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Distinct insulating state below the Curie point in Pr0.7Ba0.3MnO3
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Magnetization, resistivity, thermal expansion, thermopower, and neutron powder diffraction data are pre-
sented for the perovskite manganite Pr0.7Ba0.3MnO3. A distinct ferromagnetic insulating state, similar to that
observed in the La0.88Sr0.12MnO3 system, is observed in the temperature range between the paramagnetic-
ferromagnetic transition atTFM'180 K and the broad metal-insulator transition nearTp5120 K. The large
A-site cation-size mismatch appears to suppress the ferromagnetic double-exchange interactions relative to the
competing ferromagnetic superexchange interactions, thereby giving rise to the ferromagnetic insulating state.
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I. INTRODUCTION

The physics responsible for the colossal magnetore
tance~CMR! in the manganites of the formA12xAx8MnO3

~with A5trivalent rare-earth cation andA85divalent cation!
is still a topic of debate in spite of the recent intense resea
activity.1 In the framework of the widely accepted doubl
exchange ~DE! mechanism with the Jahn-Teller~JT!
distortion,2,3 the resistivity is dominated by the carrie
hopping rate between the adjacent Mn sites. Thus, the
crease in scattering due to the ordering of the Mn13/14 spins
below the ferromagnetic~FM! transition temperature,TFM ,
causes a drop inr. In particular,TFM should be coinciden
with the peak temperature of the resistivityTp if the sample
is an insulator aboveTFM . This has been confirmed in man
ganites with smallA-site cation mismatch,4 s25( i yiri

2-
^r A&2 ~where yi is the concentration, ri is the ionic radius of
theA-site ions, and̂rA& is the mean ionic radius!.1 However,
in manganites with larges2, it has been reported thatTp
systematically drops belowTFM with increasings2 over a
broad range ofs2.4–9 The presence of minor impurity
phases/grain boundaries,4,9 a carrier-localization due to
disorder,5,10 and mesoscopic chemical inhomogeneities~e.g.,
conducting La-Ca-Mn-O with embedded insulatin
Gd-Ca-Mn-O!7 have all been invoked to explain this sepa
tion of Tp andTFM . Some manganites with large^rA& ands2

have also been reported to exhibit a spin-glass insula
~SGI! state at low temperatures.6 To explore these issues su
rounding the larges2 manganites, high-quality cerami
samples of Pr0.7Ba0.3MnO3 ~PBMO! were synthesized
which possess a strong lattice disorder (s2'0.0178 Å2,
^rA&51.266 Å) due to the large size difference between
Pr13 and the Ba12 ions. No secondary phases were detec
by x-ray diffraction or energy dispersive x-ray.

Several key results are presented in this work.~1! There
exists a 60 K temperature difference betweenTFM
('180 K) andTp ('120 K). ~2! There are distinct anoma
lies in the thermal expansion coefficient (a) both atTFM and
nearTp . ~3! The thermoelectric power~S! and resistivity (r)
both indicate activated carrier-transport aboveTp and metal-
liclike transport belowTp . The activation energy betwee
TFM and Tp is rather different from those observed abo
TFM . ~4! An anomalous drop in the low-field field-coole
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magnetization (MFC) occurs with cooling acrossTp . ~5! A
large magnetoresistance~MR! is observed over a wide tem
perature range that extends below bothTFM and Tp . All
these are rather different from those observed in
Pr0.7Sr0.3MnO3 ~PSMO! sample with a smaller s2

'0.0036 Å2 (^rA&51.218 Å).~6! Neutron diffraction data
of PBMO reveal a broad structural phase transition nearTp
in addition to the PM-to-FM transition atTFM . These data
can be interpreted as evidence of two distinct FM states
low TFM in the PBMO sample: a ferromagnetic-metallic sta
~FMM! and a ferromagnetic-insulating state~FMI!, similar
to those recently observed in La0.88Sr0.12MnO3,11 which are
proposed to be the result of competition between the DE
super-exchange~SE! interactions.

II. EXPERIMENT

Ceramic samples of Pr-Ba~Sr!-Mn-O were prepared by
solid-state reaction of powders of Pr6O11, SrCO3, BaCO3,
and MnO2 with the stoichiometric compositions. These we
ground and die pressed into pellets before preliminary re
tions in air at 900–1000 °C for 16 h. The samples were th
reground and heated at 1100 °C, 1200 °C, and 1250 °C
16 h in air and finally slow cooled to room temperature.

The composition of the PBMO sample was analyzed
ing a JEOL JXA 8600 electron microprobe. A stoichiomet
Pr:Ba:Mn:O50.69:0.302:1:3.04 with a spread of62% for
the cations and65% for the oxygen was observed over th
whole surface of the sample. These measurements allow
to conclude that the sample is homogeneous to the len
scale of 1 mm. The PSMO sample exhibits a comparab
degree of homogeneity. Measurements ofMFC and r were
made simultaneously inside a quantum design supercond
ing quantum interference device magnetometer,S was mea-
sured using an apparatus previously described in deta
Ref. 12, anda was measured using the strain-gage te
nique. The value ofr was measured by the standard fou
lead technique, employing a model LR-400 bridge by Line
Research, Inc. Time-of-flight neutron powder diffractio
~NPD! measurements were conducted from 10 K to 300
on the SEPD instrument at the Argonne National Laborat
Intense Pulsed Neutron Source. Rietveld structure refi
ments employed theGSAS software suite.13
©2002 The American Physical Society23-1
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III. RESULTS AND DISCUSSION

The MFC data in applied magnetic fields of 0.1, 1.0, a
3.0 T are shown in the inset of Fig. 1. The temperature
flection point is taken as the PM-to-FM transition tempe
ture (TFM'180 K at 0.1 T!. The corresponding field
dependentr is shown in Fig. 1, where the peak resistivity
a zero applied field occurs at a temperatureTp'120 K,
which is well belowTFM . At zero applied field,r shows
activated transport behavior,r}exp@D/T# both aboveTFM
and betweenTp and TFM .1 There is, however, a noticeab
anomaly inr nearTFM , which appears to be smeared o
with increasing field.

A significant MR is observed over a large temperatu
range extending well belowTp , in contrast to typical CMR
systems in which the MR is strongly peaked atTFM , and
negligible deep in the ferromagnetic-metallic region.1 The
spins of PBMO, however, are well-aligned belowTFM , as
indicated by the quick saturation of M with cooling atH
>1 T in Fig. 1. In fact, theMFC at 1 T reaches 2.5mB /Mn
at 150 K, comparable with both the value ('3 mB /Mn)
observed at 10 K and the saturation mome
('3.7 mB /Mn) expected for typical manganites at this do
ing level. No significant MR, therfore, would be expect
around the much lower temperatureTp'0.65TFM based on
the DE models. In addition, there are no recognizabler ver-
sus M correlations, which would be characteristic of sp
scattering.14 The decrease ofr with H at 50 K, for example,
is almost the same either from 0 to 1 T or from 1 to 3
although the corresponding increases ofM differ by more
than tenfold~Fig. 1!. All these suggest that factors other th
the average spin alignment also play a role. It should
pointed out that the observed onset of the FM momen
TFM , the quick saturation ofM with both cooling and mag-
netic field, the temperature dependence ofr, and the strong
MR betweenTFM andTp , are also inconsistent with an SG

FIG. 1. Resistivity vs temperature in different fields. Solid lin
PBMO, H50; d: PBMO, H50.1 T; h : PBMO, H51 T; m:
PBMO, 3 T; 1 : PSMO, H50. The inset shows the field-coole
magnetization of PBMO atH50.1, 1, and 3 T, respectively.
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state, such as that reported in Ref. 6.
The separation ofTp and TFM has been previously ob

served in several different highs2 manganites, for example
Nd0.7Ba0.3MnO3,5 Th0.35(BaxSryCaz)MnO3,6 and
(La12xGdx)0.7Ca0.3MnO3.7 The large size-mismatch in thes
compounds makes chemical phase separations, i.e., ins
ing grain boundaries and/or mixed phases, a strong poss
ity. ThereforeS, which is regarded as a volume-average m
surement and is insensitive to both grain boundaries
minor impurities, has been determined in zero field and
shown in Fig. 2. TheuSu of low s2 manganites, such a
PSMO, near the optimal doping level is usually lar
(10 mV/K or larger! and insulatorlike with a 1/T depen-
dence aboveTFM , but drops immediately across the trans
tion before reaches a plateau of a fewmV/K at lower T. The
S of PBMO does follow the rule aboveTFM , indicative of
activated polaron transport.15 It, however, jumps to an even
negative value with cooling acrossTFM , indicating that the
sample is still in a bulk insulating state~likely also domi-
nated by polaron transport! betweenTFM and Tp with an
even larger activation energy. The distinguishable insula
like S, both above and immediately belowTFM , confirms
that the bulk of PBMO is still in an insulating state som
where belowTFM . The expected transition to a metallikeS is
rather broad and does not finish until well belowTp , a fact
attributed to a phase separation betweenTFM and Tp , as
demonstrated in the NPD data below.

Above Tp , the NPD data yield a crystal structure wit
Ibmm symmetry as reported by Jiraket al. for high-
temperature Pr0.65Ba0.35MnO3,16 which has been equivalentl
described in theImma setting for a number of othe
A0.7A0.38 MnO3 systems.17,18 The Ibmm setting should be as
sumed throughout the present work unless otherwise no

FIG. 2. The thermoelectric power of PBMO (l) and PSMO
(s) ~left axis!. The thermal expansion coefficient of PBMO~solid
line for cooling and dash-dotted line for warming! and PSMO (D
with dash line! are shown using the right axis. All data are in ze
applied field.
3-2
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While somewhat unusual, the relationb,a observed here
indicates a Mn-O-Mn bond angle that varies slightly fro
180 °.18 After correcting this relation, which was difficult to
resolve in earlier NPD data,19 one finds our room-
temperature Pr0.7Ba0.3MnO3 lattice parameters @a
55.5294(1) Å,b55.5001(1) Å,c57.7725(1) Å# to be
nearly identical to those of Ref. 16. NearTp , the NPD data
reveal a phase transition to a low-temperature structure
I4/mcm symmetry, which only goes to 75% completio
down to the lowest temperatures measured~10 K!, producing
a mixed-phase region over all the temperature range expl
belowTp . This structural transition is also hysteretic, occu
ing primarily between 90 K and 130 K on warming an
between 70 K and 110 K on cooling. The results of t
Rietveld refinement at 10 K are shown in Fig. 3 and t
temperature-dependent lattice-parameters appear in Fi
The ~220/004! peak pair is shown as a function of temper
ture in the inset of Fig. 3, where the smaller~004! peak
moves from the left- to the right-hand side of the plot due
the reversal ofc and (a1b)/2 in the low-temperature
I4/mcm phase. The lattice parameters of theIbmm phase
display a rather weak peak atTFM . The refined FM momen
rises to 3.7mB /Mn betweenTFM andTp , as expected, and
lies along thec axis of the structure. In the mixed-phas
region, however, the resolution of the data was insufficien
properly treat the FM moments of the two phases separa
so that the moments were constrained to be equal and
rected along thec axis. No significant JT distortions wer
observed in theIbmm or I4/mcm structures, which differ
primarily in their octahedral-tilt patterns.16 This may be
closely associated with the good size match between~Pr, Ba!
and Mn.

The ceramic thermal-expansion coefficient measurem
in Fig. 2 corroborate the NPD observations, wherea exhibits
a well-defined nonhysteretic peak nearTFM , which is attrib-
uted to the ferromagnetic transition, as well as a broad h
teretic peak in the vicinity ofTp , ~i.e., '91 K on cooling
and'107 K on warming!. The fact that the hysteretic pea
at Tp , which is associated with much larger lattice parame

FIG. 3. Neutron powder diffraction data from PBMO at 10 K
Both the data and the difference curve from the Rietveld refinem
of the two-phase model are shown. The top and bottom row
markers indicateIbmm and I4/mcm peak positions, respectively
The inset contains the temperature dependence of the~220, 004!
peak pair.
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changes, is smaller than the peak atTFM , reflects a gradua
change of the phase fractions in the mixed-phase region.
interpretation is in agreement with theS observed, which
shows an extremely broad transition from the insulatorl
one somewhere belowTFM to the metallike one below 80 K
~Fig. 2!. It should be noted that the noticeable anomaly ofa
as well as the appearance of a new phase in NPD arounTp
suggest that ther peak may be associated with a change
the bulk property instead of grain boundaries. To verify, t
temperature-dependent ceramic-sample striction (L/L0) is
plotted in Fig. 5 for both PBMO and PSMO samples. T
L/L0 of PBMO, including a distinct kink atTFM and only
smaller broad bumps nearTp ~although they can be notice
clearly in thea5d ln L/dT of Fig. 2! agrees nicely with the
phase-weighted unit-cell volume determined from the N
data, and that of PSMO exhibits only one kink atTFM .
While L/L0 is nearly identical for these two materials in th
‘‘mostly I4/mcm’’ region of PBMO below 80 K, the trans-
formation aroundTp in PBMO is accompanied by a signifi
cant volume increase, when viewed in comparison to tha
PSMO in the FMM state. Above the ferromagnetic transiti
temperatures, the two curves are nearly coincident o
again. The transition aroundTp seems to be associated wi
a phase transition related the change of the cell volume.

The widely separated values ofTFM and Tp are unusual
compared to most low-s2 manganites, such as PSMO, whic
undergoes a simultaneous PM-to-FM and metal-insula
transition atTFM '263 K ~Figs. 1 and 5!. The well correla-
tions among the NPD,S, L/L0, and r data here, however
suggests that theIbmmphase of PBMO might be FMI abov
Tp . The natural of this intermediate FMI state in PBMO c
be better understood by comparing the cell volumes

nt
of

FIG. 4. The lattice parameters of the high-temperature~‘‘ h’’ !
Ibmm and low-temperature~‘‘ l ’’ ! I4/mcm phases of PBMO from
10 K to 300 K. Open and filled symbols indicate data collect
during warming and cooling, respectively. The phase fraction of
I4/mcmphase of PBMO is indicated by asterisks(*).
3-3
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PBMO and PSMO~Figs. 4 and 5!. The insulatingIbmm
PBMO cells aboveTp appear to be larger than that expect
from the FMM cells of PSMO. It has been proposed a
later confirmed that the cell volume of manganites is mai
determined by the nature of the Mn-O bonds.21 In particular,
the bonds associated with SE interactions are typic
longer than those of DE interactions. Such an increase of
volumes at the FMM-FMI transition has been previously
ported in La0.88Sr0.12MnO3 and La0.875Sr0.125MnO3,11,20

where it was attributed to the difference in the relati
strengths of the DE and SE interactions; the FMM state
ing dominated by DE interactions and the FMI state be
dominated by competing SE interactions. We, therefore, t
tatively attribute the intermediate FMI state in PBMO
similar competitions between SE and DE. The local latt
distortions in high-s2 manganites significantly suppress th
DE interaction through their lower carrier mobility, whic
shows up as both the 80 K suppression ofTFM and the ten-
fold increase of the resistivity aboveTM from PSMO to
PBMO ~Fig. 1!. The contributions of SE, hence, may becom
dominated in an intermediate temperature range until the
crease of the carrier mobility with further cooling which a
lows the DE to dominate again. In such a scenario, the ph
separation observed over a broadT range will also be rather
natural based on the possible mesoscale inhomogeneit
the lattice distortion.

Terashitaet al. recently explained the FMI state in th

FIG. 5. Ceramic-sample striction (L/L0) vs temperature for the
PBMO and PSMO samples in zero field. Hysteresis can be not
between 70 to 150 K for PBMO~top one associated with cooling!.
Inset: The field-cooled magnetization in a field of 500 G for t
PBMO sample~open symbols! and the PSMO sample~filled sym-
bols!.
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(La12xGdx)0.7Ca0.3MnO3 system in terms of Gd- and La-ric
clusters with distinct electronic and magnetic propertie7

The Gd-rich regions would still be in the insulating PM sta
betweenTFM and Tp , and break the percolating paths.
such a scenario,uSu should decrease throughTFM , andMFC
increase throughTp ~as additional parts of the sample ent
the FM state! on cooling. Because the opposite behavior
observed in the present study of PBMO, the FMI state
PBMO appears to be more consistent with the SE-domina
FMI state of La0.875Sr0.125MnO3. The cell volumes in the two
cases is certainly consistent with the interpretation.

TheMFC of the PBMO and PSMO in a low field of 500 G
is compared in the inset of Fig. 5. For the PSMO sample,
MFC in the FMM state plateaus belowTFM and remains vir-
tually constant as the temperature decreases. For the PB
sample, theMFC also plateaus just belowTFM . Below 100
K, however, theMFC starts to decrease toward a significan
lower plateau. The difference inMFC between the two pla-
teaus is almost 10%. It diminishes with the increase of H a
disappears above 1.0 T~Fig. 1!. The trend is again consisten
with the MFC observed in La0.875Sr0.125MnO3.

IV. CONCLUSION

A distinguishable FMI state exists in Pr0.7Ba0.3MnO3 be-
tweenTFM'180 K andTp'120 K. The structural change
at the ferromagnetic transition are minor, whereas
ferromagnetic-insulating phase withIbmm symmetry trans-
forms incompletely to a low-temperature ferromagne
metal with I4/mcm symmetry over a broad range of tem
peratures belowTp . Magnetization, resistance, and the
mopower measurements suggest that the FMI state
Pr0.7Ba0.3MnO3 is similar to the FMI state of La12xSrxMnO3
(0.1<x<0.14), which occurs due to an unusual dominan
of ferromagnetic superexchange interactions. An enhan
tendency toward electron localization due to lattice disor
in cation-size-mismatched perovskites may weaken the in
ence of the DE interaction, and offers a natural interpreta
of the FMI state. Comparisons with Pr0.7Sr0.3MnO3, which
has a smallA-site cation-size mismatch and no intermedia
FMI state, support these conclusions.
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