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Magnetic phases of electron-doped manganites
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We study the anisotropic magnetic structures exhibited by electron-doped manganites using a model which
incorporates the double exchange between orbitally degeregratectrons and the superexchange betwiggn
electrons with realistic values of the Hund’s couplinly,), the superexchange couplindg), and the band-
width (W). We look at the relative stabilities of the-, C-, andA-type antiferromagnetic phases. In particular
we find that theG phase is stable for low electron doping as seen in experiments. We find good agreement with
the experimentally observed magnetic phase diagrams of electron-doped mangani@$)(such as
Nd; _,SrMnO;, Pr,_,SrMnO;, and Sm_,CaMnO;. We can also explain the experimentally observed
orbital structures of th€ andA phases. We also extend our calculation for electron-doped bilayer manganites
of the form R,_,,A;5,Mn,O; and predict that theC phase will be absent in these systems due to their
reduced dimensionality.
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I. INTRODUCTION with experiments for a number of doped manganites
Ri_yAMnO; for x>0.5. The model also throws light on the
Recently there has been a great upsurge of interest inature of orbital occupation of the electronic degrees of free-
doped manganites exhibiting colossal magnetoresistancdom which will lead to the experimentally observed orbital
Most of the studies on manganiteR,(,A,MnO;; R=La,  ordering® We extend the mean-field theory to incorporate
Nd, Pr, or Sm andh=Sr, Ca, Ba, or Pbfocus on the tran-  the charge exchang€E) phase ak=0.5 and find that it is
sition from a ferromagnetic metal to a paramagnetic insulatokiapilized over a wide range of values df,S,/t and
in the doping regime 0.15x<(_).4,1‘3 which can be consid- ;3 <2/t Wwe also use our model to make a number of pre-
ered as doping the quarter filley band of RMNO; with  qictions regarding the magnetic phases of electron-doped bi-
holes. More recentlygelectron-dopedmanganited, namely layer systemsR, A, ., Mn,0,.1° Specifically, we point

systems wih 0.5x<1, have begun to be explored. Theseout that theC phase will be absent in the electron doped

seem to be different and quite interesting in their own Waybilayer manganites due to reduced dimensionality.

with a variety of anisotropic magnetic phases and with no . o . o
evidence oparticle-hole symmetnSuch systems are experi- We start by briefly describing the experimental situation.
In Sec. Il we present our model. In Sec. Ill we present our

mentally seen to exhibitA-type, C-type, and G-type . . .
antiferromagnetisrfi;” spectacular transitions between these/€Sults on the magnetic-phase diagram of the manganites.

phases under an applied magnetic fleds well as possible Section IV Qeals with the .nature c_)f th® phase for low _

phase separation. In contrast with the hole-doped systemgléctron doping and of canting of spins. In Sec. V we explain

there have been very few attempts to understand thihe orbital structures observed in tBeandA phases. Section

electron-doped systems theoretically. We show here that th¥! deals with the phase diagram of the electron-doped bi-

rich magnetic phase diagram as well as their orbital structuréyer manganites. Finally we make a comparison of our re-

can be understood in terms of a microscopic model whictsults with the earlier works and point out the shortcomings of

takes into account th&arge but finite Hund's rule double  various approaches including ours.

exchange(DE) coupling, effects of orbital degeneracy and The conventional single-band double exchange model

the superexchangéSE) coupling betweert,, spins within a  predicts a phase diagram symmetric abost0.5. However,

band picture. the behavior of the observed ground-state magnetic proper-
We study this model in detail for realistic values of the ties does not agree with this simple picture. Experiments

Hund’s coupling, the superexchange coupling and the bandshow a remarkable asymmetry with regard to the magnetic

width. We present the phase diagram as a function of dopingroperties of the system. In La,S,MnO3; an A-type anti-

in reduced units of, /t andJ/t. From the phase diagram ferromagnetic ground state is seen for 6:52<0.58, above

we deduce that the key interaction responsible for the stabiwhich it becomes a C-type antiferromagnet. In

ity of the G phase neax=1.0 is the superexchange interac- Nd;_,Sr,MnO; an A-type antiferromagnetic phase extends

tion. We also find that thé phase neak~0.5 is very sen- from x~0.5 to x~0.62 and aC-type phase is seen tik

sitive to the variation of the superexchange interaction. We~0.8% In Pr,_,Sr,MnO; the A-type antiferromagnetism is

obtain aG-type phase for 0.85x<1, a C-type phase for seen fromx~0.48 up tox~0.6 and theC antiferromag-

0.6<x=<0.85 and amA-type phase for 05x=<0.6 for values  netism up tax~0.9> The end compoundMnO; is aG-type

of Jy (Hund’s coupling, Jar (superexchange couplingand  antiferromagnet and this state extends, in general, up to

t (hopping parametgrthat are in agreement with density- ~0.90!* In  particular, recent experiments on

functional calculations. Thus we find that a finite value of Sm,_,CaMnO; suggests that th& phase, albeit with fer-

Jy leads to a magnetic phase diagram in good agreememdmagnetic clusters embedded in them, survives up to a dop-
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ing concentration ok=0.8812 Though a picture based on 2 8
band structure will not be appropriate in such a case, we €11= — 3 1(COSke+cosky) — zt cosk,,
believe that the nature of the background magnetic phase can
still be captured since the dominant energy here is the anti-

: : 2
ferromagnetic energy resulting from the superexchange. €10= €p1= — ﬁt(COSkX—COSky)
IIl. MODEL €25= — 2t(Cosk,+cosk,). ()

If one starts fromAMNnO; and increase the doping, the The superexchange contribution to the Hamiltonian is given
doped electrons go into empgy levels doubly degenerate in

the absence of Jahn-Teller splitting. As noted in Refs. 13 and

14 the double exchange between these degenegatvels JAFS(Z)

along with the superexchange betweggcore spins lead to Hse=——(2 cosfyy+cosb,) 4

a qualitatively different phase diagram which is highly asym-

metric aboutx=0.5. However, the resultin§=0 phase dia- With 6,,=6,=0 for ferromagnetic, ,,=6,= for the

gram they obtained while asymmetric is in disagreemenf>-type antiferromagneticd,,= 7 and 6,=0 for the C-type

with experiments on several cour(ee below This moti-  antiferromagnetic, and,,=0 and@,=  for the A-type an-

vates a detailed study of an orbitally degenerate double exiferromagnetic phases. Heré,, is the angle between

change(DE) and superexchang&E) model for 0.5<x<1 nearest-neighbor spins in tkxey plane, andg, is the angle

with realistic values of parameteds,,Jor, and bandwidth between nearest-neighbor spins in theirection. Inclusion

W.I® The effective Hamiltonian describing the low-energy of canting by assuming = Sy(sin 4 ,sin¢,,cosé,) will con-

properties of the system is nect different spin species at the same site. These contibu-
tions come from ther, and o, terms in the DE part of the
Hamiltonian which are absent when canting is absent. Thus

H=Jar S'S—Jdh > S ClupnOuuCiap the DE part of the Hamiltonian becomes
(ij) o
= (ct e —cf ¢
— > 0Pl Cip (1) Hoe JHSO% €080;(C€{41Cja1 ~ Cjal Cjay)
(ij)m
: ~JuSoY, sinéi(ch i+l ciu)
Here« and 8 denote thels,2 2 andd,2 2 orbitals, respec- H & IWjatjal ™ YjalVjal

tively, §; is thet,q spin at sitei, Jy is the Hund’s coupling,
and Jar the superexchange betweey), spins at nearest-

i T ot A
neighbor sites andj, and u stands for the spin degree of +JHSOJ§ 1 SiN6;(Cj41Cja) ~Cja|Cjat). (B
freedom of the itinerant electrons. The hopping matrix ele-
ments are determined by the symmetryegforbitals.m We have neglected the correlation term in the Hamil-

We treat the spin subsystem quasiclassically. Assuming gnian U=, ,n; 41N o+ Vi .0 1,02, and the Jahn-
homogeneous ground state we teke S,cosQ-r;). where  Teller (JT) contributiong=; , 4 ,C/ , aQiaﬁCi,o,/j’ with Q de-
Q=(0,0,0) for the ferromagnetic phas@s= (m,7,) forthe  scribing the local distortion which lifts the degenerdgye
G-type antiferromagnetic phas@=(,,0) for theC-type  neglect the correlation term because of the low electron dop-
antiferromagnetic phase, ai@=(0,0,7) for the A-type an-  ing regime we are interested in 0.5 refers to a filling of
tiferromagnetic phase. Canting can be included by assuming.125 in our model and the filling ranges from 0 to 0.125
S=Sy(siné,sing ,cosét) with ¢; taking values between O For the same reason the intersite Coulomb correlations,

and . This is discussed later beloW. ' “which may be necessary for the stability of charge ordered
under these assumptions the electronic part of the Hamilphase arounsd= 0.5, are also neglected. A cooperative Jahn-
tonian reduces to Teller effect can drastically change the magnetic ground

state’® However, since the carrier concentration is very
ot - small, so is theeffective number of Jahn-Teller centexsd
HeIZKE € CkaTCkm+kE €k Cha) Ckp) hence we do not expect any qualitative change in the mag-
-o.B B netic phase diagram though both may be required alongwith
InSo InSo the breathing mode distortions induced by holes to explain
H f H T 20 :
T o kZ CkaTCkJrQaT_T kE Cka1Ck—Qat the CE-type charge ordered phase xat 0.5 Doping-
“ ' induced disorder can have two effects. Firstly substitutional
IuSo S disorder may localizee, electrons. However, as long as the
+ H t o 9 ) . )
+ 2 > Cia|Ck+Qal T 5 > Cka|Ck—Qa| localization length is more than the interatomic spacing, the
ko Kot hopping to nearest-neighbor sites will split the energy levels
(2 into bonding and antibonding orbitals with electrons occupy-
ing the bonding orbitals. This process is naturally taken care
with® of in our model. Second the presence of a magnetic rare-
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FIG. 1. Phase diagram of the double exchange and superexchange model with deggnatitals assuming the doped electrons go
into theI" point and there is no canting of the core spif@.Phase diagram as a function Mpsglt for a fixed value ofd;Sy/t=5. (b)
Phase diagram as a function §fS; /t for a fixed value oﬂAFS§/t=0.053.

earth ion can have coupling with the magnetic¥ron and ~ down) We first assume that all doped charges go into the
thus leading to change in the MR-coupling as doping var- state withk=0 and neglect for the moment the effects due to
ies. However, in most of the manganites, Bimn in general finite filling of the bands(strictly speaking, this is only the

is nonmagnetid¢eg., La except, say, in Pr. However, studies case for very small doping Assuming uncanted states the
on Pr-Sr system around=0.37 (Ref. 21) have shown that energies for various magnetic statekatO are

Mn-Pr coupling plays no role in the magnetic properties. _ 2/2t — y 16+ (3 Sg/20)2
Hence we also do not expect substitutional disorder to play a Eg=—3JarS0/2t—yv16+ (JuSo/21)%, (6)
role in determining the magnetic phases though, as argued in EA=JAFS§/2t—4y—JHSOy/2t, @)

Refs. 13 and 14, it might play a role in the transport proper-

ties of these compounds. We obtain the magnetic phase dia- E.— —JAFS§/2t—8y/3—y 16/9+ (J5Sy/20)2 @)
gram by minimizing the total enerdylo+Hsa as a function ¢ ’

of filling by fixing the chemical potential. Er=3JarSo/2t — 4y — I, Soy/2t. (9)

We present the magnetic phase diagram for both manga- . o
nites and bilayer manganites as a function Jf/t and Herey is the actual electron filling in the two-band model
Jae/t. From density-functional studitswe estimatet and )s related tox as x=—4y+1. For J;S/t=5 and
=0.15 eV, J;S=0.75 eV andJ\-S*=8 meV. Hence we JarSy/t=0.053 we find that thé&s phase is stable up t®
choose J,,S,/t=5 and JAFS(Z)/t=0.053. This value of = 0.76 beyond which thé phase becomes stable. In Fig. 1
JAFSS/t also leads to the correct mean fidlig for the end we present the phase diagram assuming the electrons go into

compound CaMn@ Hence we use the phase diagram cor-ther point and there is no canting of core spins. We plot the

. . . 2
responding to these values for making comparison witfPhase diagram as a function of doping aikkSy/t for a
experimentg? fixed value ofJ;Sy/t=5 and doping and Sy /t for a fixed

value of J,rS2/t=0.053.
The effects due to finite band filling will alter these values
lll. PHASE DIAGRAM OF THE ELECTRON DOPED and the numerically obtained values can be read from Figs. 2
MANGANITES and 3. This also leads to the physically expected result that
the doping region over which th& phase stabilizes grows
Thex=1 limit corresponds to empty, orbitals. The only  with J5r/t. As electron doping increases the kinetic energy
contribution to the Hamiltonian comes from the SE interac-starts dominating over the SE contribution leading to in-
tion which is isotropic and hence leads to Bephase ak  creased spin alignment. This happens because kinetic energy
=1. At low electron doping, however, the SE still wins over is an increasing function of doping and for small doping it is
the Hund'’s coupling and leads to ti&phase. proportional to the electron filling. However, a three-
Doped electrons go into states with minimal energy cor-dimensional antiferromagnetic spin alignment does not allow
responding to thé' point atk=0. (This is a consequence of for the motion of electrons. So to take advantage of the ki-
the band picture we, as well as other workers, use. The posietic energy gain the mobile electrons polarize the spins
sibility of the doped electron forming ferromagnetic clustersalong chains, planes, and finally in all three directions suc-
is mentioned later, in which case the band picture will breakcessively. The reduction in the DE energy due to such align-
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FIG. 2. Phase diagram of the double exchange and superex-
change model with degeneragg orbitals for a fixed value of
JuSy/t=5. Depending on the electron doping concentration and
the ratio of thet,4 superexchange to theg bandwidth,.]AFS(Z)/t, we
find the A-type, C-type, G-type, or ferromagnetic order. Values of
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Ju ., t, andJae were taken from density-functional calculaticRef.
9).

ment is overcome by the gain in kinetic energy beyond som
doping value(for given values ofly /t andJ,e/t) and this
point defines th&-C phase boundary. Moreover, as we will
see in the next section, the phase has orbital ordering of
d,2 type and theA phase has orbital ordering df2_,2 type.

Thus the interplay of the spin alignment along chains or

JSt

FIG. 4. Phase diagram of the double exchange and superex-
hange model with degeneradg orbitals atx=0.5.

exchangeleads to transition$G-C-A-F (with number of
antiferromagnetic bonds 6, 4, 2, and 0, respectijvaly the
doping is varied for a givedy/t.

In Fig. 2 we present the results falyS,/t=5. For

2 _ .
planes and the corresponding orbital order also leads t9aFSo/t=0.053 we find that the system has a stable ferro-

change of the &ffective hopping parametefst, andt,y, in

magnetic ground state upto=0.47, theA phase is favored

the zandx-y directions. In general, this leads to the system!©r X<0-57, theC phase upto 0.85. ThB phase becomes the

transforming from one-dimensional, to two-dimensional, and®

finally three-dimensional ferromagnetic structures with in-
creasing doping. Thus the competition betwediective ki-
netic energy(determined byl and band filling and super-

|Ferro
J,:S8%t = 0.053

05 06 07 08 09 10
X

FIG. 3. Phase diagram of the double exchange and superex-

change model with degeneratg orbitals for a fixed value of

table phase for 0.85x<1. We also find that thé\ phase
nearx=0.5 is stable only for a limited range OI\FSS/L The
overall phase diagram is in excellent agreement with the ex-
perimentally observed phase diagram of NdSr, PrSr, and
SmCa systems.

In Fig. 3 we present the results fdgFS§/t=0.053. We
find that theA phase, stable near= 0.5 for smaller values of
JuSy/t, gets pushed to the right making the ferromagnetic
state stable near= 0.5 for large values ol /t. However, in
contrast to the earlier case, tAghase is stable over a wide
range of values ofl;Sy/t. We conclude that thé phase
nearx=0.5 is very sensitive to the variation di\FSSIt and
rather less sensitive to the variation JfS, /t.

At x=0.5 most of the manganites have a charge/orbital
ordered(CO) ground state with the magnetic phase being the
CE-type antiferromagnet. Our mean-field theory can be ex-
tended to include the uncanted CE phase by assur8ing
=S/
2[cos@Q;-rj) —cos@Qy-r;) +cosQs-r;) +cos@Q,-r;)] with
Q=(m,0m), Q=(0,m,7), Q3= (m/2,3w/2,7), and Q,
= (37/2,7/2,7w). We present the phase diagranxat0.5 as
a function ofJ;Sy/t and S/t in Fig. 4. We find that at

JarSY/t=0.053. Depending on the electron doping concentrationJHSo/t="5 andJ,rS5/t=0.053, the CE phase stabilizes over

and the ratio of the Hund’s coupling to tieg bandwidth,J, Sy /t
we find theA-type, C-type, G-type, or ferromagnetic order. Values
of Jy, t, andJ,r were taken from the density functional calculation
(Ref. 9.

other phases. In fact, the CE phase is stabilized over a wide
region of the phase diagramyat 0.5. This may explain why
most of the manganites at=0.5 have the CE phase as the
magnetic ground state. However, it is to be noted that the CE
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phase we obtain is not charge/orbital ordered. Other interac- 3.20
tion such as the strong Coulomb repulsion or coupling of the

lattice degrees of freedom to tieg electrons may be needed

to make this phase charge/orbital ordered. There are contrast-

ing views regarding the origin of the charge/orbital ordered

CE phase and the precise role of JT and Coulomb effects is n 3154
still not clear. Strong on-site Coulomb correlations within a
two-band model seem to stabilize the CO phase=a0.5>

It can also be thought of as emerging due to the doping
dependent Berry phase associated with the JT etfadtw-
ever, manganites at=0.5 exhibit a variety of ground states 3104 T T y T y T
including the CE phase as in PrCa or NdSr, hghase as in
PrSr or the metallic ferromagnetism as in LaSr. A Monte
Carlo study of the two-band model with JT phonShseem

to capture most of these phases. An extension of our mean-
field theory incorporating the Jahn-Teller effect and breath-
ing mode reproduces the charge/orbital ordered CE phase as ]
well as theA type phasé® < 50

x=0.98

3.3
3.2 4

3.1

IV. NATURE OF THE G PHASE AND CANTING 294

Expermentally® it is seen that there seems to be little .
canting in theA andC phases. This was also emphasized by Y s 4 15 20
Maezonoet al® It is also seen that there is a predominant J
occupation of orbitals of one character in these phases. Re- H

cent experiments by Mahendirabal.™* on Sm _,CaMnOs; FIG. 5. The angle difference between the neighboring sfims

suggest that even th@ phase for low doping may have little ,4iang for a representative value of doping=0.98 andJae/t
canting. The doped carriers seem to form ferromagnetic clus= g 053 as a function o, /t.

ters leaving behind a unifori® phase as background. In the
band picture, we have already noticed that for low electronron doping &=0.98) we find that there is no canting in the
doping the SE wins over the DE and the phasé&iype  zdirection and spins cant by about 10° in the plane. This
antiferromagnetic. One expects this phase to be canted ggves rise to a net ferromagnetic moment in the plane with a
electrons gain kinetic energy due to the DE mechanism. Thealue higher than that across the layers. Hence one would
canting angle will be anisotropic, i.ef,, will be different  think of it as a canted\ phase as in Ref. 14. However,
from 6, due to the anisotropy of the hopping integrtilg. inclusion of finiteJ,; changes this picture. A finite value of
However, no specific orbital ordering can be seen in thisl, allows the spins to go towrong spin staté at neighbor-
phase. This phas@vithout any orbital orderingalso has to  ing site with an energy cosk, . Hence the canting angle is
be contrasted to thA phase neak=0.5 which has orbital reduced drastically compared to thg— o limit. In fact, for
ordering ofd,2_2 type (see next sectign The stability of  experimentally realistic values afy the canting is almost
the G phase neax=1 is because of the dominance of anti- absent for low electron doping as can be inferred from Fig. 5.
ferromagnetic energy whereas the stability of thgohase (In fact, one expects no canting fdi;=0 as DE is not
nearx=0.5 arises from the kinetic energy gain through DE operative) Moreover, the kinetic energy gain which is pro-
in the plane due to selectivig. 2 orbital ordering. More-  portional to the doping is also not effective in overcoming
over, for finiteJy the canting is relatively small leading to a the SE energy. Hence one gets a carieghase with very
phase which closely resembles Bghase ak=1.InFig. 5 small canting angles, thus resembling tAephase ax=1.
we plot the canting angles as a functionJgf/t for a fixed  Since the kinetic energy gain is also very small due to the
value of Jog/t for some representative value of doping ( smallness of the canting angle, this phase does not have any
=0.98). We find that the canting angle increases as a fungreferential orbital arrangement of tie2 or d,2_2 type as
tion of J, /t for a given filling andJ g/t nearx=1. in the C and A phases. Thus we find that the stability of the
In the limit Jy— <, electron hopping to neighboring sites G phase is mainly due to the dominance of SE energy. This
with antiparallel core spins is not allowed. This is becausealso means that the doping region over which &@hase
the effective hopping parameter fdy— oo is proportional to  stabilizes will grow with increase id,g/t. In particular, for
t cos@2) whered is the angle between the spins at neigh-Jar/t=0 the system should exhibit ferromagnetism for any
boring sites and antiparallel arrangement of spins reduces thaoping making theG-C phase boundary collapse to tlke
effective hopping parameter to zero. Hence the only way the=1 point in theJ,r/t-x phase plane. Howevét find that
electrons can take advantage of the kinetic energy gain dube phase boundary between the carffeghase and th€
to increased doping is by canting the spins as much as poghase does not change significantlyJags/t is varied. More
sible. However, sincg;’s are anisotropic the canting angles surprisingly, their phase diagram, if extrapolatedJig-/t
will also be anisotropic. For a representative value of elec=0, will give the cantedA phase over a small region of
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doping nearx=1. In contrast to this, our phase diagram 007
gives a ferromagnetic state fag/t=0 for the whole dop- ] JySit=5
ing regime and the stability region of ti@&phase grows with 0%
increase g/t in agreement with the physically expected | . |
result. Our results agree in general with the results of Ma- ] G
ezonoet al!® though theA phase neak~0.5 is missing in 004
that work. Sheng and Tif§ considered the problem from =

the strong correlation limit in contrast to the band limit 2‘:0-03- A
which we have adopted. Thé phase betweer=0.6 and

x=0.9 is missing in the strong correlation limit. 0021

0.01 1 Ferro
V. ORBITAL STRUCTURE 1
0.00 T T T T T T d T T
We find that in theC phase the occupied orbitals are 0.5 0.6 0.7 08 0.9 1.0
predominantly ofd,. character with a small admixture of X

dy2_,2. This happens because the electrons gain kinetic en-
ergy along the direction in which ferromagnetic correlationsJH
are stronger. For the same reason we find that itAthBase o ratio of thet,,, Superexchange to the bandwidth J,-S2/t, we

the_ O(?CUPied orbitals are predomi_nantlyd;fz_yg character. find the A-type, G-type, or ferromagnetic order. Note that tke
This, in effect, leads to suppression of hopping along antiphase is missing in the bilayer system.

ferromagnetic bonds and explains why there is little canting
in these systems. This is in agreement with experiments o
Nd;_SrMnO3.° This also leads to a highly anisotropic

FIG. 6. Phase diagram of the bilayer system for a fixed value of
Sy/t=5. Depending on the electron doping concentration and

Structure forC phase becomes one dimensional witk
8 . . - .
- —3tcosk,). Detailed calculations support this picture as
3
band structure fos-, C-, andA-type structures and this fea- geen jn Fig. 6 where we present the results for a fixed value
ture becomes sharper dg increases. In particular, thé f J,S/t=5 and in Fig. 7 where we present the results for a

phase has a quasi-one-dimensional density of states. Thll&ed value ofJ,S%/t=0.053. Battleet al2’ have reported
also makes this phase very sensitive to substitutional disory Atype phase for NdSMn,O,(x=0.5) and

der, possibly making it insulating. However, thephase is Nd, ;Sr; Mn,O,(x=0.45). We believe that this phase

not sensitive to disorder and this rationalizes tmeplane ¢ "4 extend even beyond=0.5 in accordance with our

metall!céé\ pt?_?sle seen 'P ei(petrlmeﬁts'f_he nlaturih%f the picture. Our phase diagram is in accordance with that of
occupied orbitals prevents electron motion along eC-  Maezono and Nagaoa.

tion giving rise to a large anisotropy in the in-plane and
out-of-plane resistivities. Experiments which probe the den-

sity of states, like tunneling measurements, will be able to VII. DISCUSSION
see this feature. The low-temperature magnon spectrum will
also throw light on the precise nature of the antiferromag
netic phase neat=1 and specifically the nature of canting
in different manganites.

It is interesting to study the phase transitions between
‘these anisotropic structures under an applied magnetic field
in z direction. We find that theG-type phase becomes a
canted A-type phase before transforming to the ferromag-
netic phase for large (close to ). This is in agreement with
VI. PHASE DIAGRAM OF THE ELECTRON DOPED

BILAYER MANGANITES 18

The present scheme of calculation can also be appliec 164 J,:S7t = 0.053
to electron-doped bilayer manganites such as 1
Ro_ 2.A1 4 2xMn,0O; about which very little is known® Since 1
the interlayer coupling is roughly two orders of magnitude ;| A
smaller than the coupling between bilayers one can apply theg
degenerate double exchange, superexchange model for a tw=" 10+
layer system to study bilayered manganites. In this case thi 1 G
Brillouin zone is modified wittk, taking only two values. As 8'_
noted earlier the magnetic structure depends on the compe
tition between the superexchange and the kinetic energy 1
renormalized by magnetic structure and orbital degrees of 4 . r - r - r . . .
freedom. This suggests that in bilayer compounds where the ~ °° o8 7 8 o8 10
kinetic energy gain is predominantly in planes than in zhe X
direction, theA-type antiferromagnetic phase is stabilized F|G. 7. Phase diagram of the bilayer system for a fixed value of
over theC phase. This means that the dimensionality of thej,.S3/t=0.053. Depending on the electron doping concentration
system plays a crucial role in the stability of tlephase. and the ratio of the Hund’s coupling to tieg bandwidth,J, Sy /t
This can be clearly seen in the limit;—c where the band we find theA-type orG-type phases.
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recent experimentsFurther study is needed in this direction ing. Our mean-field theory also reproduces @@hase be-
covering the whole doping regime &&<1. tween x=0.6 andx=0.9 which is missing in the strong-

A major drawback of the current approach as well as thatoupling limit of Sheng and Tin§ We also clarified the
of earlier works is the homogeneous magnetic phases thayature of theG phase neax=1 and theG-C phase bound-
predict. It seems likely that a phase separated regime is ey is as expected on physical grounds in contrast to van den
ergetically more favorable than the canted pHdsBhase Brink and Khomskiit*
separation, static or dynamic, seems to be a notable feature In conclusion, we have studied a model for electron-
of manganites in the low-hole-doped regime, charge orderedoped manganites with superexchange betvigeglectrons
regime as well as the intermediate regime where there is and double exchange between orbitally degenesgtelec-
ferromagnetic metal to paramagnetic insulator transition agons. We find that finiteJ, changes the phase diagram
the temperature is varied. Batista al*® through exact di- qualitatively. In particular, thes phase is favored for low
agonalization studies of a single band model on small oneelectron doping. This happens because the fihitanodel,
dimensional clusters find that nonuniform ground states arey allowing electrons to hop to neighboring sites at an en-
highly possible in DE-SE systems. In particular, they findergy cost ofJ,, reduces the canting making the phase re-
that at low electron doping, doped carriers get trapped agemble more to th& phase. The phase diagram agrees very
impurity sites and form ferromagnetic clusters. It will be well with the experimental phase diagram of manganites for
interesting to study the two-band model to find exact naturg 5<x<1. By extending our mean-field theory to incorpo-
of the G phase neax=1. We expect the ferromagnetic clus- rate the CE phase we find that it is stabilized over a wide
ters to be anisotropic in size withx*y radius” being larger  range of values 08 S,/t and Jo:S5/t at x=0.5. We ex-
than the ‘z radius.” It should be possible to study phase tended this model for a two-layer system to predict the mag-
separation using an orbitally degenerate version of the cometic phase diagram of electron doped bilayer manganites.
tinuum model proposed by Soet al* It is also possible Here we find that the reduced dimensionality washes out the
that the spiraf and the flux phaséget stabilized for some  C type phase. We also notice that the kinetic energy gain due
values of doping as in the case of a single band double exo DE leads to selective orbital ordering in theand C
change model though in our mean-field picture we have nophases while it is absent in th@ phase. We conclude that
considered these phases. Work along these lines is ithe present model qualitatively explains the anisotropic mag-
progress and will be reported elsewhere. netic phases and believe that it can describe the phase tran-

To compare our results with the earlier work, we finGa sitions between these structures under an external field. A
phase for low electron doping. We also find that the regiordetailed study of this model is called for which should reveal

over which theG phase is stabilized increases wilje/t.  the speculation about the phase separation in electron doped
This feature survives when canting is included as the cantinghanganites.

angle is small for finiteJ,,/t. Our mean-field theory takes
into account the canting of core spins and also results in the
A phase neax=0.5 (as seen in experimentboth of which

are missing in the work of Maezorei al'® Our model con- | thank T. V. Ramakrishnan for discussions, critical com-
centrates on the minimum number of relevant parametergients, and his encouragement, R. Mahendiran for discus-
and gives a unified picture of the electron-doped manganitesions and comments, A. Pande for a careful reading of the
(including bilayers. This is in sharp contrast to the work of manuscript, M. Mithra for help with figures, CSiindia) for
Maezonoet al. which uses five dimensionless parameterssupport, and SER@ISc, Bangalorg for computational re-
and separate order parameters for magnetic and orbital ordeseurces.
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