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Orbital degree of freedom and phase separation in ferromagnetic manganites
at finite temperatures

S. Okamoto, S. Ishihara, and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai, 980-8577 Japan

~Received 19 February 1999!

The spin and orbital phase diagram for perovskite manganites is investigated as a function of temperature
and hole concentration. The superexchange and double exchange interactions dominate the ferromagnetic
phases in the lightly and moderately doped regions of holes, respectively. The two interactions favor different
orbital states. Between the phases, two interactions compete with each other and the phase separation appears
in the wide range of temperature and hole concentration. The anisotropy of the orbital space causes discon-
tinuous changes of the orbital state and promotes the phase separation.
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I. INTRODUCTION

Doped perovskite manganitesA12xBxMnO3 (A: La, Pr,
Sm, B: Sr, Ca! and their related compounds have attrac
much attention, since they show not only the colossal m
netoresistance~CMR! ~Refs. 1–4! but a lot of dramatic and
wide variety of phenomena. Although the ferromagne
phase commonly appears in the manganites, the origin
remains to be clarified. Almost a half-century ago, the dou
exchange~DE! interaction was proposed to explain the co
relation between the appearance of ferromagnetism and
metallic conductivity below Curie temperature.5,6 In the sce-
nario, the Hund coupling between carriers and localizedt2g

spins was stressed. The ferromagnetic metallic state in
moderately doped region is understood based on this in
action, where the compounds show the wide band width7,8

On the contrary, the DE scenario is not applied to
lightly doped region9 (x,0.2) where the CMR effect is ob
served. In the region, the degeneracy ofeg orbitals in a
Mn31 ion termed the orbital degree of freedom is one of
important ingredients. With taking into account the orbi
degree together with electron correlation, the additional
romagnetic interaction, that is, the ferromagnetic super
change~SE! interaction, is derived. This is associated w
the alternate alignment of the orbital termed antiferro~AF!-
type orbital ordering.10–12 The SE interaction brings abou
the ferromagnetic spin alignment in theab plane in LaMnO3
and the quasi-two-dimensional dispersion relation of the s
wave in it.13,14 When holes are introduced into LaMnO3, the
magnetic and transport properties rapidly change as t
dimensional ferromagnetic (A-type AF! insulator→ isotro-
pic ferromagnetic insulator→ ferromagnetic metal.3,15 In the
intermediate doping region, the first order phase transi
between the ferromagnetic metallic state to the ferromagn
insulating one has been recently discovered
La12xSrxMnO3 with x;0.12.16 In the ferromagnetic insulat
ing phase at low temperature, the orbital ordering is direc
observed by the resonant x-ray scattering where the coop
tive Jahn-Teller distortion is significantly diminished; th
ferromagnetic interaction does not originate from the Ja
Teller distortion but the superexchange process under
correlation of electrons. This result suggests that the
PRB 610163-1829/2000/61~1!/451~8!/$15.00
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ferromagnetic interactions contend with each other and
orbital degree of freedom controls the domination betwe
the two. In order to understand a dramatic change of e
tronic states in this doping region and its relation to CMR
is indispensable to study the mutual relation between the
ferromagnetic interactions, i.e., DE and SE.

In this paper, we investigate the spin and orbital pha
diagram as a function of temperature~T! and hole concentra
tion (x). We focus on the competition and cooperation b
tween the two ferromagnetic interactions SE and DE. W
show that the SE and DE interactions dominate the fe
magnetic phases in the lightly and moderately doped reg
of holes, respectively, and favor the different orbital stru
tures of each other. Between the two phases, the phase
ration ~PS! appears in the wide range ofx andT. It is shown
that PS is promoted by the anisotropy in the orbital spa
The spin and orbital phase diagram atT50 was obtained by
the Hartree-Fock theory and interpreted in terms of the
and DE interactions in Ref. 17. The PS state between
ferromagnetic phases driven by the DE interaction and
Jahn-Teller distortion atT50 was discussed in Ref. 18. I
this paper, we obtain the PS state based on the model
strong correlation of electrons at finiteT.

In Sec. II, the model Hamiltonian, where the electron c
relation and the orbital degeneracy are taken into accoun
introduced. In Sec. III, formulation to calculate the pha
diagram at finiteT andx is presented. Numerical results a
shown in Sec. IV and the last section is devoted to summ
and discussion.

II. MODEL

Let us consider the model Hamiltonian which describ
the electronic structure in perovskite manganites. We se
the cubic lattice consisting of manganeses ions. Twoeg or-
bitals are introduced in each ion andt2g electrons are treated
as a localized spin (SW t2g

) with S53/2. Betweeneg electrons,
three kinds of the Coulomb interaction, that is, the intra
bital Coulomb interaction (U), the interorbital one (U8), and
the exchange interaction (I ), are taken into account. Ther
also exist the Hund coupling (JH) betweeneg and t2g spins

and the electron transfert i j
gg8 between sitei with orbital g
451 ©2000 The American Physical Society
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and sitej with g8. Among these energies, the Coulomb i
teractions are the largest one. Therefore, by excluding
doubly occupied state at each site, we derive the effec
Hamiltonian describing the low energy spin and orbi
states:14

H5Ht1HJ1HH1HAF . ~1!

The first and second terms correspond to the so-calledt and
J terms in thetJ model foreg electrons, respectively. Thes
are given by

Ht5 (
^ i j &gg8s

t i j
gg8d̃igs

† d̃ j g8s1H.c. ~2!

and

HJ522J1(̂
i j &

S 3

4
ninj1SW i•SW j D S 1

4
2t i

lt j
l D

22J2(̂
i j &

S 1

4
ninj2SW i•SW j D S 3

4
1t i

lt j
l 1t i

l1t j
l D , ~3!

where

t i
l5cosS 2p

3
nl DTiz2sinS 2p

3
nl DTix , ~4!

and (nx ,ny ,nz)5(1,2,3). l denotes the direction of bon
connectingi and j sites.d̃igs is the annihilation operator o
eg electron at sitei with spins and orbitalg with excluding
double occupancy.SW i is the spin operator of theeg electron
and TW i is the pseudospin operator for the orbital degree
freedom defined asTW i5(1/2)(sgg8d̃igs

† (sW )gg8d̃ig8s . J1

5t0
2/(U82I ) and J25t0

2/(U81I 12JH) where t0 is the
transfer intensity betweend3z22r 2 orbitals in thez direction,
and the relationU5U81I is assumed. The orbital depen

dence oft i j
gg8 is estimated from the Slater-Koster formula

The third and fourth terms in Eq.~1! describe the Hund
coupling betweeneg andt2g spins and the antiferromagnet
interaction betweent2g spins, respectively, as expressed a

HH52JH(
i

SW t2gi•SW i ~5!

and

HAF5JAF(̂
i j &

SW t2gi•SW t2gj . ~6!

The detailed derivation of the Hamiltonian is presented
Ref. 14. Main features of the Hamiltonian are summarized
follows. ~1! This is applicable to doped manganites as w
as undoped insulators.~2! Since J1.J2, the ferromagnetic
state associated with the AF-type orbital order is stabiliz
by HJ . Therefore, two kinds of the ferromagnetic intera
tion, that is, SE and DE are included in the model.~3! As
seen inHJ , the orbital pseudospin space is strongly ani
tropic unlike the spin space. The lattice degree of freedom
neglected in the model, since the cooperative Jahn-Teller
tortion is diminished around 0.1,x,0.2 in La12xSrxMnO3
and is not a relevant factor to investigate two kinds of
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ferromagnetic interaction.16 The inter site Coulomb interac
tion is not included in the model. Although the interactio
may modify detail structures of the orbital ordered state a
a shape and size of hole rich/poor regions in the phase s
rated states, the present model provides a proper sta
point to describe the competition between the two ferrom
netic interactions of our present interest.

III. FORMULATION

In order to calculate the spin and orbital states at fin
temperatures and investigate the phase separation, we g
alize the mean field theory proposed by de Gennes.19 From
now on, the spin (SW ) and pseudospin (TW ) variables are de-
noted byuW in the unified fashion. The spin and orbital pse
dospin are treated as classical vectors as follows:

~Six ,Siy ,Siz!5
1

2
~sinu i

s cosf i
s ,sinu i

s sinf i
s ,cosu i

s! ~7!

and

~Tix ,Tiy ,Tiz!5
1

2
~sinu i

t ,0,cosu i
t!, ~8!

where the motion of the pseudospin is assumed to be c
fined in thexz plane.u i

t in Eq. ~8! characterizes the orbita
state at sitei as

uu i
t&5cos~u i

t/2!ud3z22r 2&1sin~u i
t/2!udx22y2&. ~9!

t2g spins are assumed to be parallel to theeg one. The ther-
mal distributions of spin and pseudospin are described by
distribution function which is a function of the relative ang
betweenuW i and the mean fieldlW i

u ,

wi
u~uW i !5

1

nu expS lW i
u
•

uW i

uuW i u
D , ~10!

where the normalization factor is defined by

ns5E
0

p

dusE
0

2p

df sinus exp~ls cosus! ~11!

and

n t5E
0

2p

du t exp~l t cosu t!. ~12!

By utilizing the distribution functions defined in Eq.~10!, the
expectation values of operatorsAi(SW i) and Bi(TW i) are ob-
tained as

^Ai&s5E
0

p

dusE
0

2p

dfs sinuswi
s~SW i !Ai~SW i ! ~13!

and

^Bi& t5E
0

2p

du t wi
t~TW i !Bi~TW i !, ~14!
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respectively. In this scheme, the free energy is represe
by summation of the expectation values of the Hamilton
and the entropy of spin and pseudospin as follows:

F5^H&s,t2NT~S s1S t!. ~15!

N is the number of Mn ions andS u is the entropy calculated
by

S u52^ ln wu~uW !&u . ~16!

It is briefly noticed that the above formulation gives the u
physical states at very low temperatures (T,Tneg
;J1(2)/10) where the entropy becomes negative. This is
cause the spin and pseudospin are treated as the cla
moments. Therefore, we restrict our calculation in the reg
aboveTneg andT50 where the full polarizations of spin an
pseudospin are assumed. Since the spin~pseudospin! mo-
ment is almost saturated far aboveTneg in the wide range of
x, an extrapolation of the result calculated aboveTneg
smoothly connects to that atT50.

Next, we concentrate on the calculation of^H&s,t in Eq.
~15!. As mentioned later, two kinds of sublattice termedA
andB are introduced for both the spin and orbital orderin
The spin~pseudospin! operator and the mean field inA(B)
sublattice are represented bySW A(B) (TW A(B)) and lW A(B)

s

(lW A(B)
t ), respectively, with the condition ofulW A

s(t)u5ulW B
s(t)u

[ls(t). The spin partSW i•SW j in HJ is rewritten asms2 cosQs

wherems(5^SW A•lW A
s /ls&s) is the magnetization of spin an

Qs is the relative angle betweenlW A
s and lW B

s . On the other
hand, the orbital part inHJ includes the termsmt2 cos(QA

t

1QB
t ) and mt2 cos(QA

t 2QB
t ), where mt(5^TW A•lW A

t /l t& t) is
the magnetization of pseudospin andQA(B)

t is the absolute

angle of lW A(B)
t in the pseudospin space. The definition

QA(B)
t is the same as that ofu i

t in Eqs. ~8! and ~9!. This is
because of the anisotropy in the orbital space.HAF is also
rewritten by ms and Qs under the relation of ^SW &s

54^SW t2g
&s . As for the transfer termHt , we introduce the

rotating frame20 and decompose the electron operator
d̃igs5hi

†zis
s zig

t , wherehi
† is a spinless and orbital-less fe

mion operator andzis
s andzig

t are the elements of the unitar
matrix Uu in the spin and pseudospin frames, respective
Uu is defined by

Uu5S zi↑
u 2zi↓

u*

zi↓
u zi↑

u* D , ~17!

with zi↑
s 5cos(u i

s/2)e2 if i
s/2 andzi↓

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

s/2 for spin,
and zi↑

t 5cos(u i
t /2) andzi↓

t 5sin(u i
t /2) for orbital. By using

the form,Ht is rewritten as

Ht5(̂
i j &

t i j
s t i j

t hihj
†1H.c., ~18!

with t i j
s 5(szis

s* zj s
s and t i j

t 5(gg8zig
t* t i j

gg8zj g8
t . The former

gives ei (f i
s
2f j

s)/2 cosu i
scosu j

s 2e2 i (f i
s
2f j

s)/2 sinu i
ssinu j

s as
expected from the double exchange interaction.6 It is known
that this kind of decomposition of the electron operator a
the mean field approximation are suitable to describe
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ordered state of the present interest. By diagonalizing
energy in the momentum space,Ht is given by

Ht5(
kW

(
l 51

Nl

«kW
l
hlkW

†
hlkW , ~19!

wherel indicates the band ofhlkW andNl is the number of the
bands.«kW

l corresponds to the energy of thel th band. Thus,
the expectation value ofHt per site is obtained by

Et5K 1

N (
kW

(
l 51

Nl

«kW
l
f F~«kW

l
2«F!L

s,t

. ~20!

«F in Eq. ~20! is the Fermi energy ofhikW determined in the
equation

x5
1

N (
kW

(
l 51

Nl

f F~«kW
l
2«F!, ~21!

where f F(«) is the Fermi distribution function. As a resul
^H&s,t is represented as a function ofQs, QA(B)

t , andls(t).
By minimizing F with respect to them, the mean field sol
tions are obtained. We confirm that the global feature of
calculated phase diagram atT50 without the PS state is
consistent with ones obtained by the Hartree-Fock the
and the auxiliary boson approach.17,21

IV. NUMERICAL RESULTS

A. Phase diagram atT50

In this subsection, we show the numerical results aT
50. For examining both spin and orbital orderings, tw
kinds of sublattice are introduced. We assume ferromagn
(F)-type and three kinds of antiferromagnetic~AF!-type spin
~orbital! orderings, which are layer~A! type, rod ~C! type,
and NaCl ~G! type. A type of the orbital in the AF-type
orbital ordering is represented by (QA

(t)/QB
(t)).

In Fig. 1~a!, the ground state energy (EGS) is shown as a
function of hole concentration~x! for several values of
JAF /t0. Double- or multiple-minima appear in theEGS-x
curve depending on the value ofJAF /t0. Therefore, the ho-
mogenous phase is not stable against the phase separ
This feature is remarkable in the region of 0.1,x,0.4. In
Fig. 1~b!, EGS is decomposed intô Ht& and ^HJ& for
JAF /t050. By drawing a tangent line in theEGS-x curve as
shown in Fig. 1~a!, the phase separation is obtained. By u
ing the so-called Maxwell construction, the phase diagram
T50 is obtained in the plane ofJAF and x ~Fig. 2!. The
parameter values are chosen to beJ1 /t050.25 andJ2 /t0
50.0625.JAF /t0 for manganites is estimated from the Ne´el
temperature in CaMnO3 to be 0.001;0.01. Let us consider
the case ofJAF /t050.004. With doping of holes, the mag
netic structure is changed asA-AF→PS(A-AF/F1)→F1
→PS(F1 /F2)→F2, where PS(A/B) implies the phase sepa
ration betweenA and B phases. The canted spin structu
does not appear.F1 andF2 are the two kinds of ferromag
netic phase discussed below in more detail. BetweenF1 and
F2 phases, the PS state appears and dominates the larg
gion of the phase diagram. For example, atx50.2, theF1
andF2 phases coexist with the different volume fractions
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60 and 40 %, respectively. We also find the PS state betw
A-AF andF1 phases in the region of 0.0,x,0.03.

Now we focus on two kinds of ferromagnetic phase a
the PS state between them. TheF1 andF2 phases originate
from the SE interaction betweeneg orbitals and the DE one
respectively. The interactions have different types of orb
ordering as shown in Fig. 2. These are theC type22 with
(QA

t /QB
t )5(p/2,3p/2) and the A type with (QA

t /QB
t )

5(p/6,2p/6), respectively. It is known that the AF-typ
orbital ordering obtained in theF1 phase is favorable to th
ferromagnetic SE interaction through the coupling betwe
spin and orbital degrees inHJ . On the other hand, theF-type
orbital ordering promotes the DE interaction by increas
the gain of the kinetic energy. To show the relation betwe
the orbital ordering and the kinetic energy, we present
density of state~DOS! of the spinless and orbital-less ferm
ons in theF1 andF2 phases in Figs. 3~a! and 3~b!, respec-
tively. It is clearly shown that the band width in theF2 phase
is larger than that in theF1 phase. In addition, DOS in theF2
phase has a broad peak around22,v/t0,20.8 which re-
sults from the quasi-one-dimensional orbital ordering. B
cause of the structure in DOS, the kinetic energy furt
decreases in theF2 phase more than theF1 phase.

FIG. 1. The ground state energy (EGS) as a function of hole
concentration (x). ~a!: JAF /t0 is chosen to be 0, 0.004, and 0.0
The broken lines and the filled triangles show the tangent line
theEGS-x curve and the points of contact between the two, resp
tively. ~b!: EGS is decomposed into the contributions from^Ht& and
^HJ&. JAF /t0 is chosen to be 0. The other parameter values
J1 /t050.25, andJ2 /t050.0625.
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FIG. 2. The phase diagram atT50 in the plane of antiferromag
netic interactionJAF and hole concentrationx. F1 and F2 are the
ferromagnetic phases with different types of orbital orderin
PS(F1 /F2) is the phase separated state between theF1 and F2

phases. Types of orbital ordering in the two phases are schem
cally presented. In the dotted region, there exist PS(A-AF/F1) and
PS(A-AF/C-AF). The parameter values are chosen to beJ1 /t0

50.25 andJ2 /t050.0625.

FIG. 3. The densities of state~DOS! for the spinless and orbital
less fermionshkW ~a! in the F1 phase and~b! in the F2 phase. The
shaded areas show the occupied state ofhkW .
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In order to investigate the stability of the PS state appe
ing between theF1 andF2 phases, the ground state energy
decomposed into the contributions from the SE interact
(^HJ&) and the DE one (̂Ht&) @see Fig. 1~b!#. We find that
with increasingx, ^HJ& increases and̂Ht& decreases. Sev
eral kinks appear in thêHJ&-x and ^Ht&-x curves, which
imply the discontinuous change of the state with changinx.
The PS(F1 /F2) state shown in Fig. 2 corresponds to t
region, where the two ferromagnetic interactions comp
with each other and the discontinuous changes appear in
^HJ(t)&-x curve. In Fig. 4, we present thex dependence o
the orbital state where PS state is not taken into account.
discontinuous change of^HJ(t)&-x curve is ascribed to that o
the orbital state. In particular, in phases I and II, the symm
try of the orbital is lower than that in theF1 andF2 phases
and the stripe-type~quasi-one-dimensional! and sheet-type
~two-dimensional! charge disproportion is realized, respe
tively. These remarkable features originate from the anis
ropy in the orbital pseudospin space. We also note that
cause of the anisotropy, the orbital state dose not cha
continuously fromF1 to F2. It is summarized that the mai
origin of the PS state in the ferromagnetic state is~1! the
existence of two kinds of ferromagnetic interaction whi
favor the different types of orbital state and~2! the discon-
tinuous change of orbital state due to the anisotropy in
orbital space unlike the spin case.

B. Phase diagram at finiteT

In this subsection, we show the numerical results at fin
T and discuss how the PS state changes withT. As the order

FIG. 4. A sequential change of orbital states as a function
hole concentrationx. QA(B)

t is the angle in the orbital space in th
A(B) orbital sublattice. The schematic orbital states are shown
the phase-I and -II , the dotted areas show the region where the h
concentration is rich.
r-

n

te
he

he
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-
t-
e-
ge

e

e

parameter of spin, we assume the ferromagnetic ordering
focus on theF1 and F2 phases and the PS state betwe
them. We consider theG- andF-type orbital orderings which
are enough to discuss the orbital state in the ferromagn
state of the present interest.

In Fig. 5, the phase diagram is presented at finiteT where
the homogeneous phase is assumed. Parameter value
chosen to be JAF /t050.004, J1 /t050.25, and J2 /t0
50.0625. Atx50.0, the orbital ordered temperature (TOO)
is higher than the ferromagnetic Curie temperature (TC), be-
cause the interaction between orbitals (3J1/2) in the para-
magnetic state is larger than that between spins (J1/2) in the
orbital disordered state, as seen in the first term inHJ . With
increasingx, TC monotonically increases. On the other han
TOO decreases and becomes its minimum aroundx;0.25.
This is the consequence of the change of orbital order
from G type toF type. TheG- andF-type orbital orderings
are favorable to the SE and DE interactions, respectively
that the orderings occur in the lower and higherx regions. In
Fig. 6~a!, we present the free energy as a function ofx at
several temperatures. ForT/t0,0.025, the double minima
around x50.1 and 0.4 exist as discussed in the previo
subsection atT50. With increasingT, the double minima
are gradually smeared out and a new local minimum app
aroundx50.3. It implies that another phase becomes sta
aroundx50.3 and two different kinds of the PS state appe
at the temperature. With further increasing temperature, s
eral shallow minima appear in theF-x curve. Finally, the
fine structure disappears and the homogeneous phase
comes stable in the whole region ofx. In Fig. 6~b!, the free
energy is decomposed into the contributions fromTS, ^Ht&,
and ^HJ& at T/t050.04.

By applying the Maxwell construction to the free ener
presented in Fig. 6~a!, the PS states are obtained and p
sented in Fig. 7. The PS states dominate the large area in
x-T plane. A variety of the PS states appears with seve
types of spin and orbital states. Each PS state is represe
by the combination of spin and orbital states, such
PS~spin-P, orbital-G/spin-F, orbital-P) for PS-III and

f

In
e

FIG. 5. The phase diagram in the plane of temperature~T! and
hole concentration (x). The homogeneous state is assumed. T
straight and dotted lines show the ferromagnetic Curie tempera
(TC) and the orbital ordered temperature (TOO), respectively. The
parameter values are chosen to beJ1 /t050.25, J2 /t050.0625, and
JAF /t050.004.
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456 PRB 61S. OKAMOTO, S. ISHIHARA, AND S. MAEKAWA
PS~spin-F, orbital-G/spin-F, orbital-F)5PS(F1 /F2) for PS-
VII. Here, P indicates the paramagnetic~orbital! state. It is
mentioned that the phase diagram in Fig. 7 has much ana
with that in eutectic alloys. For example, let us focus on
region belowT/t050.05. Here, theF1 and F2 phases and
PS-VII correspond to the two kinds of homogeneous so
phases, termedA and B, and the PS state between the
@PS(A/B)# in binary alloys, respectively. In the case of th
binary alloys, the liquid(L) phase becomes stable due to t
entropy at high temperatures. Thus, with increasing temp
ture, the successive transition occurs as PS(A/B)
→PS„L/A(B)…→L. The statesL, PS(L/A), and PS(L/B),
correspond to the~spin-F, orbital-P) phase, PS-V, and
PS-VI in Fig. 7, respectively. By the analogy between tw
systems, the point atT/t050.025 andx50.27 corresponds to
the eutectic point. In theF-x curve shown in Fig. 6, above
three states reflect on the three minima observed atT/t0
50.004. By decomposing the free energy into the th
terms^HJ&, ^Ht&, andTS, we confirm that the middle par
corresponding to the~spin-F, orbital-P) phase is stabilized
by the entropy.

In Fig. 8, we present effects of the magnetic field~B! on
the phase diagram. The magnitude of the applied magn
field is chosen to begmBB/t050.02 which corresponds to
50 T for t050.3 eV andg52. We find that the PS stat
shrinks in the magnetic field. The remarkable change is
served in PS-II and -III where the spin-F and -P phases

FIG. 6. The free energy as a function of hole concentration (x).
~a!: T/t0 is chosen to be 0, 0.04, and 0.15. The broken lines and
filled triangles show the tangent lines of theF-x curve and the
points of contact between the two, respectively.~b!: F is decom-
posed into the contributions fromTS, ^Ht&, and^HJ&. T/t0 is cho-
sen to be 0.04.
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coexist. The magnetic field stabilizes the ferromagne
phase so that the PS states are replaced by PS-V and
uniform ferromagnetic state. The region of PS-V
@PS(F1 /F2)# is also suppressed in the magnetic field. B
cause the magnitude of the magnetization in the phaseF1 is
smaller than that in theF2 phase, the magnetic field stab
lizes theF1 phase.

V. SUMMARY AND DISCUSSION

In this paper, we study the spin and orbital phase diagr
for perovskite manganites at finiteT andx. In particular, we
pay our attention to two kinds of ferromagnetic phase
pearing at different hole concentrations. The SE and DE
teractions dominate the ferromagnetic phases in the lig
and moderately doped regions and favor the AF- andF-type
orbital orderings, respectively. Between the phases, the

FIG. 7. The phase diagram at finite temperatures. The sha
area shows the phase separated region. The spin and orbital sta
each state are PS-I: PS~spin-P,orbital-G/spin-P,orbital-P), PS-II:
PS~spin-P,orbital-P/spin-F,orbital-P), PS-III: PS~spin-P,orbital-
G/spin-F,orbital-P), PS-IV: PS~spin-P,orbital-G/spin-F,orbital-
G), PS-V: PS~spin-F,orbital-G/spin-F,orbital-P), PS-VI: PS~spin-
F,orbital-P/spin-F,orbital-F), and PS-VII: PS~spin-F,orbital-G/
spin-F,orbital-F)5(F1 /F2). The parameter values are the same
those in Fig. 5.

FIG. 8. The phase diagram at finite temperatures in the app
magnetic field (B). The open and filled circles show the bounda
of the phase separated region ingmBB/t050 and 0.02, respectively
The other parameter values are the same as those in Fig. 5.
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interactions compete with each other and the phases are
stable against the phase separation. The PS states at finT
have an analogy with that in the binary alloys.

It is worth making a comparison between the two kinds
PS, that is, the PS state between the two ferromagn
phases with different orbital structures and that between
ferromagnetic and antiferromagnetic ones. Let us cons
the case withJAF /t050.004 in Fig. 2. We find PS(F1 /F2) in
the region with largex in comparison with PS(A-AF/F1).
This originates from the sequential change of the states
doping of holes as follows, I:~spin-A, orbital-G) → II:
~spin-F, orbital-G) → III: ~spin-F, orbital-F) where the PS
state is not taken into account. The orbital state change
the region with largex compared with the spin state, sinc
the AF interaction between spins is much weaker than
AF-type one between orbitals atx50. Thus, PS(A-AF/F1)
and PS(F1 /F2) appear in the regions between I and II, a
between II and III, respectively. We also note in Fig. 2 th
PS(F1 /F2) dominates a larger region in the phase diagr
than PS(A-AF/F1). This mainly results from the anisotrop
in the orbital pseudospin space. As shown in Fig. 4, the an
in the orbital spaceQA(B)

t changes discontinuously withx in
the region of 0.06,x,0.41 due to the anisotropy. This
highly in contrast to the spin case where the incommensu
and/or flux states appear in the intermediate doping reg
and some of them become more stable than the PS state23 It
is mentioned furthermore that the PS state between the s
F and spin-AF phases24 discussed in the conventional doub
exchange model25 is suppressed, when the orbital degree
freedom is taken into account. This is because theA-AF
phase is realized atx50 instead of theG-AF one and the
ratio of the band width between theA-AF and F phases is
WAF /WF52/3. This ratio is much larger than that betwe
the G-AF andF phases which is of the order ofO(t0 /JH).
Therefore, the PS region, where the compressibility@k
5(]m/]x)21# is negative, shrinks. The (d3x22r 2 /
d3y22r 2)-type orbital ordering expected in undoped a
lightly doped compounds further suppresses the PS state
o

K.
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tween spin-AF and spin-F, because the transfer intensi
along thec axis is reduced andWAF /WF in this ordering is
increased much more.

For observation of the PS(F1 /F2) state proposed in this
paper, the most direct probe is the resonant x-ray scatte
which has recently been developed as a technique to obs
the orbital ordering.26,27 Here, the detailed measurement
several orbital reflection points are required to confirm
PS state where different orbital orderings coexist. The in
mogeneous lattice distortion may be observed in PS(F1 /F2),
although this is indirect. Several experimental results h
reported an inhomogeneity in the lattice degree of freedo
Two kinds of Mn-O bond with different lengths are observ
in La12xSrxMnO3 by the pair distribution function
analyses.28 These values are almost independent ofx, al-
though the averaged orthohombicity decreases withx. In the
compounds with ferromagnetic transition, full magnetic m
ment is observed at low temperatures. This fact excludes
coexistence of AF state and supports PS with different
bital orderings. The more direct evidence of PS was repo
by the synchrotron x-ray diffraction in La0.88Sr0.12MnO3.29

Below 350 K, some of the Bragg peaks split and the min
phase with 20% volume fraction appears. This phase sh
a larger orthohombic distortion than the major one. Thus,
experimental data are consistent with the existence of the
state with different orbital structures. It is desired to carry o
further investigations to clarify relations between the
state proposed in this paper and the experimentally obse
inhomogeneity in the lattice degree of freedom.
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