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Bandwidth-control-induced insulator-metal transition
in Pr0.65„Ca12ySry…0.35MnO3 and Pr0.7Ca0.3MnO3
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Both internal chemical pressure by ion substitution and external hydrostatic pressure induce an insulator-to-
metal (I -M ) transition in the Pr12xCaxMnO3 system. The behavior of spin and charge ordering through the
I -M transition has been studied with use of neutron diffraction techniques. As a function of effective pressure,
we identify three different pressure regions for the low-temperature state.@S0163-1829~97!08105-8#
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Recently, pseudoperovskite manganese oxidesAMnO3

are under intensive studies, because some of them show
gardless of their being thin film or bulk, anomalously lar
negative magnetoresistance@colossal magnetoresistanc
CMR#.1–6 Within a framework of a double exchange~DE!
mechanism,7 an effective electron transfert̃ is given by
t̃5tcos(u/2), wheret andu denote an electron transfer pro
ability when localizedt2g spins are parallel, and an ang
between two neighboringt2g spins, respectively. Therefore
the mobility of electrons in the DE system is expected
increase drastically by enhancing an effective electron tra
fer t̃. Indeed, the CMR phenomenon has been freque
observed near the metamagnetic transition induced by an
ternal magnetic field.3,4 In this case,t̃ is controlled through
u by aligning spins towards the field direction. On the oth
hand,t̃ is also expected to be controlled throught by chang-
ing the bond angles between transition-metal ions and o
gen ions. According to recent studies of a doped lanthan
manganite system with fixed hole concentration,5 both hy-
drostatic pressure and chemical pressure yield very sim
effects ont because, in essence, both change the Mn-O b
angles. It is also well known that hydrostatic pressure
alloying leads to a dramatic variation of resistivity in th
case of Ni oxides.8,9

Because of a strong coupling of the transport prope
with lattice and spin freedoms in the manganite systems,
crucial to clarify the influence of each freedom to the CM
phenomenon. Rapidly accumulating experimental data s
to suggest that a larger drastic change in resistivity is
quently observed at theI -M transition in the manganite
with charge ordering rather than in those which never sh
charge ordering.2–4,6 Therefore, it is important to conside
the influence of charge ordering, although recent theoret
analyses place more emphasis on Jahn-Teller~JT! effects.10
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Motivated by these considerations, we have performe
neutron diffraction study of thet-control-inducedI -M tran-
sition in the Pr12xCaxMnO3 system in order to elucidate th
influence of spin and charge orderings. In the present stu
the t control was achieved either by internal chemical pr
sure through substitution of Ca ions with Sr ions for t
Pr0.65~Ca12ySry) 0.35MnO3 system or by external hydrostati
pressure for Pr0.7Ca0.3MnO3. The neutron diffraction study
of the u-control-inducedI -M transition in Pr0.7Ca0.3MnO3

has been reported previously.11

Very recently, the effects of internal pressure
Pr0.65Ca0.35MnO3 were studied by Tomiokaet al.,12 while
the influence of hydrostatic pressure on Pr0.7Ca0.3MnO3 was
studied by Moritomoet al.13 The Sr doping effects on
Pr0.7Ca0.3MnO3 were also studied by B. Raveauet al.6 For
the praseodymium manganite system, the hydrostatic
chemicalpressureeffects can be discussed in parallel. W
identify that there are three qualitatively different regions
behavior of resistivity as are schematically depict
at the upper panel in Fig. 1. At low pressure, bo
Pr0.7Ca0.3MnO3 and Pr0.65Ca0.35MnO3 exhibit charge order-
ing at TCO, and remain insulating down to 0 K@region
~a!#.4,14 Under the influence of intermediatepressure, how-
ever, they first form charge ordering, and then undergo
I -M transition atTIM @region ~b!#. With much higherpres-
sure, they completely lose charge ordering and directly tra
form from a paramagnetic insulator to a ferromagnetic me
@region ~c!#. In the present study, we shall show below th
there is a complete correspondence between the behavi
resistivity and that of spin structures, and suggest a sc
matic phase diagram including magnetic phases shown a
bottom panel in Fig. 1. In the following, we report the resu
of the Pr0.65~Ca12ySry) 0.35MnO3 with y50.3 and 0.5 as
typical examples for intermediate and highchemicalpres-
2729 © 1997 The American Physical Society
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sure, while those of the Pr0.7Ca0.3MnO3 sample with 0.2,
0.7, and 2.0 GPa as typical examples under low, interm
ate, and highhydrostaticpressure.

Single-crystal samples were melt grown by a floatin
zone method in a flow of 100% O2 gas with a traveling
speed of 3–5 mm/h. For diffraction experiments, powd
samples were prepared by powdering the single crystals,
were pressed into rods. The detailed procedure of sam
preparation was reported previously.4

Neutron diffraction measurements were performed o
triple-axis spectrometer GPTAS installed at a beam tube
in the JRR-3M of JAERI, Tokai. The sample
Pr0.7Ca0.3MnO3 and Pr0.65~Ca12ySry) 0.35MnO3 studied in
the present study belong to the space groupPnma. For the
powder profile measurements, an incident neutron mom
tum ki53.825 Å21 with a combination of 408-208-208 col-
limators was utilized. For the pressure experiments, an i
dent neutron momentum ofki52.575 Å21 and a
combination of 408-408-408 collimators were selected. A
single-crystal sample was mounted in a pressure micro
with the @010# axis vertical to yield the (h,0,l ) scattering
plane. A liquid of Fluorinert was filled in a microcell as
pressure-transmitting medium, and pressure was calibr
by measuring the scattering angle of the~2,0,0! Bragg reflec-
tion of a NaCl single crystal which was mounted in the m
crocell together with the sample crystal. To observe the
havior of the ferromagnetic~FM!, antiferromagnetic~AFM!,
and charge order~CO! components, we performed measur

FIG. 1. Upper panel: schematic behavior of the resistivity
three regions in the Pr12xCaxMnO3 system. Lower panel: sche
matic phase diagram on effective pressure vs temperature f
charge-ordered system.
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ments atQ5 ~1,0,1! and~0,2,0!, ~0.5,0,0.5!, and~2,0,1.5! or
~2,0,2.5! in a similar manner with the previous study of th
field effects.11

First, we begin with the results of the chemical-pressu
induced I -M transition. Neutron diffraction patterns fo
Pr0.65~Ca12ySry) 0.35MnO3 with y50.3 and 0.5 are depicte
in Fig. 2. The background intensity decreases at low te
peratures because intense paramagnetic scattering of Mn
transforms into the magnetic Bragg reflections in magn
cally ordered phases. According to the resistiv
measurements,12 the y50.3 sample shows charge orderin
belowTCO;205 K and metallic conductivity below; 80 K
@region ~b! in Fig. 1#. Being consistent with the DE picture
we observed clear ferromagnetic scattering on nuclear Br
reflections at 8.5 K. In addition to the FM component, ho
ever, it exhibits clear AFM Bragg peaks of the ferromagne
cally stacked CE-type AFM structure because of strong h
teretic nature of theI -M transition. The intensity analysis o
the y50.3 sample yielded the observed AFM moment
(1.960.1)mB which was slightly tilted from the@010# direc-
tion, but no significant difference between the Mn31 and
Mn41 moments. The FM moment is (2.860.1)mB , being in
the ac plane. By contrast, they50.5 sample@region ~c! in
Fig. 1# shows no superlattice AFM reflection, but only th
increase of Bragg intensity, indicating the sample is pur
ferromagnetic at 10 K. The magnetic moment of they50.5
sample is (3.560.1)mB , and lies in the ac plane, most likel
along the@001# direction.

r

a
FIG. 2. Powder profiles for Pr0.65~Ca12ySry) 0.35MnO3 with

y50.3 and 0.5. The hatched area indicates the ferromagnetic
tribution to the nuclear Bragg scattering, while the shaded are
the upper panel indicates AFM superlattice reflections, respectiv
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In the case of they50.3 sample, however, we furthe
noticed that there existed an extremely weak additional m
netic peak which corresponds to the antiferromagnetic
stacked CE-type spin structure. This coexistence of the
sets of AFM Bragg reflections in the Pr12xCaxMnO3 system
was pointed out by Jiraket al.14 for the concentration with
0.3&x&0.5, and it was recently reconfirmed through t
measurements on the Pr0.7Ca0.3MnO3 sample.

11

The temperature dependence of the FM, AFM, and
components for they50.3 and that of the FM component fo
the y50.5 sample are shown in Fig. 3. The FM compone
of they50.3 sample appears atTCAF; 175 K, and gradually
increases with decreasing temperature. This temperature
pendence is somewhat unusual compared with that of c
ventional FM ordering. However, such unusual behavior
flects the temperature dependence of the AFM and
components. As shown in the lower two panels in Fig. 3,
CO in the y50.3 sample sets in atTCO;205 K, and the
AFM ordering appears belowTCAF;170 K. With further
decreasing temperature throughTIM;80 K, the AFM and
CO components decrease, but the FM component contin
to increase. It should be noted that both AFM and CO co
ponents persist in the metallic phase belowTIM;80 K, be-
ing consistent with Fig. 2. We interpret that the reman
AFM and CO components are a distinct feature due to str
hysteresis at theI -M transition in theintermediate pressure
region in these manganite systems. In our recent stud11

identical behavior was observed in the metallic phase
duced by an external magnetic field. The existence of the
component in the metallic phase of the present system

FIG. 3. Upper panels: temperature dependence of the FM c
ponents in they50.3 and 0.5 samples. Lower panels: temperat
dependence of the AFM and CO components in they50.3 sample.
The curves are drawn as guides to the eye.
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recently observed with x-ray diffraction measurements12

while the remanence of the AFM component in the meta
phase was reported in a slightly different concentrat
Pr0.7~Ca12ySry) 0.3MnO3 with y51/6.6 For the y50.5
sample, on the other hand, only the FM ordering sets in
TC; 215 K, being accompanied with theI -M transition. The
temperature dependence of the FM component is of a c
ventional type.

We now turn to describe the results of external press
experiments. According to the resistivity measurement13

Pr0.7Ca0.3MnO3 exhibits pressure-inducedI -M transition for
P*0.5 GPa. Three panels in Fig. 4 give the temperat
dependence of the integrated intensity of the FM, AFM, a
CO components at three selected pressures 0.2, 0.7, an
GPa@regions~a!, ~b!, and~c! in Fig. 1, respectively#.

The behavior of each components at 0.2 GPa was qu
tatively identical with that at ambient pressure.4,11 The CO
sets in atTCO;200 K, and the AFM ordering appears belo
TN;135 K, and the FM component appears belo
TCAF;110 K. At 0.7 GPa in the region~b!, the I -M transi-
tion takes place nearTIM;100 K according to the resistivity
measurements.13 It is clear from Fig. 4~b! that the charge-
ordered state is formed below;180 K, and the AFM com-
ponent appears atTN;130 K. The Pr0.7Ca0.3MnO3 sample
exhibits a steep rise of the FM component in the tempera
range of 80–100 K, but a slight decrease of the AFM and

-
e

FIG. 4. Temperature dependence of the FM, AFM, and C
components for three selected pressures 0.2~low!, 0.7 ~intermedi-
ate!, and 2.0~high! GPa, respectively. The curves are drawn
guides to the eye.
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components. Note that both AFM and CO components p
sist in the metallic phase, being similar to the results of
y50.3 sample. At 2.0 GPa@region ~c!#, we observed only a
FM component, but neither AFM nor CO component.

Recent theory often stresses importance of JT effe
Hence, lattice anomalies and a change of Mn-O bond an
at the I -M transition are discussed from this viewpoint10

However, charge ordering can cause a larger effect on a
tice anomaly.3,4 In the present Pr0.7Ca0.3MnO3 system, the
influence of charge ordering is manifested as a distinct lat
anomaly at theI -M transition under pressure. The tempe
ture dependence of the peak position of the~1,0,1! Bragg
reflection for region~b! ~0.7 GPa! and that of region~c! ~2.0
GPa! are depicted in Fig. 5. Although only pressure w
varied between two measurements, there is a qualitative
ference. Under intermediate pressure in which theI -M tran-
sition is accompanied with melting of CO, the peak positi
exhibits a sharp shift at theI -M transition, whereas unde
higher pressure in which the system shows no CO, it sh
only a change of slope. This contrast clearly suggests th
huge variation of the resistivity at theI -M transition in the
Pr0.7Ca0.3MnO3 system is strongly affected by a release
lattice distortions due to a collapse of CO at theI -M transi-
tion.

In summary, we have examined theI -M transition
induced by external or chemical pressure in t
Pr12xCaxMnO3 system. Depending on pressure, three
gions are identified. At low pressure, the system is alw
insulating. In the intermediate-pressure region, the sys
undergoes anI -M transition with large hysteresis. At hig
enough pressure, the charge ordering is completely s
pressed, and the system directly transforms from a param
netic insulator to a ferromagnetic metal. From these ob
vations, we have suggested a schematic phase diag
shown in Fig. 1. The largest change of lattice distortions
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the I -M transition is observed in the case where theI -M
transition suppresses the charge ordering.
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FIG. 5. Temperature dependence of the peak position of
~1,0,1! Bragg reflection at 0.7~intermediate! and 2.0~high! GPa,
respectively. The curves are drawn as guides to the eye.
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