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Bicritical features of the metal-insulator transition in bandwidth-controlled manganites:
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The phase change from a charge- and orbital-ordered insulator to a ferromagnetic metal has been investi-
gated for single crystals of Pr0.55(Ca12ySry)0.45MnO3 with controlled one-electron bandwidth. At 0<y<0.2,
the ground state is the charge- and orbital-ordered insulator, while fory>0.25 it changes to a ferromagnetic
metal. At aroundy50.25, the critical temperatures for the charge-orbital ordering and the ferromagnetic
transition coincide with each other~'200 K!, forming the bicritical point in the electronic phase diagram.
Around this insulator-metal phase boundary, prototypical colossal magnetoresistance emerges in the metallic
regime, while the charge-orbital ordering is melted by a relatively low magnetic field of a few tesla in the
charge- and orbital-ordered insulating regime. The phase diagrams of Pr12x(Ca12ySry)xMnO3 (0<y<1) with
various doping levels ofx50.35, 0.45, and 0.5 indicate that such a competition between the charge-orbital
ordering and the ferromagnetic metal is critically dependent on the doping level. In particular, the commen-
surate doping level (x50.5) tends to stabilize the charge- and orbital-ordered state even beyond the bicritical
point in the lower-temperature side of the ferromagnetic phase.
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I. INTRODUCTION

The manganese oxides with perovskite structure have
tensively been investigated in recent years, which has
vealed versatile intriguing phenomena including colos
magnetoresistance~CMR! due to a unique coupling amon
spin, charge, and orbital degrees of freedom of 3d electrons.
In R12xAxMnO3, the chemical substitution of trivalent ca
ions (R31) with the divalent ones (A21) produces a ferro-
magnetic metal, which has been attributed to the dou
exchange~DE! mechanism.1–5 Because of the ferromagnet
intra-atomic exchange between theeg and t2g electron spins
~Hund’s-rule coupling!, the transfer interaction of theeg

electron between the neighboring Mn31 (3d4;t2g
3 eg

1) and
Mn41 (3d3;t2g

3 eg
0) ions depends on the alignment of the

local t2g spin moments. With increase in the ferromagne
alignment of the localt2g spins, the transfer interaction in
creases or, equivalently, the ferromagnetic and metallic s
is stabilized by the electron transfer. As recent theoret
studies6,7 have indicated, theTC of the DE ferromagnetism is
to be scaled by the effective one-electron bandwidth of
eg band~W!.

From an experimental point of view, theW of
R12xAxMnO3 is controlled by the averaged radius ofR31

andA21 ~Ref. 8!. If the averaged radius decreases, the tilt
of MnO6 octahedra increases in an orthorhombically d
torted structure. Then the hybridization between the man
neseeg and oxygen 2p states decreases or theW reduces. In
the reduced-W cases, other interactions competing with t
DE interaction become relatively important, such as the
pulsive Coulomb interaction among theeg electrons, the
charge-orbital ordering~CO-OO!,9 the superexchange inte
0163-1829/2002/66~10!/104416~8!/$20.00 66 1044
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action between the localt2g spins,10,11 the collective Jahn-
Teller distortion,12,13 etc. In Pr12xCaxMnO3 as the typical
example of the reduced-W cases, the CO-OO is seen arou
x51/2 (0.3<x,0.75).14–16 At the transition temperature
(TCO), the compound undergoes the alternate ordering
Mn31 and Mn41 accompanied by the ordering of theeg

orbital on the Mn31 sublattice in the orthorhombicab plane
of the Pbnm lattice (a03b03c0'&ap3&ap32ap ,
whereap is the unit cell parameter of the pseudocubic l
tice!. With further decrease in temperature, the antiferrom
netic ordering@CE type atx50.5 ~Ref. 17! or the pseudo-CE
type for xÞ0.5 ~Refs. 16 and 18!# sets in in the charge- an
orbital-ordered state.

Upon the competition between the CO-OO and the me
lic ferromagnetism, application of an external magnetic fie
energetically favors the latter, that is, the antiferromagne
charge- and orbital-ordered insulator~CO-OOI! can be
turned to the ferromagnetic metal~FM! by applying an ex-
ternal magnetic field.19–22In Pr12xCaxMnO3, the stability of
the CO-OO in magnetic fields depends on the deviation ox
from 1/2.23 The critical magnetic field for the melting of th
CO-OO is as high as 27 T atx50.5,24 while it is lowered to
a few tesla atx50.3.19 The change in the stability seems
be related with thex-dependent modification of the spin o
dering along thec axis in the pseudo-CE type.16,18 By utiliz-
ing the fragile CO-OO atx50.3, many exotic ways of metal
insulator phase control have been demonstrated so far.25–32

In relation to the competition between the CO-OO a
FM, a scenario of the electronic phase separation has
cently been raised as a generic feature of the CM
systems.33–35 In this model, a quenched disorder caused
the random chemical replacement at the perovskiteA sites is
©2002 The American Physical Society16-1
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TABLE I. Lattice parameters~Pbnmsetting!, growth rates, analyzed cation ratios, and transition temperatures of Pr12x(Ca12ySry)xMnO3

prepared by the floating zone method with the prescribed compositionsx50.45 andy50 – 1.

y
~nominal!

x
(Ca1Sr)/(Pr1Ca1Sr)a

y
Sr/(Ca1Sr)a

Lattice parameters
a0 , b0 , c0 @Å#

Growth
rate @mm/h#

TCO
b ,TC

@K#

0 0.430 0 a055.4072,b055.4258,
c057.6319

2.2 b234

0.2 0.442 0.196 a055.4199,b055.4203,
c057.6438

2.2 b203

0.4 0.462 0.367 a055.4298,b055.4180,
c057.6485

2.2 226

0.6 0.433 0.594 a055.4511,b055.4252,c057.6554 2.4 248
0.8 0.425 0.803 a055.4694,b055.4323,

c057.6563
3.5 275

1 0.431 1 a055.4830,b055.4380,
c057.6534

4 298

aThe cation ratio was determined by the ICP~inductively coupled plasma! spectroscopy.
bThe averaged value of the transition temperatures in the cooling and warming runs.
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one of key factors to determine the sizes of the coexis
clusters of ferromagnetic and antiferromagnetic phases.
respondingly, a metal-insulator transition due to chemi
substitution, application of magnetic field, or decreasing te
perature is supposed to occur in a percolative manner or
linking of the separated ferromagnetic clusters. Howev
most of the reported experimental data on the polycrystal
sintered specimens~ceramics! seem to be affected serious
by the presence of the grain boundaries possibly assoc
with the local strain effect more than by the random poten
arising from the chemical substitution alone.

In this paper, we report the detailed study on the com
tition between the CO-OO and FM in the system
Pr12x(Ca12ySry)xMnO3 (0<y<1, x50.35, 0.45, and 0.5!
with use of single-crystal specimens. The systematic st
was carried out on the melting of the CO-OO by a chemi
substitution at the perovskiteA site. Upon the substitution o
Ca with Sr, while keeping the respective hole-doping le
constant, theW increases, and the CO-OO is changed to
FM. At x50.45, however, the competition is so crucial th
the bicritical feature is pronounced in the vicinity of th
insulator-metal phase boundary. Following the description
experimental procedures in Sec. II, we present an overv
of the electronic phase diagrams of Pr12x(Ca12ySry)xMnO3
(0<y<1) with x50.35, 0.45, and 0.5 in Sec. III. In Sec. IV
we concentrate on the multicritical features
Pr12x(Ca12ySry)xMnO3 (0<y<1) with x50.45 crystals.
The field-induced effects at 0<y<0.2 in relation with
CO-OO features, an insulator-to-metal transition upon
substitution beyondy50.2, and emergence of CMR near th
insulator-metal phase boundary are described. A summa
given in Sec. V.

II. EXPERIMENTAL PROCEDURES

Single crystals of Pr0.55(Ca12ySry)0.45MnO3 were pre-
pared by a floating zone method. The mixed powders
Pr6O11, CaCO3, SrCO3, and Mn3O4 with a prescribed ratio
were calcined at 1050 °C for 12–24 h in air. The powd
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were pulverized and sintered again in the same condit
Then the powders were pressed into a rod with about 4
in diameter and 70 mm in length, and the rod was fired
1200–1350 °C for 24 h in air. The sintering temperature w
increased as the Sr concentration increases. The cry
were grown with use of a floating zone furnace equipp
with double hemiellipsoidal mirrors coated with gold, in a
oxygen atmosphere with rotating the feed and seed rod
opposite directions. The growth rate was changed from 2
mm/h with the Sr concentration. The obtained crystals w
pulverized and checked by a powder x-ray diffraction~XRD!
with Cu Ka radiation. The XRD pattern was collected by th
u/2u step scanning method in the range of 15°<2u<110°.
Reitveld refinement of the XRD pattern indicated that t
obtained crystal is a single phase. For 0<y<0.8, all the
diffraction peaks were indexed by the orthorhombicPbnm
lattice while at y51 those were by the orthorhombi
Imma.36 The analyzed cation ratio, the lattice parameters,
growth rate, and the magnetic transition temperatures of
obtained crystals are listed in Table I.

Magnetization was measured by a superconducting qu
tum interference device~SQUID! magnetometer~MPMS,
Quantum Design Inc.!. The electrodes for the resistivity mea
surement were made by a silver paste. Resistivity in m
netic fields was measured with use of the four-probe met
in a cryostat equipped with a superconducting magnet u
7 T.

III. OVERALL PHASE DIAGRAMS

Figure 1 shows the temperature profiles of resistivity
Pr12x(Ca12ySry)xMnO3 (0<y<1) single crystals with~a!
x50.35, ~b! 0.45, and~c! 0.5, respectively. Let us first de
scribe the cases ofx50.35 and 0.45. In Figs. 1~a! and 1~b!,
the CO-OO is seen at 0<y<0.3 and 0<y<0.2, respec-
tively, which is manifested by a sudden increase in resistiv
at around 220 K. TheTCO is systematically lowered asy
increases. The CO-OO is, however, replaced by a FM foy
>0.4 andy>0.25, respectively, and theTC increases asy
6-2
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FIG. 1. Temperature profiles
of resistivity for
Pr12x(Ca12ySry)xMnO3 (0<y
<1) crystals with~a! x50.35,~b!
0.45, and~c! 0.5. Solid and dotted
lines denote the warming an
cooling runs, respectively.
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increases. Correspondingly, steep resistive transitions aTC
observed fory50.4 andy50.25 change to rather gradu
ones aty51. In the both cases ofx50.35 and 0.45, the
features of the insulator-to-metal transition upon the sub
tution of Ca with Sr are quite similar although the criticaly
values for the transition are different. In Fig. 1~a!, the resis-
tivity for y50.3 shows a large decrease~increase! around 70
K ~100 K! in the cooling~warming! process.37,38 Namely, at
y50.3, although the CO-OO once takes place at;200 K, it
changes to a FM at lower temperatures. In Fig. 1~b!, on the
other hand, the resistivity ofy50.2 shows no sign of such
reentrant transition forT,TCO.

In Fig. 1~c! for x50.5, similarly to the aforementione
cases, theTCO is lowered with increase iny. The FM phase
emerges abovey50.2, and theTC reaches 265 K a
y51.39–42 However, the FM induced by the substitution
Ca with Sr undergoes the transition to the CO-OO at a lo
temperature, which is typically seen aty50.5 and 0.9. At
y50.9, the resistivity jump at;145 K in the cooling process
is more than three orders of magnitude, comparable with
case of the CO-OO transition of Nd0.5Sr0.5MnO3.43 Thus the
antiferromagnetic CE-type structure is perhaps kept up ty
50.9. At y51, the resistivity at low temperatures is rath
low in magnitude, and the antiferromagnetic~AF! structure
is the A type as a former neutron diffraction study h
proved.40 According to a more recent study of neutro
scattering,44 a short-range stripe-type charge ordering ex
in this A-type antiferromagnetic state.

Figure 2 shows the electronic phase diagrams
Pr12x(Ca12ySry)xMnO3 (0<y<1) single crystals with~a!
x50.35, ~b! 0.45, and~c! 0.5, respectively. In both cases o
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x50.35 and 0.45, the antiferromagnetic CO-OOI is replac
by the FM with an increase iny, as shown in Figs. 2~a! and
2~b!. In Fig. 2~a!, however, the FM regime geometricall
stretches out in the CO-OOI regime below;100 K at y
50.3. This gives rise to such a CO-OO reentrant transit
as observed in the temperature dependence of resistivity
the x50.35, y50.3 crystal @Fig. 1~a!#. In Fig. 2~b! for x
50.45, on the other hand, the phase boundary between
CO-OOI and FM exists at 0.2,y,0.25, i.e., within theDy
,0.05, and hence is almost parallel to the ordinate. A
result, the phase diagram forx50.45 with respect to the
CO-OOI and FM appears as a most prototypical example
the bicritical point feature.

In the case ofx50.5, as shown in Fig. 2~c!, the CO-OOI
is almost always dominant at low temperatures although
FM appears at a higher temperature aty.0.2. In other
words, the CO-OOI regime widely stretches out in the F
regime below;170 K at y.0.2. In the low-temperature
phase, the CE-type structure is kept at least up toy50.82.45

This corresponds to the FM–to–CO-OO transition with t
decrease of temperature, as observed in Fig. 1~c!. Note that
the well-known FM–CO-OO transition in Nd1/2Sr1/2MnO3

~Ref. 43! is also in this category. Aty51, the magnetic struc-
ture is turned into theA-type antiferromagnetic state, yet
stripe-type charge ordering exists.44 In the case ofx50.5, the
CO-OOI thus remains as the low-temperature phase e
when theW is increased by the substitution of Ca with S
This is quite contrastive with the aforementioned cases ox
50.35 and 0.45. The stability of the CE-type CO-OO see
to be enhanced due to the commensurability of the do
-

-
s

.

-

FIG. 2. Electronic phase dia
grams of Pr12x(Ca12ySry)xMnO3

(0<y<1) with ~a! x50.35, ~b!
0.45, and~c! 0.5. The charge- and
orbital-ordered insulator and fer
romagnetic metal are denoted a
CO-OOI and FM, respectively
The transition from~to! the CO-
OOI is represented by open~solid!
circles and that from~to! the FM
by open ~solid! squares, respec
tively. The Néel temperatureTN is
indicated by solid triangles. The
hysteresis region is hatched.
6-3
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FIG. 3. Extended phase diagram forx50.45 over a wide regime
of the A-site-averaged ionic radius, which includes our own resu
for single crystals ofR12xCaxMnO3 (x50.45, R5Gd, Sm, and
Nd! as well as for (Pr0.5La0.5)12xSrxMnO3 and La12xSrxMnO3 (x
50.45) in addition to those for the present Pr12x(Ca12ySry)xMnO3

(x50.45). TheTCO andTC , which were determined by averagin
the values in the cooling and warming runs, are indicated by o
circles and squares, respectively. The antiferromagnetic charge
orbital-ordered insulator and ferromagnetic metal are denoted
CO-OOI and FM, respectively. The Ne´el temperatureTN is denoted
as solid triangles.
10441
hole level. In what follows, we restrict ourselves to the b
critical features in the case ofx50.45.

IV. CRITICAL FEATURES IN xÄ0.45 CRYSTALS

First, we show in Fig. 3 the extended phase diagram
x50.45 over a wide regime of theA-site-averaged ionic ra
dius. To add the data points to the case
Pr12x(Ca12ySry)xMnO3 (x50.45,0<y<1), we have made
use of our own results for single crystals ofR12xCaxMnO3
(x50.45, R5Gd, Sm, and Nd! as well as for
(Pr0.5La0.5)12xSrxMnO3 and La12xSrxMnO3 (x50.45). It is
even more evident in this broader perspective that the c
petition between the CO-OO and FM exhibits the bi critic
feature: BothTCO andTC systematically decrease toward th
CO-OO–FM phase boundary and finally coincide with ea
other, TCO5TC'200 K, forming the bicritical point. Inci-
dentally, the AF spin ordering temperatureTN tends to de-
crease with decreasing theA-site ionic radius or theW, while
showing a critical decrease only near the CO-OO–FM ph
boundary. This reflects the fact that the CE-type spin ord
ing is mediated by the local double-exchange interact
along the orbital zigzag arrangement on theab plane.15–17

Hereafter, coming back to the case
Pr12x(Ca12ySry)xMnO3 (x50.45), we investigate the ste
variation of magnetoresistive properties around the bicriti
point. Figure 4~left! shows the prototypical temperature pr
files of magnetization~top!, lattice parameters~middle!, and
resistivity ~bottom! for the y50.05 crystal of
Pr12x(Ca12ySry)xMnO3 (x50.45) with the charge- and
orbital-ordered ground state. As shown in the figure,
CO-OO transition at around 225 K(5TCO) is manifested by
abrupt changes in magnetization, lattice parameters, and
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d

FIG. 4. Temperature profiles
of magnetization~top!, lattice pa-
rameters~middle!, and resistivity
~bottom! for Pr0.55(Ca12ySry)0.45

MnO3 crystals withy50.05 ~left!
and 0.25~right!. In the top panels,
the zero-field cooling~ZFC! and
field cooling ~FC! magnetizations
are denoted as open and sol
circles, respectively. In the middle
panels, the crystal axes are tho
of Pbnmsymmetry. In the bottom
panels, the cooling and warmin
runs are denoted as dotted an
solid lines, respectively.
6-4
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sistivity. Since the ferromagnetic fluctuation is mediated
the isotropic DE interaction, the onset of the CO-OO stee
suppresses the magnetization as observed. A cusp struct
;160 K in the top panel of Fig. 4~left! is perhaps due to the
antiferromagnetic ordering. As shown in the middle pane
Fig. 4 ~left!, thea andb axes of the orthorhombicPbnmcell
elongate, while thec axis shrinks atTCO. Such a uniaxial
change of lattice parameters is generally seen upon
CO-OO transition of the perovskite manganites, e.g.,
Nd1/2Sr1/2MnO3 ~Ref. 43!, La1/2Ca1/2MnO3 ~Refs. 46 and
47!, and Nd1/2Ca1/2MnO3 ~Ref. 48!. The changes in lattice
parameters are consistent with collective Jahn-Teller dis
tion arising from theeg orbital ordering such as zigzag o
dering of d(3x22r 2) and d(3y22r 2) orbitals on theab
plane.15,16 Besides the change in lattice parameters, the
perlattice diffractions due to the formation of the orbital s
perlattice appear belowTCO ~Ref. 16!.

Figure 4~right! shows the temperature profiles of inver
susceptibility~top!, lattice parameters~middle!, and resistiv-
ity ~bottom! for the y50.25 crystal with the FM ground
state. As shown in the top panel, the inversed susceptib
ceases decreasing near aboveTC and shows a plateaulik
feature and then abruptly drops atTC, leading to the first-
order transition to the ferromagnetic state. The observed
tures indicate that the antiferromagnetic interaction ex
near aboveTC, but is suddenly removed atTC. This is oc-
casionally seen in the reduced-W systems withx;0.5.49,50

As seen in the middle panel, the lattice parametersa0 andb0
of the orthorhombicPbnmcell tend to elongate as temper
ture approachesTC, but suddenly shrink atTC ~Ref. 51!. In
the light of the collective Jahn-Teller effect, such a change
lattice parameters as observed in the middle panel indic
that theeg orbital lying nearly within theab plane immedi-
ately aboveTC is turned to the randomly oriented or isotrop
state belowTC ~Refs. 9 and 51!. This is just opposite to the
change observed fory50.05 atTCO. In the bottom panel of
Fig. 4 ~right!, a change in resistivity atTC is shown to be
larger than by one order in magnitude. All the results sho
in Fig. 4 ~right! indicate that an antiferromagnetic interactio
exists near aboveTC that is perhaps due to a CO-OO inst
bility and that the antiferromagnetic interaction is sudde
removed atTC. These features are quite generic for t
CMR manganite, as has been typically observed
Sm12xSrxMnO3 with the same doping level (x50.45).52 In
the latter compound, in fact, it has been confirmed by
diffuse x-ray scattering as well as the Raman phonon s
tering that the short-range CO-OO accompanied by col
tive Jahn-Teller distortion evolves down toTC, but suddenly
diminishes belowTC. Thus the critical competition betwee
the CO-OO and FM is realized in they50.25 crystal on the
verge of the insulator-metal phase boundary.

Figure 5 shows the temperature profiles of inversed s
ceptibility with varying y from 0 to 0.5. In accord with the
temperature profiles of resistivity@Fig. 1~b!#, the transition to
the ferromagnetic state is seen fory>0.25. Another notewor-
thy aspect is that a deviation from the Curie-Weiss law
pronounced asy approaches the phase boundary. This me
that near the bicritical point, i.e.,TCO5TC;200 K and y
50.25, there is increasing competition between the CO-
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and FM and, hence, an increasing fluctuation of the resp
tive components.

The temperature profiles of resistivity in several magne
fields of they50.2 and 0.25 crystals are shown in Fig. 6.
Fig. 6 ~left!, the resistivity curves atm0H<2 T indicate the
CO-OO transition at around 200 K and the subsequent in
lating feature down to the lowest temperature. The resistiv
for m0H>3 T, on the other hand, shows no manifestation
the CO-OO, but a metallic feature below some critical te
perature. The low-temperature phase below 200 K
abruptly switched as a whole from the CO-OOI to the FM
application ofm0H53 T for this compound. In other words
the point of (TCO5TC5200 K,m0H52 – 3 T) also appears
as the bicritical point in the~T,H! plane of the CO-OO phas
diagram~see also the inset to Fig. 8!. As the magnetic field is
intensified, the metallic state is expanded to higher temp
tures. A similar field-induced insulator-to-metal transitio
has been observed also for they50.15 crystal. In Fig. 6
~right! for y50.25, however, a huge decrease in resistivity
already seen at zero field, and the resistive behavior in m

FIG. 5. Temperature profiles of inversed susceptibility f
Pr0.55(Ca12ySry)0.45MnO3 crystals with varyingy from 0 to 0.5. The
magnetization was measured at 0.5 T.

FIG. 6. Temperature profiles of resistivity in several magne
fields for Pr0.55(Ca12ySry)0.45MnO3 crystals withy50.2 ~left! and
0.25 ~right!. These data were taken in the warming process.
6-5
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FIG. 7. Magnetization~upper!
and resistivity ~lower! isotherms
for Pr0.55(Ca12ySry)0.45MnO3

crystals with y50.2 ~left! and
0.25 ~right!. The magnetization
and resistivity isotherms were
measured once the sample w
cooled to a prescribed temperatu
in zero field. In the left panel, the
bright, hatched, and dark region
are the hysteresis forT5190, 170,
and 150 K, respectively. In the
cases ofT520 and 10 K, the tran-
sitions are irreversible and the me
tallic state is kept even the mag
netic field is removed.
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netic fields shows the prototypical CMR feature. This ag
confirms that the competition between CO-OO and FM
y50.25 is so critical that an application of an external ma
netic field removes the antiferromagnetic correlation n
aboveTC and causes CMR

Figure 7 shows the magnetization~upper! and resistivity
~lower! isotherms of they50.2 ~left! and 0.25~right! crys-
tals. In the case ofy50.2, all the curves have been measur
belowTCO, while in the case ofy50.25 those aboveTC. In
the upper panel of Fig. 7~left!, a metamagnetic transition i
found to be accompanied by a hysteresis between the
increasing and decreasing runs. In the lower panel of Fi
~left!, the resistivity drop and jump are observed at cor
sponding metamagnetic transition fields. These features
firm that the antiferromagnetic CO-OOI is changed to
FM by application of magnetic field. On the basis of the
isotherms with variation of an external magnetic field w
have deduced the CO-OOI–FM phase diagram in the p
of temperature~T! and magnetic field (H), as shown in Fig.
8. The hatched region indicates the hysteresis between
field increasing and decreasing runs. As observed for o
related manganites with the CE-type CO-OOI,21–24,43 the
hysteresis region is remarkablely expanded as the temp
ture is lowered. At 10 and 20 K, in particular, the fiel
induced irreversible CO-OOI–FM transitions show up in
magnetoresistive behaviors@the lower panel of Fig. 7~left!#
as well as in theT-H phase diagram. This has been a
counted for in terms of the supercooling or superheating
fect in the course of the field-induced first-order phase tr
sition between CO-OOI and FM.19 As compared with the
T-H phase diagrams in other systems, the critical magn
field for the CO-OOI–FM transition is much reduced in t
y50.2 crystal. This is because the presenty50.2 crystal
locates on the verge of the CO-OOI–FM phase boundar
further noteworthy feature is that the lower critical field f
the FM–CO-OOI transition once becomes small just ab
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FIG. 8. Charge- and orbital-ordered insulator~CO-OOI! vs
ferromagnetic metal ~FM! phase diagram for a
Pr0.55(Ca12ySry)0.45MnO3 crystal with y50.2, which is demon-
strated in the plane of temperature~T! and magnetic field~H!. Open
and solid squares indicate the critical fields from CO-OOI to F
and those from FM to CO-OOI, respectively, which were det
mined by the midpoint of the metamagnetic transition as shown
Fig. 7 ~right!. Open and solid triangles indicateTCO at zero field,
which were determined by the resistivity anomalies in the warm
and cooling runs. The Ne´el temperatureTN is denoted as a solid
circle. The hatched region indicates the hystresis between the
increasing and decreasing runs. The inset shows the similar
OOI–FM phase diagram determined by the thermal-scan resist
measurements@Fig. 6 ~left!# at constant magnetic fields. In the high
field region (m0H>3 T), the temperatures of the inflection poin
of resistivity curves are tentatively shown by open circles as
crossover to the FM phase.
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the CE-type spin ordering temperatureTN , but then in-
creases with further lowering temperature~down to 100 K!.24

This reflects the fact that the CE-type long-range spin or
works cooperately with the CO-OO to compete with the F
phase. Incidentally, the inset to Fig. 8 displays the ph
diagram based on the thermal scan resistivity measurem
at constant magnetic fields@Fig. 6 ~left!#.

In the upper panel of Fig. 7~right!, at temperatures jus
aboveTC, e.g., at 210 K, the magnetization shows a ste
increase at 0.5–1 T, in analogy to the metamagnetic tra
tion. The feature indicates that an antiferromagneticlike s
at zero field is changed to a ferromagnetic state by appl
tion of magnetic field. In accordance with the change in m
netization, the resistivity shows a large decrease at the
responding magnetic field. Thus the removal of t
antiferromagnetic correlation by application of an exter
magnetic field causes the CMR effect.49–52A similar feature
is also visible for the crystals withy50.3 and 0.4, although
the field-induced changes in magnetization and resistivity
come rather gradual with increase iny.

As y exceeds beyond 0.4, the magnitude of MR becom
smaller. Figure 9 shows the dependence of normalized re
tivity on magnetization,r(M )/r(0), for several crystals
with y>0.4. These curves are derived by combining the c
responding M (H) and r(H) data. In the figure, the
r(M )/r(0) is approximated by an empirical formula th
r(M )/r(0)5exp@2C(M/Ms)

2# (Ms being a saturation
magnetization!.53–55 In the simple DE model, the MR is in
terpreted as due to the decrease in spin scattering of theg

FIG. 9. Dependence of normalized resistivity as a function
the magnetization~M!, r(M )/r(0), for Pr0.55(Ca12ySry)0.45MnO3

crystals with y50.4, 0.6, and 0.8. These curves were deriv
by combining the correspondingM (H) andr(H) data. The dotted
lines represent the empirical relation thatr(M )/r(0)
5exp@2C(M/Ms)

2# (Ms being the saturation magnetization!.
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orbital carriers. The dynamical mean field theory6,7 predicts
that in the low-M (!Ms) region the coefficientC varies
from unity in the weak-coupling limit (JH /W;1) to 4 in the
strong-coupling regime (JH /W@1) (JH being the energy of
Hund’s-rule coupling!. In Fig. 9, ther(M )/r(0) aty50.4 is
quite temperature dependent, and it is not well fitted even
the empirical formula as temperature approachesTC. The
coefficientC in the low-M limit is obviously larger than 4
nearTC. At y50.6 and 0.8, on the other hand, the tempe
ture variation ofr(M )/r(0) is rather convergent and can b
fitted by the formula with the coefficientC smaller than 4.
Therefore, the CMR behavior at 0.25<y<0.4, whose origin
is ascribed to the field suppression of the charge-orbital c
relation as well as of the associated antiferromagnetic s
correlation, changes to the conventional MR due to a fie
induced decrease in spin scattering fory.0.4 with the in-
creasedW.

V. SUMMARY

In single crystals of Pr0.55(Ca12ySry)0.45MnO3 with con-
trolled one-electron bandwidth, we have investigated
phase change from the charge-orbital ordering to the fe
magnetic metal. At 0<y<0.2, the ground state is the charg
and orbital-ordered insulator, while fory>0.25 it changes to
a ferromagnetic metal. Around the phase boundary, the
table decreases in bothTCO and TC are seen until the both
transition temperatures meet to coincide with each oth
forming the bicritical point (y50.25 andTCO5TC;200 K).
Near this bicritical point, the prototypical CMR featur
shows up in the ferromagnetic metallic side, whereas
melting of the charge-orbital ordering by relatively low ma
netic fields of a few tesla is observed in the charge- a
orbital-ordered insulating side. It is found that the compe
tion between the charge-orbital ordering and the ferrom
netic metal is dependent on the doping level. The comm
surability of the hole concentration with the charge-orbi
ordering is of importance to determine the phase diagram
Pr12x(Ca12ySry)xMnO3. In particular, atx50.5, the charge-
and orbital-ordered state with the CE-type spin order is
bust and extends to the lower-temperature region below
ferromagnetic metallic phase up toy50.9.
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