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Phase transition in perovskite manganites with orbital degree of freedom

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

~Received 22 September 1999!

Roles of orbital degree of freedom of Mn ions in phase transition as functions of temperature and hole
concentration in perovskite manganites are studied. It is shown that the orbital order-disorder transition is of
the first order in the wide region of hole concentration, and the Ne´el temperature for the anisotropic spin
ordering, such as the layer-type antiferromagnetic one, is lower than the orbital ordering temperature due to the
anisotropy in the orbital space. The calculated results of the temperature dependence of the spin and orbital
order parameters explain a variety of the experiments observed in manganites.
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I. INTRODUCTION

Perovskite manganitesA12xBxMnO3 (A represents La,
Nd, or Pr, B represents Sr or Ca! and their related com
pounds have been studied extensively from both experim
tal and theoretical sides since the discovery of colossal m
netoresistance~CMR!.1–4 In particular, the gigantic decreas
of the electrical resistivity is brought about in the vicinity
the transition from a spin, charge, and orbital ordered ph
to a ferromagnetic metallic one with slightly changing te
perature and/or by applying external fields.5,6 Thus, mecha-
nism of such dramatic phenomena associated with the p
transition is the central issue of current studies. It is n
accepted that CMR and its related phenomena are not un
stood within the simple double exchange scenario.7

The orbital degree of freedom in Mn ions is one of t
convincing candidates to bring about a rich variety of ph
nomena in perovskite manganites. Due to the strong H
coupling and the crystalline field, twoeg orbitals of a Mn
ion, i.e., thed3z22r 2 anddx22y2 orbitals, are degenerate an
one of them is occupied by an electron in a Mn31 ion. It is
well known that the (d3x22r 2 /d3y22r 2)-type orbital ordered
state, where the two orbitals are alternately aligned, is r
ized in the undoped manganites LaMnO3.8–12 Recently, the
uniform alignment of thedx22y2 orbital in the layer(A)-type
antiferromagnetic~AF! metal is experimentally confirmed i
Pr0.5Sr0.5MnO3, Nd0.45Sr0.55MnO3 ~Refs. 13–15!, and
La12xSrxMnO3 with x;0.55 ~Ref. 16!. It is recognized that
the orbital degree of freedom controls the transport and
tical properties in the metallic phase as well as the magn
one.

In this paper, we study the phase transition in perovs
manganites based on the model where the orbital degre
freedom and electron correlation are included. By adopt
the mean-field theory, roles of the orbital in the phase tr
sitions are investigated as functions of temperature~T! and
carrier concentration (x). Since there is a strong anisotrop
in the orbital space unlike the spin one, the orbital ord
disorder transition is of the first order in the wide range ofx,
and the Ne´el temperatureTN for the anisotropic spin order
ing, such as theA-type AF one, is lower than the orbita
ordering temperatureTOO . The calculated temperature d
pendence of the spin and orbital order parameters explai
variety of experiments in manganites.
PRB 610163-1829/2000/61~21!/14647~9!/$15.00
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In Sec. II, the model Hamiltonian is derived and th
mean-field theory at finiteT is introduced. In Sec. III, the
numerical results of the spin and orbital phase diagram
presented. We focus on the phase transitions in~i! a lightly
doped region where the ferromagnetic Curie temperat
TC , and TOO are close with each other and~ii ! a highly
doped region where theA-type AF state accompanied wit
the dx22y2 orbital appears. In Sec. IV, the phase transitio
are studied analytically by expanding the free energy w
respect to the spin and orbital order parameters. Section
devoted to the summary and discussion.

II. MODEL AND FORMULATION

Let us set up the model Hamiltonian describing the el
tronic structure in manganites. We consider the tight-bind
Hamiltonian in the cubic lattice consisting of Mn ions. A
each site, twoeg orbitals are introduced andt2g electrons are
treated as a localized spin (SW t2g

) with S53/2. We introduce

three kinds of Coulomb interaction betweeneg electrons at
the same site, i.e., the intraorbital Coulomb interaction (U),
the interorbital interaction (U8), and the exchange interac
tion (I ). The hopping integral between sitei with orbital g

and its nearest-neighboring sitej with g8 is denoted byt i j
gg8 .

The Hund coupling (JH) betweeneg and t2g spins and the
antiferromagnetic superexchange~SE! interaction (JAF) be-
tween nearest-neighboringt2g spins are also introduced
Among these parameters, the intrasite Coulomb interact
are the largest. Thus, by excluding the doubly occupied s
in the eg orbitals, we derive the effective Hamiltonian de
scribing the low-energy electronic states,17

H5Ht1HJ1HH1HAF . ~1!

The first and second terms correspond to the so-calledt and
J terms in thetJ model and are given by

Ht5 (
^ i j &gg8s

t i j
gg8d̃igs

† d̃ j g8s1H.c., ~2!

and
14 647 ©2000 The American Physical Society
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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!

respectively. Here,t i
l5cos@(2p/3)ml #Tiz2sin@(2p/3)ml #Tix

and (mx ,my ,mz)5(1,21,0). l denotes a direction of the
bond connecting sitei and site j. d̃igs is the annihilation
operator of theeg electron at sitei with spins and orbitalg
with excluding double occupancy of electron andni is the
number operator defined asni5(gsd̃igs

† d̃igs . The explicit

form of t i j
gg8 is determined by the Slater-Koster formulas18

SW i is the spin operator of theeg electron withS51/2 andTW i
is the pseudospin one for the orbital degree of freed
defined as TW i5(1/2)(gg8sd̃igs

† (sW )gg8d̃ig8s where Tiz

51(2)1/2 corresponds to the state where thed3z22r 2

(dx22y2) orbital is occupied by an electron.J15t0
2/(U82I )

and J25t0
2/(U81I 12JH) where t0 is the hopping integra

between nearest-neighboringd3z22r 2 orbitals in thez direc-
tion andU5U81I is assumed. The third and fourth terms
Eq. ~1! represent the Hund coupling and the antiferrom
netic SE interaction, respectively, and are given by

HH1HAF52JH(
i

SW i•SW t2gi1JAF(̂
i j &

SW t2gi•SW t2gj . ~4!

The detailed derivation of the Hamiltonian is presented
Ref. 17. Characteristics of this Hamiltonian are summari
as follows: ~1! the two kinds of magnetic interactions b
tween spins ofeg electrons, i.e., the SE and double exchan
interactions are described byHJ andHt , respectively,19 ~2!
there is a strong anisotropy in the pseudospin space un
the spin space, and~3! the first term in Eq.~3! is the domi-
nant term inHJ and stabilizes the ferromagnetic state as
ciated with the antiferromagnetic-type orbital ordered o
where different types of orbitals are alternately aligned.20–23

The interaction between the orbital degree of freedom
the Jahn-Teller~JT!–type lattice distortion is not included i
this model by considering the following facts:~1! the coop-
erative JT distortion is rapidly diminished by doping holes
mangnites with large bandwidth,24 ~2! in La0.88Sr0.12MnO3,
the orbital ordering is experimentally confirmed in the pha
where the cooperative JT distortion is almost quenche19

and ~3! the linear coupling between the pseudospin and
JT-type distortion does not change the order of the ph
transition atx50. Effects of the higher-order coupling be
tween the orbital and the lattice distortion are discussed
Sec. V.

Being based on the Hamiltonian, the spin and orb
states are studied at finiteT and x. The mean-field theory
proposed by de Gennes25 is applied to the present syste
with orbital degeneracy and electron correlation.26 In this
theory, the spin and pseudospin operators are treated as
sical vectors,

~Six ,Siy ,Siz!5
1

2
~sinu i

scosf i
s ,sinu i

ssinf i
s ,cosu i

s!, ~5!

and
-

n
d

e

ke

-
e

d

e

e
se

in

l

las-

~Tix ,Tiy ,Tiz!5
1

2
~sinu i

t ,0,cosu i
t!, ~6!

whereu i
s(t) is the polar angle in the spin~orbital! space and

f i
s is the azimuthal one in the spin space. A motion of t

pseudospin is assumed to be confined in thexz plane andu i
t

describes the orbital state at sitei as follows:

uu i
t&5cos

u i
t

2
u3z22r 2&1sin

u i
t

2
ux22y2&. ~7!

SW i andTW i are denoted byuW i in the uniform fashion. A therma
distribution ofuW i is described by the distribution function,

wi
u~uW i !5

1

n i
u expS lW i

u
•

uW i

uuW i u
D , ~8!

wherelW i
u is the mean field andn i

u is the normalization factor
given by

n i
s5E

0

p

du i
sE

0

2p

df i
s sinu i

sexp~ ulW i
sucosu i

s!, ~9!

and

n i
t5E

0

2p

du i
t exp~ ulW i

tucosu i
t!. ~10!

The free energy is given by a summation of the expecta
value of the Hamiltonian and entropy,

F5^H&st2TN~S s1S t!, ~11!

whereN is the number of Mn ions andS u is the entropy for
uW defined by

S u52^ ln wu~uW !&u . ~12!

^A&u implies the expectation value ofA with respect to the
distribution function.Mu5^uW •lW u/(uuW uulW uu)&u is adopted as
an order parameter in̂HJ&st , ^HH&st , and ^HAF&st . The
relation 3̂ SW i&s5^SW t2gi&s is assumed. As for̂Ht&st , the ro-
tating frames in the spin and pseudospin spaces are in
duced. The electron annihilation operator is decompose
d̃igs5zis

s zig
t hi

† wherehi
† is the creation operator of a spin

and orbital-less fermion describing a hole motion andzis(g)
s(t)

is an element of the unitary matrix in the spin~pseudospin!

frame.27,28 These are given byzi↑
s 5cos(u i

s/2)e2ifi
s/2, zi↓

s

5sin(u i
s/2)eifi

s/2, zia
t 5cos(u i

t/2), andzib
t 5sin(u i

t /2). Ht is re-
written as

Ht5 (
^ i j &sgg8

~zis
s* zj s

s !~zig
t* t i j

gg8zj g8
t

!hihj
†1H.c., ~13!

and is diagonalized in the momentum space as follows:

^Ht&st5K (
kW

(
l 51

Nl

«kW
l
f F~«kW

l
2«F!L

st

, ~14!

where«kW
l is the energy in thel th band for the spinless an

orbital-less fermion with momentumkW andNl is the number
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of the bands. The Fermi energy«F is determined by the
condition x5(1/N)(kW( l f F(«kW

l
2«F) where f F(«) is the

Fermi distribution function. The mean-field solutions are o
tained by minimizingF with respect tolW i

u .

III. NUMERICAL RESULTS

A. Spin and orbital phase diagram at finite temperature

The spin and orbital states at finiteT and x are numeri-
cally calculated by utilizing the mean-field theory introduc
in Sec. II. The four types of spin structure, that is, the fer
magnetic~F!, the layer~A!-type AF, the rod~C!-type AF,
and the NaCl~G!-type AF structures are considered. As f
the orbital, the ferromagneticlike structure, where one k
of orbital exists, and theG-type structure, where two kind
of orbital are alternately aligned in the@111# direction, are
considered. The homogeneous phase where the charge
ers are uniformly distributed is assumed unlike the pha
separated state. This is because we have confirmed tha
bility of phase separation is sensitive to the interactions
the model and the order parameters in the mean-field
proximation, although the considered interactions and or
parameters in the present calculation are sufficient to inv
tigate roles of the orbital of our interest.

The numerical results are shown in Fig. 1. Parameter
ues are chosen to beJ1 /t050.25,J2 /t050.075, andJAF /t0
50.0035 which are determined by the analyses of the p
toemission experiments29 and the Ne´el temperature in
CaMnO3.30 The schematic pictures of the orbital order
states are also presented. With increasingx from x50, the

FIG. 1. The spin and orbital phase diagram as a function of h
concentration~x! and temperature (T). The schematic orbital state
are also shown.TC , TN , andTOO indicate the ferromagnetic Curi
temperature, the Ne´el temperature, and the orbital ordering tem
perature, respectively.F, A, and G indicate the ferromagnetic
A-type antiferromagnetic, andG-type antiferromagnetic phases, r
spectively. The solid~broken! lines are for the second-~first-! order
phase transitions. The parameter values are chosen to beJ1 /t0

50.25, J2 /t050.075, andJAF /t050.0035.
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spin structure changes asA-type AF→ F→A-type AF
→G-type AF which is associated with change of the orbi
states; in the region ofx<0.25, the interaction caused by th
first term of HJ is the dominant one between neare
neighboring orbitals and theG-type AF orbital ordered state
is brought about. The type of the orbital favored in this te
is denoted as (QA

t /QB
t )5(p/2 / 2p/2), whereQA(B)

t is the
angle of the pseudospin in sublatticeA(B) and its definition
is the same withu i

t in Eq. ~7!. These orbitals are mixtures o
d3x22r 2 and dy22z2, and d3y22r 2 and dz22x2, respectively.
Above x50.25, theF-type orbital ordered state is realize
In particular, thedx22y2 orbital is uniformly aligned in the
A-type AF spin phase abovex50.6. A large hopping integra
for electrons in thexy plane in this orbital ordered state
energetically favored in theA-type AF state where the hop
ping in thez direction is prohibited.31 The calculated results
of the spin and orbital phase diagram atT50 are consistent
with those obtained by the Hartree-Fock theory.31 The spin
and orbital phase diagram at finiteT was calculated in Ref.
32 where the Monte Carlo method in a finite-size cluster w
used in the spin-orbital-lattice coupled model.

Now, let us focus on the spin ordering temperatures, i
TC and TN , and the orbital ordering temperature,TOO , in
Fig. 1. These ordering temperatures vsx curves qualitatively
reproduce the experimental results observed
La12xSrxMnO3 ~Refs. 33 and 16!, Pr12xSrxMnO3 ~Refs. 33
and 15!, and Nd12xSrxMnO3 ~Ref. 14! except for the narrow
region of the charge ordered phase in Nd0.5Sr0.5MnO3. It is
shown in Fig. 1 thatTOO is higher ~lower! than TC in the
region of x,0.1 (x.0.1). The dominant interaction in th
region of x,0.1 is provided byHJ where the effective in-
teraction between orbitals in the paramagnetic state and
between spins in the orbital disordered state are given
3J1/2 and J1/2, respectively. Here, the first term inHJ is
considered. Thus,TOO is higher thanTC . On the other hand
in the region whereHt is dominant, gain of the kinetic en
ergy associated with the long-range ordering causes the
sition; it is assumed that doped holes are introduced at
bottom of the band and the kinetic energy is proportiona
the bandwidth. The ratio of the bandwidth in the ferroma
netic state to that in the paramagnetic state is obtained as
where the orbital disordered state is assumed. On the o
hand, the ratio of the bandwidth in theF-type orbital ordered
state to that in the orbital disordered state is obtained
p2/8, where the spin paramagnetic state is assumed.
energy gain associated with the orbital ordering is sma
than that with the spin one, so thatTC is higher thanTOO .
This is attributed to the hopping integral between differe
kinds of orbitals.

BetweenTN for theA-type AF state andTOO , the relation
TN<TOO is satisfied in the whole region ofx in Fig. 1. In
addition, the orbital order-disorder transition and theA-type
AF one are of the first order in the region ofx.0.25. This is
numerically confirmed by discontinuity in the orbital~spin!
order parameter atTOO (TN). Both the two results originate
from the anisotropy in the pseudospin space as discu
later in more detail.

B. Spin and orbital phase transitions in
the lightly doped region

In the lightly doped region in Fig. 1,TC (TOO) increases
~decreases! with increasingx from x50 and the two transi-

le
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tion temperatures cross with each other aroundx50.13
termedxc . Aroundxc , the coupling between spin and orbit
degrees of freedom brings about the unique phase trans
as follows. Let us focus on the region wherex is slightly
higher thanxc . With decreasingT, the system changes from
the paramagnetic phase with the orbital disordered stat
the ferromagnetic phase and then to the ferromagnetic p
with the orbital ordered state. The temperature depende
of the magnetization atx50.14 is presented in Fig. 2~a!
where the order parameter of the orbital ordered state is
plotted. It is shown that the magnetization is enhanced be
TOO . This originates from the coupling between the spin a
orbital in HJ @Eq. ~3!#; in the mean-field theory, the effectiv
interaction between nearest-neighboring spins is given
22J1(^ninj&/42^t i

lt j
l &) where the first term inHJ is con-

sidered. With taking into account the fact that the orbi
ordered state is (QA /QB)5(p/2 / 2p/2) in this region ofx,
the effective interaction is rewritten as22J1(12x)2(1/4
13Mt

2/16) for l 5x and y and 22J1(12x)2/4 for l 5z.
Thus, the magnetization increases belowTOO as a result of
enhancement of the effective magnetic interaction. In the
posite way, the orbital order-disorder transition is influenc
by a change of the spin state. The magnetic-field depend

FIG. 2. ~a! Temperature dependence of the magnetizationMs
F

~solid line! and the orbital order parameterMt ~broken line! at x
50.14. The dotted lines are guides to the eyes. The inset show
magnetization curve in La0.88Sr0.12MnO3 ~Ref. 34!. ~b! Magnetic-
field dependence of the orbital ordering temperatureTOO at x
50.14. The inset showsTOO at gmBB/t050 and 0.01 and the fer
romagnetic Curie temperatureTC aroundxc . Parameter values in
the calculation are the same as those in Fig. 1.
on

to
se
ce

so
w
d

y

l

p-
d
ce

of TOO at x50.14 is presented in Fig. 2~b!. The inset shows
a change of the phase diagram by applying the magnetic
aroundxc . TOO increases by applying a magnetic field. Th
effective interaction between nearest-neighboring orbital
given by 2J1(12x)2(3/41Ms

2/4) which increases by apply
ing the magnetic field. This implies that the orbital state
controlled by the magnetic field, although the field is no
canonical external field for the pseudospin.

This unique phase transition originating from the coupli
between spin and orbital is observed in manganites.19,34 In
La0.88Sr0.12MnO3, the ferromagnetic ordering occurs at 17
K and the orbital ordering is confirmed below 145 K by th
resonant x-ray scattering which is a direct probe to detect
orbital ordering. The ferromagnetic phase with the orbi
disordered state changes into the phase with the orbita
dered state at 145 K, so that it corresponds to the calcul
phase transition atTOO aroundx50.14. It is experimentally
confirmed that the magnetization is enhanced below 14
@the inset of Fig. 2~a!# and the orbital ordering temperatur
increases with applying the magnetic field.35–37,34These ex-
perimental results are well explained by the present calc
tion and are strong evidences of the novel coupling betw
spin and orbital in this compound.

C. Phase transition in the highly doped region
and the A-type AF metal

In this section, we focus on the phase transition in
highly doped region (x.0.5) in Fig. 1 where theA-type AF
state associated with thedx22y2 orbital ordered state appear
There are two kinds of carrier concentration regions term
region I (0.8.x.0.6), where a sequential phase transiti
from the paramagnetic state to the ferromagnetic state an
the A-type AF state occurs with decreasingT, and region II
(x.0.8), where the transition from the paramagnetic state
the A-type AF state occurs. The temperature dependence
the spin order parameters atx50.725~region I! andx50.9
~region II! are shown in Figs. 3~a! and 3~b!, respectively.Ms

F

and Ms
AF are the order parameters of the ferromagnetic a

A-type AF spin structures, respectively. As shown in F
3~a!, Ms

F appears atTC /t050.95 where the transition is o
the second order. With decreasingT, the F-type orbital or-
dered state with thedx22y2 orbital appears atTOO /t050.72
and the transition from the ferromagnetic phase to theA-type
AF phase occurs atTN . This transition is of the first orde
and the canted AF phase does not appear between the f
magnetic andA-type AF phases. This sequential phase tra
sition is caused by the thermal fluctuation of the the orbi
as previously mentioned, theA-type AF state and theF-type
orbital ordered state with thedx22y2 orbital are cooperatively
stabilized atT50. With increasingT, the thermal fluctuation
of orbital grows up and the hopping integral in thez direction
becomes finite. As a result, the double exchange interac
in this direction overcomes the antiferromagnetic SE inter
tion and the ferromagnetic phase is stabilized. In region
the A-type AF ordering and theF-type orbital ordering with
the dx22y2 orbital occur at the same temperature where
transition is of the first-order as shown in Fig. 3~b!. In both
the regions I and II, the relationTN<TOO is satisfied. The
first order transition atTOO and this relation betweenTOO
andTN originate from the breaking of the inversion symm

the
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try of the system with respect to the orbital pseudospin
erator, as discussed in Sec. IV. The calculated results of
sequential phase transition in region I reproduce well
experimental results observed in Pr0.5Sr0.5MnO3 ~Ref. 13!
@the inset of Fig. 3~a!#. The first-order transition atTOO
(5TN) in region II is consistent with the experiments
Nd0.45Sr0.55MnO3 ~Refs. 13 and 14!, where the Mn-O bond
length in thez direction (xy plane! is confirmed to become
short ~long! at TN .38 It implies theF-type orbital ordering
with the dx22y2 orbital as predicted from the present calc
lation.

In the actual compounds, where theA-type AF state is
observed, the tetragonal lattice distortion is observed and
cubic symmetry is broken far aboveTN .13,38 We simulate
this distortion by introducing the uniaxial anisotropy of th
hopping integral and the SE interaction and investigate
phase transition. It is assumed thatt0

xy/t0
z5AJAF

xy /JAF
z 5R,

wheret0
xy(z) andJAF

xy(z) are the hopping integral and the an
ferromagnetic SE interaction in thexy plane (z direction!.
The temperature dependences of the spin and orbital o
parameters atx50.725 and 0.9 withR51.2 are shown in
Figs. 4~a! and 4~b!, respectively. Due to the uniaxial aniso

FIG. 3. Temperature dependences of the spin order param
~a! at x50.725 and~b! at x50.9. The solid and broken lines sho
the order parameters in the ferromagnetic state (Ms

F) and theA-type
antiferromagnetic state (Ms

AF), respectively. Parameter values a
the same as those in Fig. 1. The inset in~a! shows the temperatur
dependences of magnetic Bragg reflections in Pr0.5Sr0.5MnO3 ~Ref.
13!.
-
he
e

he

e

er

ropy, Mt is finite above the orbital ordering temperature
the system with the cubic symmetry. It is worth noting th
~1! TN for theA-type AF state increases and~2! the transition
at TN is of the first order, although the discontinuity ofMs

AF

is reduced. The latter is attributed to diminution of th
change ofMt at TN .

Finally, the magnetic-field dependence ofTOO is shown
in Fig. 5. TOO decreases with applying the magnetic field
the region of gmBB/t0,0.0025 where the neares
neighboring spins in thez direction are canted. The spin
become parallel atgmBB/t050.0025 termedBc , and TOO
increases with increasing the magnetic field aboveBc . The
orbital ordered state belowTOO is of the F type with the
dx22y2 orbital and does not depend on the magnitude of
magnetic field. Above and belowBc , the different mecha-
nisms dominate the magnetic field dependence ofTOO ; in
the region ofB,Bc , the spin canting due to the magneti
field promotes the electron hopping in thez axis which
weakens the orbital ordered state. On the other hand, ab
Bc , magnitude of the magnetic moment is enhanced by
creasing the magnetic field and the orbital ordered state
sociated with the ferromagnetic spin structure is stabiliz

ers

FIG. 4. Temperature dependences of the spin and orbital o
parameters~a! at x50.725 and~b! at x50.9 in the tetragonal lat-
tice. The solid, broken, and dotted lines show the order parame
for the ferromagnetic structure (Ms

F), the A-type AF structure
(Ms

AF), and theF-type orbital ordered structure (Mt), respectively.
The uniaxial anisotropy is introduced ast0

xy/t0
z5AJAF

xy /JAF
z 5R with

R51.2, wheret0
xy(z) and JAF

xy(z) are the hopping integral and th
antiferromagnetic SE interaction in thexy plane ~the z direction!.
The other parameter values are the same as those in Fig. 1.
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The magnetic-field dependence ofTN for theA-type AF spin
structure is recently measured in Nd0.45Sr0.55MnO3.14 It is
experimentally shown thatTN gradually decreases with in
creasing the magnetic field. From the present calculation
is predicted that this reduction ofTN is accompanied with
that of TOO , and with increasing the magnetic field furthe
more,TOO increases above the critical value of the field.

IV. FIRST-ORDER PHASE TRANSITION AND ORBITAL
DEGREE OF FREEDOM

As mentioned in Sec. III, several characteristics of
phase transitions in manganites are attributed to the un
properties of the orbital degree of freedom. In this section
study analytically the phase transition by expanding the f
energy with respect to the spin and orbital ord
parameters.25 Let us consider the ferromagnetic andA-type
AF spin structures and theF-type andG-type AF orbital
structures. The expectation values of the Hamiltonian a
nite temperature are calculated by the mean-field theory
troduced in Sec. II and are expanded with respect toMs and
Mt . It is assumed that doped holes are introduced at
bottom of the band denoted by«kW

l in Eq. ~14!. The explicit
form of ^HJ&st is given by

^HJ&st

N
52

~12x!2

2 (
l 5x,y,z

$J1~31cosQ l
sMs

2!~12A2lM t
2!

1J2~12cosQ l
sMs

2!~31A1lM t1A2lM t
2!%, ~15!

where

A1l52~CAl1CBl! ~16!

and

A2l5CAlCBl , ~17!

FIG. 5. Magnetic-field dependence of the orbital ordering te
perature atx50.9 and the schematic spin configurations. Param
values are the same as those in Fig. 1.
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with CA(B) l5cos(QA(B)
t 12pml/3) and (mx ,my ,mz)5(1,

21,0). Q l
s ( l 5x,y,z) is the relative angle between neare

neighboring spins in directionl andQA(B)
t is the angle of the

orbital pseudospin in sublatticeA(B). ^Ht&st is proportional
to the bandwidthW of the spinless and orbital-less fermio
as

^Ht&st

N
52x

W

2
, ~18!

and is expanded with respect toMs andMt up to the orders
of Ms

2 andMt
3 as follows:

^Ht&st

N
52t0x

16

3p2 (
l 5x,y,z

S 11
3

5
cosQ l

sMs
2D ~11a1lM t

1a2lM t
21a3lM t

3!, ~19!

where

a1l5
2

3
~CAl1CBl!, ~20!

a2l5
2

15
~12CAl

2 2CBl
2 !1

4

9
CAlCBl , ~21!

and

a3l5
4

105
~CAl

3 1CBl
3 !2

4

45
~CAl

2 CBl1CAlCBl
2 !

1
1

63
~CAl1CBl!. ~22!

The detailed derivation of Eq.~19! is presented in the Ap-
pendix. It is worth noting that the terms which are propo
tional to Mt or Mt

3 appear in^HJ&st and ^Ht&st . This is
because the inversion symmetry in the system with respe
the orbital pseudospin is broken, i.e., the free energy w
Tz51/2 is different from that withTz521/2. This is highly
in contrast to the spin case where the inversion symm
with respect to the spin operator is preserved due to the ti
reversal symmetry in the system without a magnetic fie
Being based on Eqs.~15! and~19!, we investigate the phas
transition in theF and A-type AF spin structures in more
detail.

Ferromagnetic structure.Equations~15! and ~19! with
the relationQ l

s50 for l 5x, y, andz are given by

^HJ&st

N
52~12x!2

3

8
J1~31Ms

2!~11B2Mt
2!

2~12x!2
3

8
J2~12Ms

2!~32B2Mt
2! ~23!

and

^Ht&st

N
52t0x

16

p2 S 11
3

5
Ms

2D ~11b2Mt
21b3Mt

3!,

~24!

respectively, with

-
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B252
1

2
cos~QA

t 2QB
t !, ~25!

b25
2

9
cos~QA

t 2QB
t !, ~26!

and

b35
4

105
~cos3QA

t 1cos3QB
t !2

1

35
~cosQA

t 1cosQB
t !

2
1

45
@cos~2QA

t 1QB
t !1cos~QA

t 12QB
t !#. ~27!

The terms being proportional toMt vanish due to the cubic
symmetry of the ferromagnetic spin structure. The coe
cientsB2 andb2 become the largest atQA

t 5QB
t 2p and at

QA
t 5QB

t , respectively. That is,HJ and Ht favor AF- and
F-type orbital ordered states, respectively.

Let us focus on the term being proportional toMt
3 in

^Ht&st . In the case where this term is relevant, the orb
order-disorder transition is of the first-order according to
Landau criterion in the phase transition. It corresponds to
transition atTOO in the region ofx.0.25 in Fig. 1 and is
consistent with the first-order transitions at the orbital ord
ing temperature observed in several manganites. On the o
hand, the transition in the region ofx,0.25 in Fig. 1 is of the
second order. This is because~1! the term being proportiona
to Mt

3 does not appear in̂HJ&st , and ~2! in this hole con-
centration region, theG-type orbital ordered state withQA

t

5QB
t 2p is realized. The inversion symmetry with respe

to the pseudospin operator is preserved, i.e.,b350 in Eq.
~27! in this orbital ordered state. The phase transition in t
hole concentration region is discussed in more detail in S
V. The first-order transition in the cooperative JT system a
its relation to the terms proportional toQ3, whereQ indi-
cates the normal mode of a MnO6 octahedron, was discusse
in Ref. 39.

The parameterb3 becomes the largest atQA
t 5QB

t 5(2n
11)p/3 with n5(1,2,3) and determines the orbital sta
uniquely. With taking into accountb2 together withb3 ,
^Ht&st favors theF-type orbital ordered state withdx22y2,
dy22z2, and dz22x2 ~the so-called leaf-type orbital! rather
than d3z22r 2, d3x22r 2, andd3y22r 2 ~the so-called ciger-type
orbital!. Since the bandwidth in theF-type orbital ordered
state atT50 does not depend on types of the orbital, t
thermal fluctuation stabilizes the leaf-type orbital; theF-type
orbital ordered state withdx22y2 (d3z22r 2) mixes with the
AF-type one with (d3x22r 2 /d3y22r 2) @(dy22z2 /dz22x2)#
through the thermal fluctuation. The bandwidth in t
(d3x22r 2 /d3y22r 2) state is 5t0 which is larger than that in the
(dy22z2 /dz22x2) state (3t0). The smaller bandwidth in the
latter state is attributed to the fact that the hopping integra
the xy plane is zero in this orbital state.

A-type AF structure.In this spin structure,̂ HJ&st and
^Ht&st with Qx

s5Qy
s50 andQz

s5p are given by

^HJ&st

N
5~12x!2

1

16
~J1D11J2D2! ~28!

with
-

l
e
e

-
er

t

s
c.
d

n

D1521822Ms
219cos~QA

t 2QB
t !Mt

2

1@3 cos~QA
t 2QB

t !22 cosQA
t cosQB

t #Ms
2Mt

2 ,

~29!

and

D2521816Ms
223 cos~QA

t 2QB
t !Mt

2

24~cosQA
t 1cosQB

t !Ms
2Mt

1@3cos~QA
t 2QB

t !22 cosQA
t cosQB

t #Ms
2Mt

2

~30!

and

^Ht&st

N
52t0xS 16

p2D S 11
1

5
Ms

21g1Ms
2Mt1b2Mt

21b3Mt
3D

~31!

with

g152
4

15
~cosQA

t 1cosQB
t !, ~32!

respectively. The most remarkable difference of the result
theA-type AF structure from that in the ferromagnetic one
the terms being proportional toMs

2Mt . The origin of these
terms is the anisotropic spin structure in theA-type AF state
which breaks the cubic symmetry in the system. Becaus
these terms, the order parameter of theA-type AF state acts
as a magnetic field on the orbital pseudospin space and
relation TOO>TN is derived. This relation is seen in th
present phase diagram~Fig. 1! and also in the experimenta
results in several manganites.

Now we focus on these terms being proportional
MtMs

2 . At x50 whereHJ is dominant, the AF-type orbita
ordered states with (Q t/Q t1p) for anyQ t is realized above
TN . Below TN , the term being proportional toMs

2Mt be-
comes relevant and the orbital state is uniquely determi
as (Q t/2Q t) with

Q t5cos21
4J2Ms

2

3~3J12J2!Mt1~J11J2!Ms
2Mt

. ~33!

With decreasing temperature belowTN , Q t continuously
changes fromp/2 at TN to cos21$2J2 /(5J12J2)% at T50.
This orbital state favors the anitiferromagnetic interaction
the z direction in this spin structure. In the present calcu
tion, the ferromagnetic interaction in thexy plane originates
from J1 and the AF structure in thez direction fromJ2 and
JAF .17,31,21It was reported by the model without the antife
romagnetic SE interactionJAF that this spin structure com
petes with the planar ferromagnetic structure and its stab
depends on types of the occupied orbitals.40 Due to JAF in
the present model, theA-type AF structure is more stabilize
than the planar ferromagnetic one in the wide range ofQ t. In
the highly doped region whereHt is dominant, the term
g1Ms

2Mt in Eq. ~31! favors theF-type orbital ordered state
with QA

t 5QB
t 5p which corresponds to the state wit

dx22y2, as mentioned in Sec. IV A. The terms being propo
tional to Ms

2Mt also appear in theC-type AF spin structure
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where the relationTOO>TN is derived. The coefficients o
the term in ^HJ&st and ^Ht&st are given by J2(1
2x)2(cosQA

t 1cosQB
t )/2 and 2t0x32(cosQA

t

1cosQB
t )/(5p2) which favor the G type with

(d3z22r 2 /dx22y2) and theF type withd3z22r 2 orbital ordered
states, respectively.

V. SUMMARY AND DISCUSSION

In this paper we study roles of the orbital degree of fre
dom in phase transition in perovskite manganites. The ef
tive Hamiltonian, which includes the orbital degree of fre
dom as well as the spin and charge degrees of freedom
utilized and the mean-field theory at finite temperature a
carrier concentration is adopted. Through both the numer
and analytical calculations based on this theory, it is revea
that several characteristics of the phase transition observe
manganites originate from the unique properties of the
bital degree of freedom. The obtained results are summar
as follows:~1! The orbital order-disorder transition is of th
first order in the wide region ofx, andTN for the anisotropic
spin structure, such as theA- and C-type AF structures, is
lower thanTOO . Both the results originate from the fact th
the inversion symmetry in the system is broken with resp
to the orbital pseudospin operator and the terms being
portional toMs

2Mt and Mt
3 exist in the free energy. Thes

results are consistent with the phase transition observe
Pr0.5Sr0.5MnO3 and Nd0.45Sr0.55MnO3 ~Refs. 13, 14, and 38!
where theA-type AF state with thedx22y2 orbital ordered
state appears. In the present calculation, the phase trans
at TOO in the region ofx,0.25 is of the second order a
shown in Fig. 1. With taking into account the following in
gredients, the phase transition changes from the second-o
transition to the first-order transition:~a! the higher-order
coupling between the pseudospin and the JT-type distor
in a MnO6 octahedron,~b! the anharmonic term of the po
tential energy for the JT-type lattice distortion,39 and ~c! the
higher-order terms with respect tot0 /U in the effective
Hamiltonian in Eq. ~1!. It was shown by the neutron
diffraction11 and the resonant x-ray scattering experimen12

that the orbital order-disorder transition in LaMnO3 at 780 K
is of the first order but is close to the second order. The
fore, these contributions are supposed to be small or alm
canceled out with each other.~2! The relationTC.TOO is
satisfied in the highly hole doped region (x.0.1). This is
because gain of the kinetic energy of electrons accompa
with the orbital ordering is lower than that with the ferr
magnetic ordering due to the hopping integral between
ferent kinds of orbitals, unlike the spin case.~3! In the region
whereTOO andTC are close with each other, the novel pha
transition is brought about due to the coupling between
spin and orbital degrees of freedom. The magnetization
enhanced belowTOO and TOO increases by applying th
magnetic field. These results well explain the unique exp
mental results observed in La0.88Sr0.12MnO3. ~4! The sequen-
tial phase transition from theA-type AF phase to the ferro
magnetic phase with increasingT is caused by the therma
fluctuation of the orbital from thedx22y2 orbital ordered
states. The ferromagnetic interaction in thez axis becomes
finite due to the orbital fluctuation.
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APPENDIX: EXPANSION OF ŠHt‹st

In this appendix, we present the derivation of Eq.~19!,
i.e., the expansion of̂Ht&st with respect to the spin and
orbital order parameters. We start from Eq.~18! where the
bandwidthW is calculated from Eq.~13! as follows:

W52(
d

I d
sI d

t , ~A1!

where

I d
s5(

s
^uzis

s* zj s
s u&s ~A2!

and

I d
t 5(

s
^uzig

t* t i j
gg8zj g8

t u& t . ~A3!

Here d indicates a vector connecting sitei and its nearest-
neighboring sitej. The spin partI d

s has the same form with
Eq. ~27! in Ref. 25 and is given by

I d
s5

2

3 S 11
3

5
cosQd

sMs
2D , ~A4!

whereQd
s is the relative angle between spins at sitesi and j

and the relationMs5ls/31O(ls3) is used. As for the or-
bital part, we present the derivation ofI d

t with d56aẑ

termed I z
t , wherea and ẑ indicate a cell parameter of th

cubic perovskite lattice and the unit vector in thez direction,
respectively.I d

t with d56ax̂( ŷ) is given byI z
t , whereQ i

t is
replaced byQ i

t12p/3 (Q i
t22p/3). I z

t is calculated as

I z
t 5t0K Ucos

u i
t

2
cos

u j
t

2
U L

t

5
t0

n t2E0

2p

ddu iE
0

2p

ddu je
l t(cosdu i1cosdu j )

3Ucos
Q i

t1du i

2
cos

Q j
t1du j

2
U, ~A5!
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wheredu i5u i
t2Q i

t . The right-hand side of Eq.~A5! is ex-
panded with respect tol t up to the order ofO(l t3) as fol-
lows:

I z
t 5

t0

~2p!2 S 12
l t2

4 D 2S z i01z i1l t1
z i2

2!
l t21

z i3

3!
l t3D

3S z j 01z j 1l t1
z j 2

2!
l t21

z j 3

3!
l t3D , ~A6!

wherez in (n50;3) are given by

z i054, ~A7!

z i15
4

3
cosQ i

t , ~A8!
o

K.

,

sh

s.

ys

v.

,

d

.
.

-

Y.
-
.
49

-

s,
-

z i25
4

15
~82cos2Q i

t!, ~A9!

and

z i35
4

35
~cos3Q i

t18 cosQ i
t!. ~A10!

The relation n t52p(11 1
4 l t2)1O(l t4) is used. In the

G-type orbital ordered state considered in Sec. III,Q i
t in the

above formulas is replaced byQA(B)
t , when sitei belongs to

the orbital sublatticeA(B). By utilizing the relation Mt
5l t/22l t3/161O(l t5), Eq. ~19! is derived.
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