in tfedirection while in the  noreover, the KE gain, which is proportional to dopitfgr
Xy plane there is insigniﬁcant Canting for IO\)\H and it is small doping, cannot overcome the SE energy unlgste-
about 10° only for largdy, . The absence of canting #, is  viates from 1 reasonably. Hence one gets a caftgzhase
seen for all different values afoS5. An increase inJar  with very small canting angles in the region closexte 1,
reduces the canting dfy, (Fig. 5, inset and stabilizes the resembling the end-member puBeghase. Since the KE con-
pureG phase as expected. Changingnd moving closer to  tribution is quite smalldue to the small values of canting
the boundary with theC phase, canting irg,, is seen to this phase does not have any preferential orbital arrange-
increase quite slowly. However, very close to tleC  ment. Evidently the region ofs phase will grow with an
boundary, 6, reverts back towardsr while ¢, begins to increase inJpr. Conversely, ford,r— 0 the system should
deviate fromsr. On doping, the delocalization of electrons is exhibit ferromagnetism for any doping. However, BK find
costly in a purely AFM configurationJg being the largest that the phase boundary between the ca@athase and the
scalg and the spins will begin to cant. The canting angle will C phase does not change significantly Jag is varied. In
be anisotropic; i.e.g, is going to be different fron®,, due  contrast, the phase diagram we obtained gives an FM state
to the anisotropy ofi‘}ﬁ. We also note that the canting in the for J,— 0 for the entire doping regime and the stability of
plane leads to a higher gain in KE as against canting irethe the G phase grows witllar .
direction. This does not, however, mean that the phase that Using four Q vectors it is possible to define a CE-type
abutsG phase would be the planaA{type) phase; it is in magnetic order. In the pure degenerate DE model, at finite
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Ju ., Pai has found this state stablexat 0.5. We observe that tion occurs atx=0.91 as in thdJ’ =0 case,C-A transition

this state is unstable anywhere away fram0.5 towardsA 5t x=0.57, and theA-F transition atx=0.51. Comparing
or F phases? %Uf results agree in general with the results ofths with Figs. 2a)—2(c) we note the shift of position of the
Maezonoet al>* though theA phase near=0.5 is missing  transitions. TheG phase remains unaffected, t@ phase
in their work. Solovyev and Terakuastudied the noninter- widens, andF phase shrinks fotJ’>0. The panel from
acting Hamiltonian of BK in the sam&,—c limit using @  Figs. 3a)-3(c) show the progression of the phase diagram as
multiple-scattering approach. With well-defined conventionsy " jncreases. The)' =0 phase diagram is shown in Fig.
for different spin order, they succeeded in recovering th%(a) by dashed lines for comparison.
magnetic phases in theJy plane with intermediate regions |t js observed that on increasirlg’ the ferromagnetic
hawr;g S|gn|f|cé':1nt spin canting. As pom_ted out by Maezonophase starts shrinking fast, th@ phase gains somewhat
et al. and'u§ earlier, orbital ordering in thé phase for- \yhjle the G phase remains almost unaltered for the entire
bids KE gain even when there is finite FM component in the;ange of values 08,S, studied. The trends observed here
z direction. We do not find any significant canting in either 4re in good agreement with the experimental observations of
the A or C phase(or at their boundarigsand believe that Kajimoto et al?2% and Akimotoet al? [see Figs. (a) and
canting in those regions is primarily an artifact of the j)] The enhanced correlation effectively reduces the phase
infinite-Jy approximation and incomplete orbital order dis- space for the electrons. The observatidiithat on decreas-
cussed above. Besides, any finite Coulomb interactiéh) (  ing the bandwidth the ferromagnetic phase shrinks and fi-
will enhance the orbital order and reduce canting furtherna”y gets pushed below= 0.5 with theA phase becoming
Experimentally, however, there is hardly any evidence forstaple a=0.5 is borne out in Fig. 3. The stabilities Afand
significant canting in those values &f In a related work, ¢ phases are primarily derived from the enhanced orbital
Sheng and Tingy considered the problem from the strong ordering in theA and C phases driven by the interorbital
correlation point of view in contrast to the band limit that we repulsion and the low-dimensional nature of the DOS. In the
have adopted. Th€ phase, however, could not be obtained presence ofU’, the one-dimensional order leading to the
in their Monte Carlo study in the regioc=0.5. AFM instability in the C phase seems to grow faster. Close
to thex=1 end the electron density is very low; there are
almost no sites with both orbitals occupied dnd is there-
. INTERACTING CASE fore ineffective. TheG phase remains almost unaffected as
seen in Fig. 2. Similarly the canting of the spin away fram
) _ ) ) observed in th& phase remains the same as in Fig. 5. At the
~ We treat the three interaction terms in the Hamiltor@n  other end, however, the electron density is higher andFthe
in th%Smean-fleld theory. It has been pointed out by Hottgghase has preferential occupation of one species of spin at
etal,” that the mean-field theory for the interacting DE poth the orbitals. Hence this phase is affected drastically by
model even in low dimension gives very good agreementhe interorbital repulsion.
with exact diagonalization on small systems. Comparison of \ye also compare the phase diagrams with and withidut
mean-field phase diagrargo with exact diagonalization onp the x-J,r plane forJ,;Sy=10. The corresponding phase
small systems by Misrat al.™ is also quite encouraging. We gjagram is shown in Fig. 4. Trends observed in Fig. 3 are
first look into the interorbital Coulomb interaction term gisg seen in this case. The topology of the phase diagram has
U’ ,oNitoNizer and setU=V=0. In the mean-field not changed much with finite)’, though theA phase andr
theory, one neglects fluctuations and writéslgﬁma, phase shrink in the presence 0f while the C phase has
= ﬁ ﬁ r+ ﬁ ’ ﬁ - ﬁ ﬁ 1) grown.
<Tr1]"> r']z" (N2 MMizy=(N1g){Nog). - q It is knowrP® that at the level of mean-field theory the
L€ omogeneous_aver_agés“), (nyy), <n2T>_’ AN intraorbital repulsior between opposite spins mimics the
(ny;) were calculated iteratively through successive dla_go-eﬁect of ;. As we are working with quite low densities
nalization of the Hamiltonian. Each of the average quantitiegactyal filing <0.125) and the relevard, values are mod-
and the filling were caICL_JIated from_ the resultant eigenvecyrate to large, there is hardly any site with both spin species.
tors for a chosen chemical potential and fed back to therherefore, we find almost no observable effectbbn the
Hamiltonian for next iteration. All the averages and filling phase diagran(except for very lowJ, where again the

were thus allowed to reach self-consistent solutions. Selfzpanges are smaland keep its value zero in the phase dia-
consistency is achieved when all averages and the groun@—rams that follow.

state energy converge to within 0.01% or Iédspending on

the difference in energy with the competing ground stdte

this way the ground-state energies are calculated at each fill-

ing for all four magnetic phased=( A, C, andG) and the The doped manganite®;_,A,MnO; are intrinsically

minimum-energy phase was determined to obtain the comdisordered owing to the substitution of trivalent ions by di-

plete magnetic phase diagram in the entire electron-dopingalent ones. Although the dopant ions do not enter the active

regime by varying botld,, andJar. network of MnQ octahedra that are considered central to the
We show in Figs. @)—2(f) the ground-state energies of transport properties and magnetic ordering, their effects can-

different magnetic phases around the transition points witmot be ignored. In this kind of substitution not only are the

JA,:SS:O.OS,JHSO: 16, andU’ =8. TheG-C phase transi- charges on the dopant ions different from the trivalent rare-

A. Magnetic phases

B. Magnetic ordering and disorder
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earth ions they replace, the ionic sizes of the rare earths vary The prefactor$25/9, 5/3, and Lcome from the new spin
considerably(e.g., La, Nd, and Pr all have different ionic values involved and the factors €ly)?, etc., are for count-
sizeg. Hence there is a mismatch of ionic sizes betweerning the probability of sites with Mn-Mn, Mn-Fe, and Fe-Fe
these and the divalent ioflike Sr, Ca, eto. that replaces bonds, respectively. Then, st=0.12, for example, the ef-
them. Such a mismatch would quite naturally bring abouffective J,¢ is about 0.06 if the initial value a5g is 0.05.
large lattice distortions locally. This will enhance the AF tendenciéand can even take the

However, the effect of disorder has been completely ig-system from theF- to A-type AFM phase as in Fig. 4 fot
nored in the treatments discussed so far. BK and’Rague  close to 0.5 and increase the resistivity as observed by Ahn
that to a first approximation, the disorder does not seem tet al.
play a major role in the magnetic phase diagram in this re- Although a smaller effect, the depletion of the effective
gion of doping. This is possibly due to the nonmagnetic nanumber of electrons taking part in the DE mechanism will
ture of the disorder—the rare-earth ions are not found taeduce the conductivity and move the effective dopintg-
have any observable moment except for Pr and it has beeamards right in the phase diagram and increase AF correla-
shown that Pr-Mn coupling does not have a detectabléions and resistivity further. There is also the possibility that
effecf® in the magnetic structure. They, however, considerediue to these combined effects, the magnetic ground state
substitution only at the rare-earth site. may get altered, a possibility only further experiments will

Since the Mn ions are central to the mechanism of magreveal.
netic and orbital order in the manganites, substitution at this There is another source of scattering coming from the
site would be quite revealing. In the last few years quite docalized t,y spins at each Mn site. The itinerant
few experimental investigatiofis®® have been carried out by e, electrons, in a mean-field sense, can be thought of as
substitution of Mn by Fe, Ga, and Al. These have similarmoving in a magnetic “field” of the localized spins. It has
ionic sizes and valences as Mn and therefore cause very littleeen showf? that such a random field can indeed localize
distortion in the lattic€’ For example, the substitution of part of the electronic states, particularly in the low-
Mn®** by FE* (which has identical ionic size as M) in  dimensional bandéas obtain inC and A phases Substitu-

La; ,CaMn;_,Feg0; in the AFM region atx=0.53 shows  tion of Mn®** by F€*, which has a different mome($/2 as
that the resistivity increases and magnetoresistance disappposed to R introduces random changes in this field and
pears by abouy=0.13. Although the F& has a higher additional channel for scattering. The observataf a spin-
moment than the Mt that it replaces, one observes aglass-type phase at low temperature in the Cr-doped
steady suppression of the magnetic moment and ferromag-a, 465t 5Mn;—,Cr,O; (0<y<0.08) is a possible indica-
netism with Fe dopin§’ Whether there is any accompanying tion of how the competing interactions between the coexist-
changes in the underlying magnetic ordering is not clearing FM phase in the metallié-type AFM matrix is affected
Also the systematics across several manganites with differety scattering off the random magnetic Cr impurity and the
bandwidths are also not available yet. resultant localization of mobile charge carriers.

There are two things that happen when Fe is doped in
place of Mn: (i) In the octahedral crystal field the ¥e
(high-spind® configuration sites have all theiey, orbitals
filled up and forbid the motion of electrons from Kininto In the noninteracting case we observed orbital order in
Fe* sites, preventing DE mechanism from operating ancboth theA phase @.2_y2 type) as well as in theC phase(of
(i) the presence of an Fé instead of MA™ in any site  dj,2_,2 type). Such orbital order is also borne out in experi-
alters the superexchange interaction between this and theents discussed above. In the interacting situation, we cal-
neighboring sites. It is possible to account for these effects iulate the orbital occupancies from the eigenvectors corre-
a qualitative manner following Alonset al % sponding to the converged ground-state solutions for both

The fraction of M sites(which is the depletion in the dy2_y2 anddg,2_ 2 orbitals inA andC phases in their respec-
number of electrons in the systenis increased by (1 tive regions of stability and show the results in Fig. 6. In the
—y) *wheny+0 as compared ty=0. For the range of, A phase thel,>_,2 orbital has a higher occupancy whereas in
Ahn et al%” work with (y~0.10), this is only about 10%. So the C phase it is reversed. We check that the sum of the
the effective depletion of electrons and eff@gtcan be ne- occupancies of the two orbitals is equal to the actual filling in
glected to a first approximation deep inside any given phasall the phases. The three-dimensional magnetically ordered
Similar situation obtains when Al or G&* (having filledd ~ andG phases, however, show no orbital ordering.
band are doped. The presence of interorbital Coulomb interactidn en-

The change in the SE interaction is approximated by eshances the orbital ordering in bo&andC phases as shown
timating the change in the effective antiferromagnetic interin Fig. 6 for three different)’. Note that at lower electron
action between neighboring core spins owing to the changedensities—i.e., asincreases—the effect &f’ on the orbital
values of them in the coupling of Mn-Mn, Mn-Fe, and Fe-Fe.occupancies becomes less pronounced and the curves for dif-
The new(effective) Jar is given by ferentU’ merge as expected. We also note that the effect of
U’ is noticeable in both thé and C phases. The orbital
densities in theC phase attain their saturation values by
=8. Since we are interested in the regxr 0.5, we have
not plotted the orbital densities in the phase beyond)’

C. Orbital ordering

eff 2 5 25 2
Jar=Jar| (1-y) +§ZY(1_Y)+ 9 Y
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phase the nature of the occupied orbitals impedes electron
motion along the direction, giving rise to a large anisotropy
between the in-plane and out-of-plane resistivite$here-

fore theA phase with its planar ferromagnetic alignméatd
quasi-2D DO$ is less sensitive to disorder and exhibits in-
plane metallic behavid?42°

D. Charge ordering

The nearest-neighbor Coulomb interaction term

VEi;ynin; is also treated in the mean-field theory witfy)
=n+Cuexp(Q-r;) whereC, is the charge-order parameter,
n is the average number of electrons per site, &nd
N =(m,m, 7). We calculate the charge-order paramety
P self-consistently. KeepindJ'=0, the major change ob-
P served in the phase diagram now is the absence ofAthe
%‘\% phase and the presence of charge ordering for valuas of
00%5 E— 0.7 08 >0.29. The typical values oY/ are between 0.2 and 0.5
' ’ x ’ (Refs. 3 and 5 (in units oft). Below V=0.29, we do not
observe any charge ordering and the@hase reappears. The
FIG. 6. Orbital densities as a function of dopimgfor three phase diagrams in theJyS, plane are shown in Figs(d)—
values ofU'=0, 4, 8. The solid symbols are fat> and open  7(c) with V=0.4, V=0.5, andV=0.6 atU’=0. Note that
symbols ford,2_,2 orbitals. The vertical d_otted lines represent the there are only three phases now. A coexisting ferromagnetic
boundary betv.veem\ and C phases for different)’. We choose and charge-orderedr¢CO) phase, the orbitally ordere@
JuSp="5 here in orde_r to have stabPear)dC phases f<2)r a reason- phase, and th& phase. The topology does not change ap-
able range ok (see Fig. 3for all threeU” values JaeSy was kept e ciaply whenU' is finite. The resultant phase diagram is
at 0.05. . . - . .
shown in Fig. 8. The pattern reflects what is seen in Figs.
3(a)—3(c). TheF-CO phase reduces while tlizphase grows
=8—above this value thé phase shifts belowx=0.5 at  slightly with U’.
JuSy=5. In the largeU’ limit the Hamiltonian can be In Figs. 7 anl 8 a wide region oF-CO phase is observed
mapped onto a pseudospin Hubbard mbtél with off- nearx=0.5. This observation is somewhat reminiscent of
diagonal hoppingwhich breaks the S(2), while still retain-  the recent experimerfs® where the charge-ordered phase
ing the global W1) symmetny}. Such a model overestimates close tox=0.5 is possibly residing at the boundary of the
the orbital ordef® and the orbital-paramagnetic state is al-andA phases and straddling both. SUEICO phase coexist-
most never obtained. ence is also seen by Moritoffo in Nd-substituted
The orbital order obtained in th& andC phases leads to La;_,CaMnO;. As noted earlier, grains df-CO coexist-
anisotropic band structures in these phases and this featueace atx=0.5 in La_,CaMnO; have been observed
becomes sharper d, increases. In particular, the phase recently®® although the coexisting-CO region that we get
has a quasi-one-dimensional density of states. Ideally, thits considerably wider. We do not find any self-consistent so-
phase should be conducting in thelirection along the fer- lution with both theA phase and charge ordering for avy
romagnetic chains while insulating in the plane. However|t is possible that the charge ordering instability is too strong
experimentally one finds this phase to be nonmetallic. Thelose to commensurate€0.5) filling. The A phase, being
nearly one-dimensional nature of transport makes it venalso close tox=0.5 and deriving its stability from a low-
sensitive to disorder, possibly localizing the states. InAhe dimensional DOS, gets affected by the charge-order instabil-

orbital density

0.02}

16 T T T T 16 T T T T 16 T T T T
V=0.4 @1 V=05 | (b) I V=06 |[(©
14 + 414 + 414 + .
I I FIG. 7. Magnetic phase dia-
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16 . : =0.05 atx=0.5 is about 0.3, well below the value at the
| —— V=05U=80: Jy—c limit. The larger value of criticaV is an artifact of
14l R V=05,U=0.0; the J,— limit. The tendency to large canting away from

pure AFM spin structures is markedly reduced in the finite-
Jy limit as we discussed above. The infinidg- limit is,

121 therefore, expected to overestimate the critical value of the
: : near-neighbor repulsion responsible for CO instability in this
7N F-CO |: C ; G model as the canting and eventual ferromagnetic instability
= 10| : : . . s .
- : : with a uniform charge distribution are too strong in that

; ; limit. This critical value is nearly independent winside the
8t ; ; region of stability of theF-CO phase for the parameter val-
: ; ues we considered. This is an indication of a possible phase
separatioriwith first-order transitiopwith part of the system
: . pinned at the commensurate density. The CO order param-
05 oie = of7 : ojs - 019 0 eterCo_has a discontinuous jump at the tr_ansition fromtthe
phase into thé--CO phase as shown in Fig(ed, which is a

X signature of a first-order transition between two states having
different magnetic symmetry. A similar first-order jump has
been seen at in previous w8fK®as well and borne out in
several experiments described above. The transition as a
function of V from pure F to F-CO phase appears to be
continuoug Fig. 9b)].

ity. Both C andG phases are seen to have no charge ordering
in them. Unlike in the CE phase, the CO state obtained here
has staggered charge ordering in all directions.

Our observation of the ferromagnetic charge-ordered A summary of the trends observed as a function of near-
(F-CO) ground state agrees qualitatively with the mean-fieldneighbor interactior)’ across the entire range of electron
calculation of Jackelet al.” They considered a Hamiltonian doping is presented in Fig. 10. A comparison with Fig)1
that has orbital degeneracy, Hund's exchange, supereXeyeals the similarity between them if one interprets the in-
change, and the near-neighbor Coulomb term and studied thgease inU’ as an effective reduction in the mobility of
ground-state phase diagram\aandJr change. There is N0 glectrons and suppression of the DE mechanism. The rapid
local Coulomb term in their model. They restrict their calcu- yeduction in the stability oF and A phases at large)’ and
lations to thex=0.5 andJy— limit only and obtained  an almost unchange@ phase are indeed observed in Fig. 1.
charge-ordered, A, C, andG phases in thd,rS5-V plane  The C phase is stable over a wider region of phase diagram
when the degeneracy of theg orbitals is neglected. In the in Fig. 10 than what is experimentally observed.
degenerate model, tHeCO phase appears only at a critical ~ There are several appealing features of the model and the
value of V~0.7. There is noA phase untilJAFSS reaches limits that we have studied in the present investigation. We
0.1. All the transitions from th&-CO phase into AFM states have been able to show that the phase diagram and orbital
are first order. ordering resemble the experimentally observed ones for the

We do indeed find a critical value dffor theF-CO phase  electron-doped regime to a large degree. By putting in cor-
to appear. The critical value of for J,S,=8 and JAFSS relations the orbital orders are enhanced and it was possible

FIG. 8. Magnetic phase diagram in the doping-0,S, plane
for finite V at two different values o). Note that on changing’
the trend follows that in Fig. 3. The-CO to C transition is not
hatched here to show the effect of changing

IV. DISCUSSION
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16 . . . . clusion of lattice degrees of freedom and from a finite-
7.S210.0 temperature calculation, it should be possible to look into
T4 °° 1 stripe formations and anisotropic charge orders. It has been
12 I\ JapSy =0.05 ] suggeste® recently from a finite-temperature mean-field
calculation with a degenerate, noninteracting DE model at
10k 1 the infinitedy limit that without the Jahn-Teller physics
brought in, the CE phase at=0.5 in the low-bandwidth
o o8t 1 system is not accessible, though the possibility is wide
. 1 operi® in the presence of Coulomb interactions lié and
i 7 V.
RN c G - Thereis a maj(_)r cl_ass _of layered mar_wganitefs for whi_ch the
] electron-doped side is still unexplored in detail. The bilayer
oL i systems like La_5,SH, ; ,,Mn,0; have showff similar an-
F ] isotropic magnetic structures as in 3D manganites. Prelimi-
o5 0'6 0'7 ols 0'9 1 nary _result; fr(_)m a mean-field analy<ishow interesting
' R : promise. It is difficult though to account for the large region

of C-type ordering seen in experiments in such layered sys-
tems at dopingx) ranges as high as 0.75-0.90. In the lay-
Bred systems the DE mechanism is expected to favor either a
planar A-type or aG-type state, depending on the carrier
concentration, over the 1[-like ordering® The present
model may need additional inputs like coupling to distortions
to obtain regions of charge ordering closexts 0.5. How- in the lattice in order to understand the layered manganites.
ever, there are several interesting questions that need to be We have not looked into the excitation spectrum of the
addressed. The neglect of Jahn-Teller effects may well denanganites so far. The effects of fluctuation coming from
scribe the electron-doped manganites in the moderate- tgoth spin and orbital degree and their coupling may lead to
large-bandwidth systems and also works for low-bandwidthcomplicated excitation?*"® They will affect the thermo-
systems at low electron doping. But the presence of CE-typeynamics quite strongly. The controlled incorporation of dis-
ordering atx=0.5 in the entire class of low-bandwidth ma- order, particularly without affecting the latti%® has
terials reminds us that the effects are relevant close to thispened up a host of possibilities. The observation of nonme-
doping. A more complete theory should account for the Jahntallic behavior in an inhomogeneous mixture of two metallic
Teller distorted MA* sites and evolve from the low- phase¥ is an indication of the complex nature of coupling
bandwidth to the large-bandwidth description successfullyacross the boundary of such domains. The spin-glass-like
Such a theory, however, is lacking at presént. phase reported close to the border of the hole- and electron-
The region close tx=0.5 has a lot of competing states doped regioft in Lag 4651y 54Mn; _,Cr, O3 is another mani-
and a large body of literature exists on the first-order transifestation of the complicated coupling of the impurity with
tions and coexisting phases or phase separations into corspin and charge degrees of freedom. More results of such
peting orders in this region. The model described here givenpurity doping in the electron-doped manganites are ex-
a first-order transition from aR-CO state to &C-type AFM  pected in the near future. We have extended the model we
state with concomitant phase separation, albeit with a largased to incorporate some of these effétand it would be
region of stability for the CO state. In real systems, withquite instructive to investigate the nature of coupling be-
longer-range Coulomb interactions present, the phase sepaveen the impurity and the magnetic and orbital degrees of
ration is likely to appear as domains of one phase dispersefdleedom?®-82
in another. Whether this indeed is the mechanism of the in-
homogeneous phases observed or they are intrinsic to the
system8&4247:"%s an open question. Transport properties in
this region are going to be intriguing with possible percola- The research of A.T. has been funded by a grant from the
tive growth of FM clusters in an applied magnetic field as anDepartment of Science and Technology, government of In-
alternate route to negative magnetoresistance as opposeddia. We acknowledge several useful discussions with S. D.
the DE mechanism. Mahanti and G. V. Pai. Discussions with S. K. Ghatak and
Extending the model we considered with the possible in-Rahul Pandit are also acknowledged.

FIG. 10. Summary of the general trend observed in the variou
phase diagram@or V=0). Note the trend with increasind’ fol-
lows closely that of Fig. (B) with decreasing bandwidth.
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