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Ferromagnetic insulating phase in Pr1ÀxCaxMnO3
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A ferromagnetic insulating~FM-I! state in Pr0.75Ca0.25MnO3 has been studied by neutron scattering experi-
ment and theoretical calculation. The insulating behavior is robust against an external magnetic field, and is
ascribed to neither the phase separation between a ferromagnetic metallic~FM-M! phase and a nonferromag-
netic insulating one, nor the charge ordering. We found that the Jahn-Teller type lattice distortion is much
weaker than PrMnO3 and the magnetic interaction is almost isotropic. These features resemble the ferromag-
netic metallic state of manganites, but the spin exchange interactionJ is much reduced compared to the FM-M
state. The theoretical calculation based on the staggered type orbital order well reproduces several features of
the spin and orbital state in the FM-I phase.
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I. INTRODUCTION

Since the discovery of the high-Tc superconductivity in
layered cupurates, doped Mott insulators with perovsk
structures became one of the major targets in recent stu
of condensed matter physics. Hole doped perovskite ma
nites,R12xAxMnO3 (R is a trivalent rare-earth ion andA is a
divalent alkaline-earth ion!, have been extensively studie
since the discovery of the colossal magnetoresistance~CMR!
effect. Recent studies devoted to clarify an origin of t
CMR effect have revealed that the physics of manganite
controlled by an interplay between spin, charge and orb
degrees of freedom.

At x50 in R12xAxMnO3, a Mn ion shows an electron
configuration oft2g

3 eg
1 where theeg orbital degree of freedom

is active. Actually, the mother compoundRMnO3 shows an
alternate ordering of thed3x22r 2 andd3y22r 2 orbitals associ-
ated with the cooperative Jahn-Teller distortion in theab
plane of the orthorhombicPbnm lattice. The layer-type
(A-type! antiferromagnetic~AF! spin ordering is realized a
low temperature by the anisotropic superexchange inte
tion under the orbital ordering~OO!.1–3 This anisotropy was
experimentally confirmed in LaMnO3 by neutron scattering
studies.4,5 By substitutingR for A in RMnO3, holes are in-
troduced in the system. In the simple double exchange
nario, a kinetic energy gain of the doped holes brings ab
the ferromagnetic metallic~FM-M! ground state.3,6 It is also
supposed that the OO is destroyed and the orbital liq
disordered states are realized in the FM-M phase.7 The iso-
tropic characters in the crystal lattice8 and the spin exchang
interactions9,10 realized in this phase may be attributed to th
orbital state.

However, in the actual compounds, the doping dep
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dence of the electronic ground state is not so naı¨ve. Between
theA-type AF phase and the FM-M phase, the ground stat
ferromagnetic but insulating.3 The ferromagnetic insulating
~FM-I! state cannot be explained by the simple double
change picture. Although such a contradiction remains to
solved, the FM-I phase has not been much studied so
This paper provides detailed information about the chara
of the FM-I phase by a neutron scattering study and a th
retical calculation on Pr12xCaxMnO3, which is a typical ex-
ample of a FM-I phase with a relatively wide hole conce
tration region 0.15,x,0.3.11

One of the interpretations of the FM-I phase is based o
phase separation between the FM-M phase and a non
insulating phase. In a recent trend of the research on C
manganites, the phase separation phenomenon is regard
an important factor for the large resistivity change accom
nied by the insulator-metal~IM ! transition. A plausible origin
of the non-FM insulating phase is theCE-type charge order-
ing ~CO!. This is a checkerboard-type CO of Mn31 and
Mn41 accompanied by a zigzag ordering ofd3x22r 2 and
d3y22r 2 orbitals on Mn31 sites and theCE-type AF spin
ordering. TheCE-type CO is most stabilized atx51/2, but it
is exceedingly robust against hole doping. Actually,
Pr12xCaxMnO3, the CE-type CO is well developed forx
>0.3 adjacent to the FM-I phase, and coexists with the
component.11–13Recently, Daiet al.showed by neutron scat
tering measurement that the short-range order of theCE-type
CO exists in the FM-I phase of La12xCaxMnO3,14 though
the detail relation between these charge correlations and
transport is not obvious.

The phase separation picture requires substantial vol
fraction of non-FM insulating phase to make the compou
an insulator overcoming the metallic conduction in the F
©2004 The American Physical Society33-1
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phase. Ueharaet al.studied the phase separation between
FM-M phase and the charge-ordered insulating~CO-I! phase
in La5/82yPryCa3/8MnO3. They showed that the concentr
tion of the FM-M phase at the IM transition, which wa
evaluated from the ratio of the saturation magnetic mom
to the full moment of a Mn ion, agrees with the thre
dimensional~3D! percolation threshold 10–25%.15 However,
the FM moment of;2mB in Pr0.7Ca0.3MnO3

12,13,16 is too
large to account for its insulating character. On the ot
hand, there is another possibility that the insulating nat
does not arise from the non-FM phase but it is intrinsic to
FM phase. Recently several kinds of COs related to the h
concentration ofx51/4 were theoretically proposed. Hot
et al.claimed that Pr3/4Ca1/4MnO3 becomes a FM-I state by
CO consisting of a checkerboard charge ordered plane a
purely Mn31 plane stacking alternately along thez axis.17 As
a result, the unit cell of the CO becomesA23A234 in
terms of the cubic perovskite unit@We will refer this type of
CO as (p,p,p/2)-type CO.#. Mizokawaet al. proposed that
in the lightly doped manganites there exist ‘‘orbital p
larons.’’ Here Mn41 ions are surrounded by ferromagne
cally coupled nearest neighbor Mn31 ions where theeg or-
bitals point to the central Mn41 site.18 They claimed that in
Pr3/4Ca1/4MnO3, the orbital polarons form a body-centere
cubic lattice whose unit cell has a size of 23232 in unit of
the cubic perovskite lattice, and a FM insulator is realized19

Neither kind of CO, however, has not been detected exp
mentally so far. Instead, Endohet al. claimed by resonan
x-ray scattering~RXS! and neutron scattering studies that t
FM-I phase of La0.88Sr0.12MnO3 shows an OO of a mixture
of d3z22r 2 anddx22y2 orbitals. They also proposed that th
OO is an origin of the FM-I state.20,21As for the orbital state
of the FM-I phase in Pr12xCaxMnO3, Zimmermannet al.
advocated by a RXS study that the same OO as tha
LaMnO3 (LaMnO3-type OO! develops below about 500 K
in Pr0.75Ca0.25MnO3.22 In contrast to the FM spin ordering i
Pr0.75Ca0.25MnO3, however, LaMnO3-type OO is generally
accompanied with anA-type AF spin ordering.

The complicated status of the current research on
FM-I state of manganites reminds us the necessity of a c
prehensive study on spin, charge, and orbital states of
FM-I phase of manganites. For this purpose, neutron sca
ing is a useful tool to study CO and OO because of its s
sitivity to the lattice distortions induced by CO and OO.
the present study, we performed elastic neutron scatte
measurements on a single crystal of Pr0.75Ca0.25MnO3 to elu-
cidate the superlattice peaks and the lattice distortions du
CO and OO. The OO affects the exchange interactions
tween spins due to the anisotropic character of theeg orbit-
als. Therefore, through the estimation of the exchange in
actions by measuring the magnon dispersion relation, we
characterize the orbital state. So, we also performed inela
neutron scattering measurements to determine the spin
change through the measurements of the spin wave ex
tions. The theoretical analyses provide a unified picture
the spin and orbital states in the AF, FM-I and FM-M phas

The rest of this paper is organized as follows. In Sec.
the experimental procedure is described. The experime
results are presented in Sec. III, where the property of
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magnetic and crystal structures in Pr0.75Ca0.25MnO3 are dis-
cussed. In Sec. III A, we will argue the possibility of th
phase separation, and in Sec. III B we will characterize
FM-I state by measurements of the structural properties
spin fluctuations. Section III C is devoted to a theoretic
investigation of the magnetic interaction and the orbital st
in moderately doped manganites. A summary of the work
given in Sec. V.

II. EXPERIMENTAL PROCEDURES

Single crystals of Pr0.75Ca0.25MnO3 and PrMnO3 were
grown by the floating zone method. A stoichiometric mixtu
of Pr6O11, CaCO3, and Mn3O4 was ground and calcined a
1300 °C in air for 12 h. Then the resulting powder w
pressed into rods and fired again at 1300 °C in air for 12
The crystal growth was performed in a floating-zone furna
in a flow of oxygen gas. We precharacterized the samples
powder x-ray diffraction and powder neutron diffractio
measurements, and confirmed that the samples are s
phase with thePbnm symmetry. The lattice constants o
Pr0.75Ca0.25MnO3 at 294 K determined by the powder ne
tron diffraction area55.4444(3) Å ,b55.5037(3) Å , and
c57.6880(5) Å . The samples were cut into the size
6 mmf330 mm for the present neutron scattering stu
The transport data were taken using Quantum Design Ph
cal Property Measurement System~PPMS! on a sample cut
from the same batch as used in the neutron study.

The neutron scattering experiments were performed us
triple axis spectrometers GPTAS and HQR of Institute
Solid State Physics, University of Tokyo, installed at t
JRR-3M research reactor in JAERI, Tokai, Japan. The m
of the measurements were done at GPTAS, while HQR w
utilized when a highQ resolution was required. At both spec
trometers, the 002 reflection of pyrolytic graphite~PG! was
used for the monochromator and analyzer. At GPTAS,
selected a neutron wave length ofkf53.81 Å21. For elastic
scattering measurements, several combinations of horizo
collimators were adopted and two PG filters were plac
before the monochromator and after the sample to supp
contaminations of higher-order harmonics. For inelastic sc
tering measurements, we chose 408-408-408-408 combina-
tion of collimators and set a PG filter after the sample.
HQR, which is on the thermal guide tube, neutrons of wa
length ki52.56 Å21 and horizontal collimation of blank-
408-408 ~from monochromator to sample! were used togethe
with a PG filter before the sample. The crystals we
mounted in aluminum cans filled with helium gas. The te
perature of the samples were controlled by conventional
high-temperature-type closed cycle He-gas refrigerators.
measurements were performed in the (h,0,l ) and (h,h,l )
zones of reciprocal space of thePbnmlattice.

III. RESULTS AND DISCUSSIONS

A. Possibility of the phase separation

First, let us characterize the sample by showing the res
of the temperature~T! dependences of the order parameter
the magnetic order and the resistance. Figure 1~a! is the T
3-2
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FERROMAGENETIC INSULATING PHASE IN Pr12xCaxMnO3 PHYSICAL REVIEW B 69, 054433 ~2004!
dependence of the scattering intensity of the fundame
200 peak. The intensity starts to increase below the C
temperatureTC;130 K due to the FM spin ordering, consi
tent with a previous study.11 To determine the critical expo
nent, we fit the data to a power law, (12T/TC)2b, varying
the lower limit of the temperature range of the fitting,Tlim .
b was determined to be 0.36~1! as Tlim→TC5129.5(5) K.
This value of the critical exponent is very close to that
the 3D FM Heisenberg model, 0.367, and similar to that
the FM-M manganites such as La0.7Sr0.2MnO3 ~Ref. 23! and
La0.7Sr0.3MnO3.9,23 The magnetic moment was determin
from a powder sample which was prepared by crushin
melt-grown crystal. The FM moment of a Mn ion
3.32(3)mB at 15 K, oriented parallel to theb axis. The mag-
netic moments of Pr ions also align ferromagnetically alo
the b axis with a moment of 0.55(3)mB /Pr at 15 K, consis-
tent to x50.2 and 0.3 samples.16,24 The value of the FM
moment of a Mn ion is nearly equal to the formula value
3.75mB . This means that even if a non-FM region existed
the sample, its volume would be extremely small.

Figure 1~b! shows theT dependence of the resistance
several magnetic fields. ForH50 T, the sample is insulating
for all temperature range measured, and a small cusp is
served atTC . By applying the magnetic field, this cusp va
ishes, and the resistance is reduced from that atH50 T.
However, the insulating behavior still persists under the m
netic field up toH57 T. The robustness of the insulatin
state contrasts markedly with theCE-type charge ordered
phase forx.0.3, where the CO melts by a magnetic field

FIG. 1. ~a! Temperature dependence of the scattering inten
of the 200 peak.~b! Temperature dependence of the resistance
der the magnetic field ofH50, 2, and 7 T.
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a few teslas.11 In the present case, an external field cann
make a significant change of the transports. Note that sim
behaviors have been observed in a less doped FM sampx
50.2.24

The above-mentioned magnetic and transport proper
indicate that the origin of the insulating behavior
Pr0.75Ca0.25MnO3 is definitely different from theCE-type
CO, and suggests that it is intrinsic to the FM state. To c
firm this point, we performed the neutron diffraction me
surements and surveyed reciprocal points to detect sig
due to theCE-type CO, and found the lattice superlattic
peaks due to theCE-type CO. Figure 2 shows aT depen-
dence of the scattering intensity atQ5(3.25,3.25,3.5)
~closed circles!, which corresponds to aCE-type CO peak
(5,1.5,0) ~Ref. 25! of a different domain of the sample. Be
cause diffuse scattering due to single polarons~Huang scat-
tering! overlaps at this position,27 the intensity of the diffuse
scattering estimated atQ5(3.33,3.33,3.66)~open circles! is
subtracted from the data to obtain the net scattering inten
due to theCE-type CO~diamonds!. TheCE-type CO devel-
ops belowT;320 K. It is drastically suppressed belowTC ,
although the sample remains insulating@Fig. 1~b!#. The small
cusp of the resistance atTC may be related to the melting o
the CE-type CO, but the overall insulating feature of th

ty
-

FIG. 2. ~a! T dependence of the intensity of theCE-type
charge/orbital order peak atQ5(3.25,3.25,3.5). Closed circles: th
raw scattering intensity at~3.25,3.25,3.5!. Open circles: the inten-
sity due to the Huang scattering measured at~3.33,3.33,3.66!. The
intensity of 100 counts is subtracted to compensate for the dif
ence in background intensity at the two positions. Diamonds:
intensity due to theCE-type CO.~b! T dependence of the intensit
of the pseudo-CE-type AF peak atQ5(0.75,0.75,1.5).
3-3
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resistance, however, cannot be explained by theCE-type CO.
This is in contrast to the FM-M region of manganites, whe
the disappearance of the short-rangeCE-type CO accompa-
nies the transition to the FM-M state.14,27,28We also found
the pseudoCE-type AF peaks concomitant with theCE-type
CO in the region ofx,1/2 @Fig. 2~b!#.12,13,16,29Their inten-
sity is of the order of 1023 in comparison with that of the
FM peak@Fig. 1~a!#, indicating that the volume of theCE-
type CO phase is negligible.

B. Character of the FM-I state

The results described in Sec. II A indicate the phase se
ration between the FM-M phase and the non-FM insulat
phase is not important for the FM-I phase of Pr12xCaxMnO3.
The FM-I state is an intrinsic state of the low doped reg
of manganites. Consequently, to understand the FM-I ph
we will characterize the charge and orbital states in t
phase.

First, we tried to clarify whether the FM-I state is a F
charge ordered state as theoretically proposed. For
(p,p,p/2)-type CO proposed by Hottaet al.,17 the superlat-
tice peaks are expected atQ5(h,k,l ) with h1k5odd and
l 5half integer. To detect this type of CO, we survey
(m,0,1/2) and (5,0,n/2) positions wherem and n are odd
integers, but could not find any peaks@Fig. 3~a!#. This result
is negative for the existence of this type of charge orde
Pr0.75Ca0.25MnO3.

The orbital polaron lattice proposed by Mizokaw
et al.18,19 will produce superlattice reflections atQ5(h,k,l )
with (h1k5odd andl 5even) or (h,k5half integer andl
5odd). We found peaks at several positions satisfying th
conditions and forbidden by thePbnmsymmetry@Fig. 3~b!#.
Unfortunately, however, these positions coincide with tho
with integer indices considering the twinning of the crys
@for Fig. 3~b!, (1.5,1.5,3) and (2.5,2.5,5) correspond
(3,0,0) and (5,0,0) of a different domain, respectively.#, and
additional small tilts of MnO6 octahedra can produce Brag
peaks at such positions. We mention that these peak inte
ties do not show a common temperature dependence fol
ing that in the resistivity@for example, in Fig. 3~b!, the in-
tensity at 300 K is strongest for the (2.5,2.5,5) peak wh
the 500 K data are strongest for the (1.5,1.5,3) peak#. There-
fore, we speculate that these peaks are attributed to the B
reflections from the alternate domain in the twinning crys
although further experiments are required to conclude th

Next, we will investigate the orbital state of the FM
state. According to the recent RXS study, resonant sig
observed in Pr0.75Ca0.25MnO3 are consistent with the sam
OO as LaMnO3, i.e., an alternate ordering ofd3x22r 2 and
d3y22r 2 orbitals in theab plane.22 LaMnO3-type OO is ex-
pected to produce significant anisotropies in the crystal st
ture as well as spin exchange: The in-plane lattice const
a andb become longer than the out-of-plane lattice const
c, and the exchange interactions within theab plane will be
stronger than that along thec axis. Therefore, measurin
these quantities should be useful for quantitative understa
ing of the orbital state.
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Figure 4~a! shows neutron diffraction profiles o
Pr0.75Ca0.25MnO3 around the fundamental (2,2,0) positio
along the@110# direction at 100 and 560 K. Because of th
twinning, the 004 peak is also observed at slightly higherQ
than the 220 peak. AtT5560 K, both peaks locate so clos
that the observed profile forms almost a single peak. On
other hand, this peak splits into two peaks atT5100 K due
to the small increase of thea or b axis and the large decreas
of thec axis. This change of the lattice constants is consist
with the cooperative Jahn-Teller distortions accompanied
the LaMnO3-type OO. We measuredT dependences of simi
lar profiles and found that the structural change gradu
develops below;450 K. This temperature coincides wit
the temperature where the orbital signals measured by
RXS study starts to increase,22 and corresponds to the tran
sition temperature from theO phase to theO8 phase identi-
fied in Ref. 29. These results qualitatively suggest the de
oping of the LaMnO3-type OO belowT;450 K. However,
the amplitude of the lattice distortion is fairly small com
pared to the mother compound, PrMnO3, where a typical
LaMnO3-type OO is expected. This can easily be assured
comparing the profile of the 220/004 reflections for bo
compounds. In Fig. 4~b!, we depicted the profiles of the 22
and 004 reflections of PrMnO3 at T58 K. The Jahn-Teller

FIG. 3. ~a! Profiles along the (5,0,l ) line at 10 K. Arrows indi-
cate positions where superlattice peaks due to the (p,p,p/2)-type
CO are expected.~b! Profiles along the (h,h,2h) line at 500, 300,
and 15 K. Arrows indicate positions where superlattice peaks du
the orbital polaron lattice are expected. ‘‘Al’’ labels diffractio
peaks from the aluminum sample cell. Lines are guides to the e
3-4
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FERROMAGENETIC INSULATING PHASE IN Pr12xCaxMnO3 PHYSICAL REVIEW B 69, 054433 ~2004!
splitting of the two peaks in Pr0.75Ca0.25MnO3 are much
smaller than those observed in PrMnO3.

Figure 5 shows typical profiles of constant-energy sc
of spin wave excitations along the out-of-plane directi
@001# ~left panel! and the in-plane direction@110# ~right

FIG. 4. Profiles of the 220/004 doublets along the@110# direc-
tion for ~a! Pr0.75Ca0.25MnO3 at 560 K and 100 K and~b! for
PrMnO3 at 8 K. The horizontal axes indicate the amplitudes of
scattering vectorQ. Solid lines are fits to two Gaussians.

FIG. 5. Profiles of constant-energy scan of the magnon spe
along the@001# direction~left!, and the@110# direction~right!. The
background is subtracted from each datum. The vertical axes
shifted by 40 counts for each energy. Solid lines are fits to
Lorentzian spectral function convoluted with the instrumental re
lution.
05443
s

panel! of Pr0.75Ca0.25MnO3. The data were collected near th
FM Bragg point (0,0,2) atT58 K. The magnetic origin of
these excitations were confirmed by measuring theirQ de-
pendence. The peak positions get away from the zone ce
as the energy increases according to the dispersion rela
of the spin wave. From these measurements, we obtained
dispersion relation of the spin wave along the two directio
which is shown in Fig. 6. Note that the momentum trans
q5(0,0,2n) has almost the same magnitude asq5(n,n,0) in
thePbnmnotation. In contrast to the LaMnO3,4,5 two disper-
sion curves well coincide, indicating that the spin exchan
is isotropic (Jab;Jc). This is consistent to the critical expo
nentb ~Sec. III A!, which is almost the same as the value f
a 3D system. The observed dispersion curves can be
scribed by the conventional FM Heisenberg model:H5
2( i j Ji j Si•Sj , whereJi j is the exchange integral betwee
spins at siteRi and Rj . In the linear approximation, the
dispersion relation is given by\v(q)5D12S@J(0)
2J(q)#, where J(q)5( j Ji j exp@iq•(Ri2Rj )# and D ac-
counts for small anisotropies. Taking only the isotropic ne
est neighbor couplingJ into account is sufficient to repro
duce the observed data, and we get the solid line in Fig
with 2JS54.0(2) meV andD50.0(3) meV.

The isotropic character of the spin system shows an in
esting resemblance among the orbital-ordered FM-I ph
and the orbital-disordered FM-M phase. However, one
distinguish them by the magnitude of the spin exchange
clear enhancement of the spin stiffnessD(T) on the transi-
tion from the FM-I phase to the FM-M phase has been
served in a hole concentration dependence of La12xSrxMnO3
~Ref. 30! and La12xCaxMnO3 ~Ref. 31! by neutron scattering

ra

re
e
-

FIG. 6. Spin wave dispersion relations in Pr0.75Ca0.25MnO3

along the@110# and @001# directions at 8 K. The solid line is a
dispersion curve for the FM Heisenberg model with an isotro
nearest neighbor coupling.
3-5
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studies. The same phenomenon on the field-induced IM t
sition in Pr0.7Ca0.3MnO3 has also been observed.32 In these
materials,D(0) in the insulating phase is'50 meVÅ2 and
that in the metallic phase is'150 meVÅ2. If we estimate
D(0) of the present Pr0.75Ca0.25MnO3 compound fromJ at 8
K by a relationD52JSac

2 whereac is the lattice constant o
the cubic lattice,D(0) becomes'60 meVÅ2. This value is
almost same as that of the insulating La12xSrxMnO3,
La12xCaxMnO3, and Pr0.7Ca0.3MnO3. This fact evidences
the common ground of the FM-I phase of the manganite

The Jahn-Teller type lattice distortion means that th
may exist a LaMnO3-like OO as reported by the RXS stud
Its smallness and the isotropy inJ, however, suggest that th
electron distribution is more isotropic than that in t
LaMnO3-type OO. A similar situation is realized in the FM
phase of La0.88Sr0.12MnO3,20,33 where the staggered orbita
ordering of (ud3z22r 2&6udx22y2&)/A2 is proposed.20,21 In
Sec. III C, we will theoretically investigate the orbital sta
Pr12xCaxMnO3 and construct the spin and orbital phase d
grams.

C. Theory

Spin and orbital states in manganites with moderate h
doping are examined theoretically from the viewpoint
strong electron correlation. We adopt thet-J type Hamil-
tonian where the double degeneracy of theeg orbitals is
taken into account. The model Hamiltonian consists of
following four terms34:

H5Ht1HJ1HH1HAF . ~1!

The first and second terms are the main terms correspon
to the t andJ terms in thet-J model, respectively, 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
ninj2t i

lt j
l D

22J2(̂
i j &

S 1

4
ninj2SW i•SW j D S 3

4
ninj1t i

lt j
l 1t i

l1t j
l D .

~3!

d̃igs is the annihilation operator of theeg electron at sitei
with orbital g and spins. This operator is defined in th
restricted Hilbert space where theeg electron numbers a

each Mn site are limited to be one or less. The prefactort i j
gg8

is the transfer integral between orbitalg at sitesi andg8 at j.
HJ describes the superexchange interactions between
nearest neighboring Mn spins and orbitals. The spin and
bital degrees of freedom for theeg electron are represente
by the spin operator

SW i5
1

2 (
gss8

d̃igs
† sW ss8d̃igs8 , ~4!
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and the pseudospin operator

TW i5
1

2 (
gg8s

d̃igs
† sW gg8d̃ig8s , ~5!

respectively, with the Pauli matricessW . t i
l in HJ is defined by

the pseudospin operator as

t i
l5cosS 2mlp

3 DTiz1sinS 2mlp

3 DTix , ~6!

with (mx ,my ,mz)5(1,2,3) wherel (5x,y,z) indicates a di-
rection of the bond connecting sitei and sitej. The magni-
tudes of the superexchange interactionsJ1 andJ2 satisfy the
condition J1.J2.0. The third and fourth terms in the
Hamiltonian @Eq. ~1!# describe the Hund couplingJH(.0)
between theeg and t2g spins,

HH52JH(
i

SW i•SW t i , ~7!

and the AF superexchange interactionJAF(.0) between the
nearest neighboringt2g spins,

HAF5JAF(̂
i j &

SW t i•SW t j , ~8!

respectively.SW t i is the spin operator for thet2g electrons with
S53/2. It was confirmed that this model is successful in
description of the spin and orbital ordered states in h
doped and undoped manganites.21,34

Here, we examine the orbital ordered and disorde
states in a unified fashion by applying the generalized sl
boson method. The electron annihilation operatord̃igs is de-
composed into holonhi , spinonsis , and pseudospinont ig
operators as

d̃igs5hi
†sist ig , ~9!

with local constraints of

hi
†hi1(

g
t ig
† t ig51 ~10!

and

(
s

sis
† sis5(

g
t ig
† t ig ~11!

at each Mn site. We choose that both the holon and spi
are bosons, and the pseudo-spinon is a fermion.36–38 This is
because~1! in the ferromagnetic metallic phase, a hole c
rier is recognized to be a fermion with orbital degree
freedom which is treated byhi

†t ig ; and ~2! the fermionic
operator for the orbital degree of freedomt ig is suitable for
describing the orbitally disordered state. We adopt a m
field approximation where we take the bond order para
eters for the orbital,

(
gg8

^t i i 1 l
gg8 t ig

† t i 1 lg8&5t0x t
l , ~12!
3-6
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and those for the spin,

(
s

^sis
† si 1 ls&5xs

l , ~13!

and the site diagonal order parameters for the orbital,

(
gg8

^t ig
† sgg8

m t ig&5mt
m~ i !, ~14!

for m5x andz, and those for the spin,

(
s

^sis
† sss

z sis&5ms
z~ i !. ~15!

t0 in Eq. ~12! is the electron transfer intensity between t
nearest neighboringd3z22r 2 orbitals along thez axis. We also
introduce a mean field for the holon,

^hi
†hi&52^hi

†hj&5x, ~16!

with the hole concentrationx. In this scheme, the local con
straints are released into the global ones:

(
i

S hi
†hi1(

g
t ig
† t igD 51 ~17!

and

(
is

sis
† sis5(

ig
t ig
† t ig . ~18!

By considering the strong Hund couplingJH , the directions
of SW i andSW t i are assumed to be the same. The effects of
lattice distortion and its coupling to theeg electrons are no
considered explicitly in the present model. This is becau
in the moderately hole doped region of our interest, the Ja
Teller distortion is significantly reduced as shown in S
III B.

The phase diagram is obtained numerically by minimiz
the free energy with respect to the order parameters~Fig. 7!.
The parameter values are chosen to beJ2 /J150.25,
JAF /J150.014, andt0 /J152. For the Fourier transform o
the site diagonal order parametersmt

m(kW ) and ms
z(kW ), we

assume thatmt
x(pp0), mt

z(000), ms
z(00p) andms

z(000) are
finite in the ordered phases. Below the orbital ordering te
peratureTOO , the site diagonal orbital order paramete
mt

m(kW ) appear.TC andTN are the Curie temperature and th
Néel temperature for theA-type AF order, wherems

z(000)
and ms

z(00p) appear, respectively. Atx50, the staggered
type orbital ordermt

x(pp0) occurs far aboveTN , as ob-
served in LaMnO3 and PrMnO3. By taking into account the
cooperative Jahn-Teller effects which is not included in
present calculation,TOO may increase from the calculate
value. With a doping of the holes,TOO rapidly decreases an
disappears aroundx50.15([xc). Above xc , mt

m(kW ) be-

comes zero, but the bond order parametersx t
l(kW ) still remain

finite. That is, the orbital liquid state is realized above t
critical pointxc . As for the magnetic ordering, theA-type AF
phase is changed into the FM phase through the canted
05443
e
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one, which is observed in Pr12xAxMnO3.39 The x depen-
dence ofTC /TN is almost flat belowx50.1 and slightly
increases with increasingx. The ground state electroni
phases are classified into~I! the ~canted! A-type AF phase
with the staggered OO corresponding to LaMnO3 and
PrMnO3, ~II ! the FM phase with the staggered OO which
discussed later in more detail, and~III ! the FM phase with
the orbital liquid state corresponding to the FM-M state
heavily hole doped manganites, such as La12xSrxMnO3 with
x;0.3. In a series of Pr12xCaxMnO3, it is interpreted that
this phase does not appear because the charge ordere
insulating phase is stable down to the region ofx;0.3 in-
stead of this FM-M phase.

Now we focus on the FM phase with the staggered O
We interpret that this corresponds to the FM phase
Pr12xCaxMnO3 with 0.15,x,0.3 of our present interest
The OO in this FM phase is of the staggered type, where
two kinds of orbital are characterized by the orbital mixin
angles (u/2u), as well as the OO in theA-type AF phase.
This angle is defined as uu&5cos(u/2)ud3z22r 2&
1sin(u/2)udx22y2&. This is consistent with the azimutha
angle scan of the RXS experiments in Pr0.75Ca0.25MnO3; the
azimuthal anglew is the rotation angle of the sample aroun
the x-ray scattering vectorkW i2kW f in the RXS experiments
By measuring thew dependence of the RXS intensityI (w),
the information for the symmetry of the orbital ordered sta
is deduced.35 The experimentally observedI (w) in
Pr0.75Ca0.25MnO3 is proportional to a function sin2w which is
consistent with the theoretical prediction forI (w) in the OO
state of the (u/2u) type.22,35 The value ofu in the present
calculation is aboutp. That is, the orbital wave functions ar
given by (ud3z22r 2&6udx22y2&)/A2 where the electronic
clouds are more elongated along thez direction in compari-
son with thed3x22r 2 and d3y22r 2 orbitals. It is noted that,
with doping of holes, the saturated orbital momentumt

mu
gradually decreases, and finally disappears atxc . On the

FIG. 7. The spin and orbital phase diagram in the hole conc
trationx and temperatureT plane. The parameter values are chos
to beJ2 /J150.25, JAF /J150.014, andt0 /J152. F, AF, P, andL
indicate the ferromagnetic phase, the antiferromagnetic phase
paramagnetic phase, and the orbital liquid phase, respectively.
3-7
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other hand, the bond variableux t
l u grows from zero atx

50. That is, the two FM interactions, i.e., the double e
change interaction based on the kinetic termHt and the su-
perexchange FM one fromHJ , coexist. This is consisten
with the present experimental results in Pr0.75Ca0.25MnO3
that the magnitude of the Jahn-Teller distortion, related to
magnitude of the diagonal order parametersmt

m , is signifi-
cantly reduced in comparison with that in PrMnO3. Unfor-
tunately, in this calculation, this FM phase is not insulatin
because the translational symmetry is assumed in the m
field approximation. However, we numerically confirm th
the band width of the charge carriers, which is proportio
to the bond order parameterx t

l , is much reduced in the or
bital ordered FM phase in comparison with that in the F
orbital liquid phase. We believe that doped carriers in suc
narrow band tend to be localized by other ingredients wh
are not taken into account in the present model.

We also examine the phase diagram by changing the r
tive ratio of the kinetic energy and the exchange ene
t0 /J1(2) ~Fig. 8!. With decreasingt0 /J1(2) , the critical hole
concentrationxc , whereTOO disappears, increases, and t
region of the orbital ordered FM phase is extended to
region with higherx. On the other hand,TC in the FM-M
phase is reduced, andTN andTC become less sensitive tox.
These calculated results may explain a difference of
phase diagrams of La12xSrxMnO3 ~LSMO!, La12xCaxMnO3
~LCMO!, and Pr12xCaxMnO3 ~PCMO!. The parameter value
of t0 /J1(2) in the calculation is expected to decrease in t
order of the materials. The FM-I phase is realized in
regions of 0.1,x,0.15 for LSMO, 0.12,x,0.22 for
LCMO, and 0.15,x,0.3 for PCMO; the FM-I phase is ex
tended and shifts to the region with higherx. TC in the
FM-M phase in LSMO is almost twice ofTN in LaMnO3.
On the other hand, difference betweenTN in PrMnO3 andTC
in PCMO with x50.3 is about 30% of theTN .

In order to examine the spin dynamics in the orbital
dered FM phase, we calculate the spin stiffness by apply
the linear spin wave theory to the model Hamiltonian in E

FIG. 8. The spin and orbital phase diagram as functions
t0 /J1. The parameter values are chosen to beJ2 /J150.25 and
JAF /J150.014.
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~1!. The effective exchange interactionJe f f corresponding to
the interactionJl along the directionl (5x,y,z) in the
Heisenberg model,2(^ i j &Jl

e f fSW i•SW j is obtained as

Jl
e f f5

2Dl
t12Dl

J

2S2
. ~19!

Dl
t is the stiffness constant arising from the transfer term

the HamiltonianHt given by

Dl
t5xt0x t

l , ~20!

andDl
J is the one fromHJ andHAF given by

Dl
J52Jl

1

4
2JAF

9

4
, ~21!

with

Jx52
1

2
~J123J2!~12x!2

1
1

2
~J11J2!S 1

4
mt

z22
3

4
mt

x224x t
x2D2J2mt

z ,

~22!

and

Jz52
1

2
~J123J2!~12x!2

1
1

2
~J11J2!S 1

2
mt

z224x t
z2D12J2mt

z . ~23!

Here, we define the average magnitude of the Mn spin aS
5(12x)/213/2. The x dependence of the effective ex
change interactions,Jx(5Jy) andJz , are presented in Fig. 9
In the A-type AF phase nearx50, Jz is negative and its
magnitude is much weaker than that ofuJxu. This is experi-
mentally confirmed by the inelastic neutron scattering

f FIG. 9. Thex dependence of the effective exchange interact
Jx

e f f andJz
e f f . The parameter values are chosen to beJ2 /J150.25

andJAF /J150.014.
3-8
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LaMnO3. With a doping of the holes, the sign ofJz is
changed to a positive one, andJx decreases andJz increases.
That is, the anisotropy of the exchange interactions is m
reduced. This tendency of thex dependence of the anisotrop
of Jl

e f f is consistent with the present neutron-scattering
periments in Pr12xCaxMnO3, although, in the calculation
the weak anisotropy ofJe f f remains in the orbital ordere
FM phase. Such an anisotropy may not be detected du
the coarse resolution of the present neutron scattering ex
ments.

IV. CONCLUSION

We have systematically investigated the nature of
FM-I state of perovskite manganites by a neutron scatte
study on a single crystal of Pr0.75Ca0.25MnO3 and theoretical
calculations. We have found that~1! the insulating behavior
is robust against an external magnetic field,~2! the FM mo-
ment is almost fully polarized,~3! the Jahn-Teller lattice dis
tortions are strongly suppressed, and~4! the spin exchange
interactions are isotropic. These features are against inte
tations of insulating behavior based on COs or phase s
ration, and are consistent to the staggered type orbital
dered state. The spin stiffness is similar to those observe
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Magn. Magn. Mater.53, 153 ~1985!.

30Y. Endoh and K. Hirota, J. Phys. Soc. Jpn.66, 2264~1997!.
31Pengcheng Dai, J.A. Fernandez-Baca, E.W. Plummer, Y.

mioka, and Y. Tokura, Phys. Rev. B64, 224429~2001!.
32J.A. Fernandez-Baca, Pengcheng Dai, H. Kawano-Furukawa

Yoshizawa, E.W. Plummer, S. Katano, Y. Tomioka, and
Tokura, Phys. Rev. B66, 054434~2002!.
05443
,

-

H.
.

33K. Hirota, N. Kaneko, A. Nishizawa, Y. Endoh, M.C. Martin, an
G. Shirane, Physica B237-238, 36 ~1997!.

34S. Ishihara, J. Inoue, and S. Maekawa, Phys. Rev. B55, 8280
~1997!.

35S. Ishihara and S. Maekawa, Phys. Rev. B58, 13442~1998!.
36G. Khaliullin and R. Kilian, Phys. Rev. B61, 3494~2000!.
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