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Orbital structure and magnetic ordering in layered manganites:
Universal correlation and its mechanism
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Correlation between orbital structure and magnetic ordering in layered manganites is examined. A level
separation between the 3d3z22r 2 and 3dx22y2 orbitals in a Mn ion is calculated in the ionic model for a large
number of the compounds. It is found that the relative stability of the orbitals dominates the magnetic transition
temperatures as well as the magnetic structures at zero temperature. A mechanism of the correlation between
orbital and magnetism is explained by a theory based on the model with the twoeg orbitals under strong
electron correlation.
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Since the discovery of the colossal magnetoresista
~CMR!, studies of manganites with pseudocubic struct
have been renewed theoretically and experimentally. C
petition and cooperation between spin, charge, and orb
degrees of freedom as well as lattice cause the dram
changes of transport and magnetic properties. Mangan
with layered crystal structureA222xB112xMn2O7, whereA
and B are trivalent and divalent cations, respectively, a
another class of CMR materials.1,2 One of the consequenc
of reduced dimensionality in these compounds is the str
anisotropy in the electrical resistivity and the magnetic str
tures as well as the large magnitude of CMR near the tr
sition from paramagnetic~PM! insulator to ferromagnetic
~FM! metal.

In pseudocubic manganites, competition between itine
ferromagnetism and carrier localization accompanied by
antiferromagnetism~AFM! dominates its unique magne
totransport. The correlations between magnetic orderings
several structural parameters have been investigated.
shown that the magnetic transition temperature is system
cally varied as a function of the average ionic radius^r A& of
cations at the perovskiteA site which is supposed to contro
magnitudes of the hopping integral for carriers.3,4 It has been
considered that several concepts proposed in the pseudo
manganites are applicable to the layered ones where a va
of magnetic structures are also observed. Various key fac
dominating the magnetic ordering were experimentally s
gested, e.g., the AFM superexchange~SE! interaction,5 the
local lattice distortion,6–9 the charge and orbital degrees
freedom and their orderings10,11and so on. However, system
atics in their correlations for a variety of compounds a
their mechanisms still remain to be clarified.

In this paper, we study the correlation between magn
ordering and orbital structure in layered manganites. The
eg orbitals, i.e., the 3d3z22r 2 and 3dx22y2 orbitals in a Mn31

ion split in the crystalline field of the layered crystal stru
ture and one of them is occupied by an electron. It is kno
that the occupied orbital controls the anisotropy of the m
netic interaction as well as its strength. The level separa
between the orbitals is calculated in the ionic model fo
large number of the compounds. We find a universal co
lation between the relative stability of the orbitals and t
magnetic transition temperatures as well as the magn
0163-1829/2001/63~10!/104401~6!/$15.00 63 1044
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structures. A mechanism of the correlation is explained b
theory based on the model with theeg orbitals under strong
electron correlation.

We first show that in layered manganites neither the
erance factor which reflects^r A& nor the bond length govern
TC and the Ne´el temperatureTN for the A-type AFM order-
ing. In layered manganites, the following two layered AF
structures have been observed:12,13 AFM-I consisting of the
FM spin ordering in the plane and the AFM~FM! one along
the c axis within @between nearest-neighboring~NN!# bilay-
ers, and AFM-II consisting of the FM in the plane and t
FM ~AFM! along thec axis within ~between NN! bilayers.
Since the intrabilayer magnetic coupling is much larger th
the interbilayer one,14 we term the AFM-I structure the
A-type AFM one and regard the AFM-II as the FM. Th
tolerance factor in the bilayered crystal structure is defin
by t5(t11t2)/2 with

t l5
dO(l)2A( l)

A2dMn-O(3)

, ~1!

where dA-B is a bond length betweenA and B ions. The
position of each ion is shown in the inset of Fig. 1~a!. Being

FIG. 1. TC andTN as functions of~a! t and ~b! dMn-Mn
ab . Filled

and open circles indicateTC andTN , respectively.t anddMn-Mn
ab are

obtained from the structural data in the compounds listed in Tab
The inset of~a! shows a schematic picture of the bilayered stru
ture.
©2001 The American Physical Society01-1
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TABLE I. The structural data of bilayered manganites used in the present examination. Listed a
labels, the chemical formulas, the Curie temperatures for FM ordering, the Ne´el temperatures for A-type
AFM ordering, references for the structure and magnetic data, and types of the samples, wheres and p
indicate a single crystal and a polycrystal, respectively. The labels in the first column are used in Fig

Symbol sample TC~K! TN~K! Ref. s/p

A La1.4Sr1.6Mn2O7 100 – 12 s
B La1.3Sr1.7Mn2O7 130 – 12 p
C La1.2Sr1.8Mn2O7 120 160 12 s
D La1.1Sr1.9Mn2O7 100 180 12 s
E La1.04Sr1.96Mn2O7 0 205 12 s
F LaSr2Mn2O7 – 210 12 s
G La1.4Sr1.6Mn2O7 100 – 13 p
H Pr1.4Ca1.3Ba0.3Mn2O7 0 – 15 p
I Nd1.4Ca1.6Mn2O7 70 – 15 p
J La1.4Sr1.6Mn2O7 100 – 16 p
K La1.2Sr1.8Mn2O7 120 – 17 p
L La1.2Sr1.8Mn2O7 120 – 18 s
M La1.2(Sr0.8Ca0.2)1.8Mn2O7 80 – 18 s
N La1.2(Sr0.7Ca0.3)1.8Mn2O7 60 160 18 s
O La1.2(Sr0.6Ca0.4)1.8Mn2O7 60 160 18 p
P (La0.8Nd0.2)1.2Sr1.8Mn2O7 80 – 18 s
Q (La0.6uNd0.4!1.2Sr1.8Mn2O7 0 – 18 s
R Sm1.2Sr1.8Mn2O7 0 – 19 p
S La1.2Sr1.4Ca0.4Mn2O7 100 – 20 p
T NdSr2Mn2O7 – 140 21 p
U Nd1.1Sr1.9Mn2O7 – 120 21 p
V LaSr2Mn2O7 – 230 22 p
W LaSr1.6Ca0.4Mn2O7 110 150 23 p
X NdSr2Mn2O7 – 110 23 s
Y La0.84Sr2.16Mn2O7 – 194 24 p
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based on the structural data obtained by the neutron
x-ray diffraction experiments listed in Table I,12,13,15–24we
evaluatet and the bond length between NN Mn ions in t
ab planedMn-Mn

ab for a variety of compounds. For the sampl
G, J, R, T, andU where the two chemically distinct phase
are observed, the structural data of the major phase
adopted.TC andTN are plotted as functions oft anddMn-Mn

ab

in Figs. 1~a! and 1~b!, respectively. Almost allt ’s are located
in a narrow region whereTC’s andTN’s are distributed ran-
domly. We also examine the correlations betweenTC(N) and
the each term oft, i.e., t l for l 51 and 2. The results ar
similar to that in Fig. 1~a!. In addition,TC is not correlated
with dMn-Mn

ab , either. AlthoughTN increases with increasin
dMn-Mn

ab , this correlation is opposite to that predicted by t
conventional double-exchange~DE! scenario where, with in-
creasing the bond length, the hopping integral decreases
the FM interaction in theab plane decreases. We conclud
that the DE model, which includes the change of the hopp
integral caused by the change of the bond angle/length,
not explainTC(N) . We also examined correlations betwe
TC(N) and a number of other quantities: the tolerance fac
evaluated by the ionic radius, a Mn-O~3!-Mn bond angle, a
Mn-O~1!-Mn bond length, Mn-O bond lengths, a lattic
spacing between NN bilayers, lattice constants, the vale
10440
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bond sum for a Mn ion, and the cation size disorder.25 How-
ever, there are not clear correlations between these pa
eters andTC(N) .

Let us focus on the correlation betweenTC(N) and a rela-
tive stability of theeg orbitals. We employ the ionic model to
examine the electronic energy-level structures. This mo
may be justified for the energy-level structures for Mn 3d eg
orbitals of the present interest by the followin
considerations:26 ~1! the manganites atx50 are ionic insu-
lators, and the ionic model provides a good starting poin
this class of materials.27,28~2! The ionic property is predomi-
nant between bilayers.~3! The energy-level structure give
by calculations where the covalency effects between Mnd
and O 2p orbitals are taken into account shows the sa
tendency with those by the ionic model.7,29 This is because,
in this energy-level structure, one electron occupies one
the two antibonding orbitals with lower energy resulted fro
the mixing between the Mneg orbitals and the O 2p ones in
NN O ions. The covalency effects between Mn 3d orbitals in
different Mn ions will be considered later. The energy leve
of the eg orbitals split due to the electrostatic potential a
one of the orbitals is occupied by an electron in a Mn31 ion.
By using a large number of the structural data,12,13,15–24we
calculate the Madelung potential for a hole in the 3d3z22r 2

and 3dx22y2 orbitals at sitej defined by
1-2
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ORBITAL STRUCTURE AND MAGNETIC ORDERING IN . . . PHYSICAL REVIEW B63 104401
V3z22r 25
1

2
$V~rW j1r dẑ!1V~rW j2r dẑ!%, ~2!

and

Vx22y25V~rW j1r dx̂!, ~3!

respectively.30 Here,V(rW j ) is given by

V~rW j !5(
iÞ j

Zie
2

urW j2rW i u
, ~4!

with a point chargeZie at sitei and the positionrW i of the site.
r d(50.42Å) is the radius of a Mn 3d orbital where its radial
charge density becomes maximum31 andẑ( x̂) is the unit vec-
tor in thez(x) axis. The Ewald method is used for the latti
summation.Zi ’s for Mn and O ions and a cation atA site are
chosen to be 31x, 22, and (822x)/3, respectively. The
difference of the potentials

DV5V3z22r 22Vx22y2, ~5!

represents the relative stability of the orbitals; with incre
ing DV, the energy level of the 3d3z22r 2 orbital for an elec-
tron relatively decreases.

TN andTC are plotted as functions ofDV in Fig. 2 where
the structural data at room temperature are used. Br
shades are drawn by considering experimental errors.
clearly shown that bothTC andTN are correlated withDV;
TN increases with decreasingDV and there is an optima
value ofDV(;0.08 eV! for TC . We estimate the strength o
the correlation betweenTN andDV by using the correlation
coefficient:

r 5
1

N (
l

~TNl2TN!~DVl2DV!

sTN
sDV

, ~6!

wherel indicates a sample andN is the number of samples
DV (TN) andsDV (sTN

) are the mean value and the standa

deviation of DV (TN), respectively. We obtainr 520.89

FIG. 2. TC andTN as functions ofDV. Filled and open circles
indicateTC andTN , respectively.DV’s are calculated for the sam
compounds in Fig. 1. Note that in the region with large posit
~negative! DV, the 3d3z22r 2 (3dx22y2) orbital is occupied by an
electron.
10440
-

ad
is

60.12 for single crystal samples andr 520.1960.05 for all
samples including polycrystals. One might think that t
TC(N) vs DV curve in Fig. 2 just reflects the relation betwee
TC(N) and x in La222xSr112xMn2O7 ~LSMO!.12,8 However,
when we pay attention toTC(N)’s for samples with the same
x ~e.g., the samplesC andK-R), we notice that the correla
tion remains. The correlation betweenTN and DV explains
that betweenTN anddMn-Mn

ab shown in Fig. 1~b!, sinceDV is
a decreasing function ofdMn-Mn

ab in the region, 3.84 Å
,dMn-Mn

ab ,3.88 Å.
In Fig. 3, we present the magnetic phase diagram aT

50 as a function ofDV and x. The structural data at room
temperature are used. Symbols connected by dotted l
correspond to a series of LSMO withx50.3;0.5.12 In ad-
dition, DV’s calculated by using the data belowTC(N) in
LSMO are also plotted. Bold arrows indicate the change
the Madelung potential with changing temperature fromT
.TC(N) to T,TC(N) :

d~DV![DV~T,TC(N)!2DV~T.TC(N)!. ~7!

We find that the magnetic structures are governed byDV and
x; the FM (A-type AFM! phase is located in the region wit
smaller~larger! x and moderate~smaller! DV. Let us focus
on d(DV) in LSMO. d(DV)’s are negative atx50.3 and
0.35. The absolute value ofd(DV) gradually decreases with
increasingx and d(DV) becomes a small positive value
x50.4. Below TC , DV seems to approach to the optim
value ofDV;0.08 whereTC becomes maximum as seen
Fig. 2. On the other hand,d(DV)’s are negative atx50.45
and 0.48 where theA-type AFM structure appears. The o
bital structure and its stability in the FM phase have be
studied by measuring the striction in Ref. 11. The differen
of the Mn-O bond lengths between PM and FM states w
reported in Ref. 8. These experimental results are consis
with the present results ofd(DV) in Fig. 3.

FIG. 3. The magnetic phase diagram atT50 as a function of
DV andx. Filled, open, and crossed squares indicate the FM,A-type
AFM and PM samples, respectively.DV’s for filled and open
circles are obtained from the data belowTC andTN , respectively.
Symbols connected by dotted lines indicate a series of LSMO. B
arrows showd(DV)5DV(T,TC(N))2DV(T.TC(N)). DV’s are
calculated for the same compounds in Fig. 1. Note that in the reg
with large positive~negative! DV, the 3d3z22r 2 (3dx22y2) orbital is
occupied by an electron.
1-3
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S. OKAMOTO, S. ISHIHARA, AND S. MAEKAWA PHYSICAL REVIEW B63 104401
Now we theoretically investigate a mechanism of the c
relation between magnetic ordering and orbital structure.
stead of the bilayered structure, the simple tetragonal lat
consisting of Mn ions is considered. In this model, the m
netic structure with FM and AFM alignments perpendicu
and parallel to thec axis, respectively, corresponds to th
A-type AFM structure. In each Mn ion, the twoeg orbitals
are introduced and thet2g electrons are treated as a localiz
spin. We start with the following tight-binding Hamiltonian

H5Heg
1HAF1HH . ~8!

The first term describes electrons in theeg orbitals and is
given by

Heg
5(

igs
«gdigs

† digs1 (
^ i j &gg8s

t i j
gg8~digs

† dj g8s1H.c.!

1U(
ig

nig↑nig↓1U8 (
iss8

niasnibs8

1I (
iss8

dias
† dibs8

† dias8dibs , ~9!

wheredigs is an annihilation operator of theeg electron at
site i with spin s and orbitalg and nigs5digs

† digs is the
number operator. The splitting between the energy level
3d3z22r 2 and 3dx22y2 orbitals is represented byD as
«x22y22«3z22r 25D. The second term describes the electr
hopping between NN Mn sites where the orbital depende

of t i j
gg8 is determined by the Slater-Koster formulas.31 The

last three terms represent the Coulomb interactions betw
eg electrons whereU, U8, and I are the intra-orbital Cou-
lomb interaction, the interorbital one and the exchange in
action, respectively. The second and third terms in Eq.~8!
are given by

HH1HAF52JH(
i

SW i•SW t2gi1(̂
i j &

JAF
l SW t2gi•SW t2gj ,

~10!

whereSW i andSW t2gi are spin operators for theeg andt2g elec-

trons withS51/2 and 3/2, respectively,JH is the Hund cou-
pling betweeneg and t2g spins andJAF

l is the AFM SE
interaction between the NNt2g spins inl (5x,y,z) direction.
Since the Coulomb interactions betweeneg electrons provide
the largest energy parameter, we derive the effective Ha
tonian describing the electronic states in low energy regi
by the perturbational calculation with respect to~the hopping
integral!/~the Coulomb interactions! as follows

H̃5Ht1HJ1HD1HH1HAF . ~11!

The first and second terms in Eq.~11! correspond to the
so-calledt andJ terms in thetJ model:

Ht5 (
^ i j &gg8s

t i j
gg8d̃igs

† d̃ j g8s1H.c. , ~12!

and
10440
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HJ522(̂
i j &

J1
l S 3

4
ninj1SW i•SW j D S 1

4
2t i

lt j
l D

22(̂
i j &

J2
l S 1

4
ninj2SW i•SW j D S 3

4
1t i

lt j
l 1t i

l1t j
l D1H J

D ,

~13!

where t i
l5 cos@(2p/3)ml#Tiz2 sin@(2p/3)ml#Tix with

(mx ,my ,mz)5(1,2,3), andl denotes a direction of the bon
connecting sitei and sitej. d̃igs is the annihilation operato
of the eg electron with excluding double occupancy
electron and ni is the number operator define
as ni5(gsd̃igs

† d̃igs . TW i is the pseudospin operator fo

the orbital degree of freedom defined asTW i

5(1/2)(gg8sd̃igs
† (sW )gg8d̃ig8s , whereTiz51(2)1/2 corre-

sponds to the state where thed3z22r 2 (dx22y2) orbital is oc-
cupied by an electron.J1

l and J2
l are defined byJ1

l

5t0
l2/(U82I ) and J2

l 5t0
l2/(U12JH) where t0

l is the hop-
ping integral between NNd3l 22r 2 orbitals in l direction.H J

D

in Eq. ~13! is a correction of theJ term being of the order of
D/U given by

H J
D52

D

2 (̂
i j &

1

t0
l2 H J1

l2S 3

4
ninj1SW i•SW j D1J2

l2S 1

4
ninj

2SW i•SW j D J sinS 2p

3
ml D ~oi

lnj1nioj
l !, ~14!

with oi
l5 sin@(2p/3)ml#Tiz1 cos@(2p/3)ml#Tix . The splitting

of the energy levels between 3d3z22r 2 and 3dx22y2 orbitals
is represented byHD defined as

HD52D(
i

Tiz . ~15!

The anisotropies of the hopping integral and the SE inter
tions due to the layered structure are considered ast0

x5t0
y

[t0 and JAF
x 5JAF

y with the parameterR5t0
x/t0

z5AJ1
x/J1

z

5AJ2
x/J2

z5AJAF
x /JAF

z . When we assumeD50 andR51, H̃
is reduced to the effective Hamiltonian for pseudo-cu
manganites derived in Ref. 32.

The magnetic phase diagram is calculated by the me
field approximation. We consider four types of the spin a
orbital ordered states; ferromagnetic~F!-type state where spin
and orbital states are uniform, and layer (A)-type, rod
(C)-type, and NaCl(G)-type antiferromagnetic states whe
the two kinds of spin and orbital sublattices exist.^Sz&, ^Tz&,
^Tx& and ^n& are adopted as order parameters.^Sz&
5 1

3 ^St2gz& is assumed because of the strong Hund coupli

In Ht , the rotating frames in both the spin and orbital spa
are introduced and the electron annihilation operator is r
resented by using the unitary matrices of the rotations
d̃igs5hi

†zs
s zg

t where hi
† is the creation operator of a spin

and orbital-less fermion, andzis(g)
s(t) is an element of the uni-

tary matrix in the spin~orbital! frame. These are given b

zi↑
s 5 cos(u i

s/2)e2 if i
s/2, zi↓

s 5 sin(u i
s/2)eif i

s/2, zia
t 5 cos(u i

t/2),
1-4
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ORBITAL STRUCTURE AND MAGNETIC ORDERING IN . . . PHYSICAL REVIEW B63 104401
and zib
t 5 sin(u i

t/2). Here, the polar angleu i
s(t) and the azi-

muthal anglef i
s are determined by types of the spin~orbital!

ordered states in the mean fields. The detailed formulatio
this approximation is presented in Ref. 33. We note that
phase diagram for pseudocubic manganites derived in
approximation explains the several experimental results
are consistent with the theoretical results obtained by o
approximations.34 The phase diagram atT50 for the man-
ganites with bilayered structure has also been studied in
Hartree-Fock theory in Ref. 35.

The calculated magnetic phase diagram atT50 is pre-
sented in Fig. 4. The parameter values are chosen to
J1

x/t0
x50.25,J2

x/t0
x50.075,JAF

x /t0
x50.002 andR51.5. These

values are determined from the experimental results of p
toemission in pseudocubic manganites and the Ne´el tempera-
ture in CaMnO3. In order to check the calculation, we com
pare the present results with the magnetic phase diagr
obtained by the following two calculations;~1! We adopt the
model where a pair of two MnO2 sheets is considered an
the two sheets are coupled by the electron hopping and
SE interaction, instead of the simple tetragonal lattice,
~2! the mean-field approximation in the slave boson sche
is applied to the Hamiltonian in Eq.~11!. The obtained phase
diagrams are similar to that in Fig. 4. The characteristic f
tures shown in Fig. 3 are well reproduced by the pres
theory; theA-type AFM phase appears in the region wi
higherx and smallerD than that of the FM one. The range o
the horizontal axis in Fig. 4 is larger than that in Fig. 3
about 0.25. This discrepancy may be attributed to the neg
of the orbital fluctuation.36 However, the characteristics o
the phase diagram are insensitive to the parameters in
model. In the FM (A-type AFM! phase, the orbitals are un
formly aligned with 0,u,0.72p (0.72p,u,p) whereu
describes the orbital state asuu&5 cos(u/2)u3d3z22r 2&
2 sin(u/2)u3dx22y2&. The present results suggest that a
mensionality of the FM interaction is controlled by the o
bital structure; in theA-type AFM phase, the FM ordering in
theab plane is caused by the DE interaction, while the AF
in the c direction is by the AFM SE. When the 3dx22y2

FIG. 4. The calculated magnetic phase diagram atT50 as a
function of D and x. Note that in the region with large positiv
~negative! D, the 3d3z22r 2 (3dx22y2) orbital is occupied by an elec
tron. The broken line indicates the parameter values ofD and x
adopted in the calculation for Fig. 5.
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orbital is stabilized, the DE interaction in theab plane (c
direction! becomes strong~weak! and theA-type AFM phase
appears.37 A mixing of the orbitals is essential in the FM
phase where the FM interaction overcomes the AFM SE
in the three directions. We note that, in Fig. 4, the FM pha
appears not aroundD50 but in a region ofD.0, since the
anisotropy in the hopping integral due to the layered str
ture stabilizes the 3dx22y2 orbital more than 3d3z22r 2. It is
worth mentioning the change of the orbital structure asso
ated with the magnetic ordering: By utilizing the mean-fie
approximation at finite temperature, we examine change
the orbital structures through the magnetic transitions. In F
5, we present the temperature dependence of thez compo-
nent of the orbital order parameter defined by^Mtz&
5^Tz&/^TW

2&0
1/2 where^•••& and ^•••&0 indicate the thermal

average and the average atT50, respectively.̂ Mtz&51 and
21 correspond to the orbital ordered states where
3d3z22r 2 and 3dx22y2 orbitals are uniformly aligned, respec
tively. A value of D together withx is changed along the
broken line in Fig. 4. It is found that~1! there is an optimal
mixing of the orbitals for the FM state and the orbital stru
ture tends to approach this structure belowTC , and ~2! the
3dx22y2 orbital structure is stabilized belowTN . The theo-
retical results are consistent withd(DV)’s shown in Fig. 3
by considering that the change ofDV associated with the
magnetic ordering is caused by that of the orbital structu

We note that the present mechanism of t
correlation between orbital structure and magnetism a
explains the C-type AFM phase recently observed
La222xSr112xMn2O7 with 0.74,x,0.92.24 In this phase,
the ferromagnetic columns exist alongb axis and the col-
umns are antiferromagnetically coupled alonga and c axes
inside bilayers. Through the calculation of the Madelung p
tential based on the structural data,24 we confirm that stabil-
ity of the 3d3y22r 2 orbital increases in this magnetic phas
This is consistent with the theoretical results calculated fr
the model Eq.~11!; theC-type AF phase associated with th
uniform orbital ordered state of 3d3y22r 2 orbital appears in

FIG. 5. The temperature dependence of the orbital order par
eter ^Mtz& for several values ofD. The parameter values are th
same with those adopted in Fig. 4. A value ofD together withx is
changed along the broken line in Fig. 4. The solid and broken li
show^Mtz& ’s in the cases where the FM andA-type AFM orderings
are realized atT50, respectively.
1-5
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S. OKAMOTO, S. ISHIHARA, AND S. MAEKAWA PHYSICAL REVIEW B63 104401
the higher hole concentration region of theA-type AF phase.
In this orbital ordered state, the FM ordering in theb direc-
tion is caused by the DE interaction, while the AFM S
interaction overcomes the DE one in the other two directi
due to the 3d3y22r 2 orbital.

In summary, we examine correlation between magn
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