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Distinct insulating state below the Curie point in Pry-BagsMnO4
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Magnetization, resistivity, thermal expansion, thermopower, and neutron powder diffraction data are pre-
sented for the perovskite manganitg fBa, ;MnOs. A distinct ferromagnetic insulating state, similar to that
observed in the LggeSKy 1 MNO3 system, is observed in the temperature range between the paramagnetic-
ferromagnetic transition alzy~180 K and the broad metal-insulator transition n&ge=120 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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. INTRODUCTION magnetization o) occurs with cooling across,. (5) A
large magnetoresistan¢®IR) is observed over a wide tem-
The physics responsible for the colossal magnetoresigserature range that extends below bdth, and T,. All
tance (CMR) in the manganites of the forA; ,A;MnO; these are rather different from those observed in a
(with A=trivalent rare-earth cation an = divalent cation Pl SfoaMnO; (PSMO sample with a smaller o
is still a topic of debate in spite of the recent intense researchr0.0036 A ({r,)=1.218 A).(6) Neutron diffraction data
activity.! In the framework of the widely accepted double- of PBMO reveal a broad structural phase transition figar
exchange (DE) mechanism with the Jahn-TellefJT) in addition to the PM-to-FM transition &gy . These data
distortion?® the resistivity is dominated by the carrier- can be interpreted as evidence of two distinct FM states be-
hopping rate between the adjacent Mn sites. Thus, the ddew Tg), in the PBMO sample: a ferromagnetic-metallic state
crease in scattering due to the ordering of the'®h* spins  (FMM) and a ferromagnetic-insulating sta€MI), similar
below the ferromagneti¢FM) transition temperaturelpy, to those recently observed in §@Sr, 1MnO5,'* which are
causes a drop ip. In particular, Ty, should be coincident proposed to be the result of competition between the DE and
with the peak temperature of the resistivify if the sample ~ super-exchangéSE) interactions.
is an insulator abovégy,. This has been confirmed in man-
ganites with smallA-site cation mismatch,c?=73; yiriz—
(ra)? (where y is the concentration; is the ionic radius of
the A-site ions, andr,) is the mean ionic radigg However, Ceramic samples of Pr-B&r)-Mn-O were prepared by
in manganites with larger?, it has been reported that,  solid-state reaction of powders of e, SrCQ;, BaCQ;,
systematically drops beloWgy, with increasings?® over a  and MnG, with the stoichiometric compositions. These were
broad range ofc?.*~° The presence of minor impurity ground and die pressed into pellets before preliminary reac-
phases/grain boundari&s, a carrier-localization due to tions in air at 900—1000 °C for 16 h. The samples were then
disorder*° and mesoscopic chemical inhomogeneites., reground and heated at 1100°C, 1200°C, and 1250 °C for
conducting La-Ca-Mn-O with embedded insulating 16 h in air and finally slow cooled to room temperature.
Gd-Ca-Mn-Q have all been invoked to explain this separa- The composition of the PBMO sample was analyzed us-
tion of T, andTgy . Some manganites with large,) ande®  ing a JEOL JXA 8600 electron microprobe. A stoichiometry
have also been reported to exhibit a spin-glass insulatingr: Ba:Mn:O=0.69:0.3021:3.04 with a spread of 2% for
(SG)) state at low temperaturégio explore these issues sur- the cations and-5% for the oxygen was observed over the
rounding the largesc? manganites, high-quality ceramic whole surface of the sample. These measurements allow us
samples of RyBa;MnO; (PBMO) were synthesized, to conclude that the sample is homogeneous to the length
which possess a strong lattice disorder’£0.0178 A,  scale of 1 um. The PSMO sample exhibits a comparable
(ra)=1.266 A) due to the large size difference between thejegree of homogeneity. Measurements\- and p were
Pr"3 and the Ba? ions. No secondary phases were detectednade simultaneously inside a quantum design superconduct-
by x-ray diffraction or energy dispersive x-ray. ing quantum interference device magnetome$aras mea-
Several key results are presented in this wétk.There  sured using an apparatus previously described in detail in
exists a 60 K temperature difference betwedry, Ref. 12, ande was measured using the strain-gage tech-
(=180 K) andT, (=120 K).(2) There are distinct anoma- nique. The value op was measured by the standard four-
lies in the thermal expansion coefficient)(both atTry and  lead technique, employing a model LR-400 bridge by Linear
nearT. (3) The thermoelectric powdf) and resistivity p) Research, Inc. Time-of-flight neutron powder diffraction
both indicate activated carrier-transport abdyeand metal- (NPD) measurements were conducted from 10 K to 300 K
liclike transport belowT,. The activation energy between on the SEPD instrument at the Argonne National Laboratory
Tem and T, is rather different from those observed abovelntense Pulsed Neutron Source. Rietveld structure refine-
Tem- (4) An anomalous drop in the low-field field-cooled ments employed thesas software suité?
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FIG. 1. Resistivity vs temperature in different fields. Solid line: TK

PBMO,H=0; @: PBMO,H=0.1 T; 0 : PBMO,H=1 T; A:
PBMO, 3 T; + : PSMO,H=0. The inset shows the field-cooled
magnetization of PBMO at=0.1, 1, and 3 T, respectively.

FIG. 2. The thermoelectric power of PBMO#() and PSMO
(O) (left axis). The thermal expansion coefficient of PBM&blid
line for cooling and dash-dotted line for warmjngnd PSMO Q

lIl. RESULTS AND DISCUSSION with dash ling are shown using the right axis. All data are in zero
applied field.

The M data in applied magnetic fields of 0.1, 1.0, and
3.0 T are shown in the inset of Fig. 1. The temperature instate, such as that reported in Ref. 6.
flection point is taken as the PM-to-FM transition tempera- The separation off, and Tgy has been previously ob-
ture (Tey=180 K at 0.1 7. The corresponding field- served in several different high? manganites, for example,
dependenp is shown in Fig. 1, where the peak resistivity at Nd, Bag MnO3,° Tho 34 Ba,Sr,Ca,) MnO5,° and
a zero applied field occurs at a temperatdre~120 K, (La;_,Gd) o Ca sMnO;.” The large size-mismatch in these
which is well belowTgy. At zero applied fieldp shows compounds makes chemical phase separations, i.e., insulat-
activated transport behaviopxexd A/T] both aboveTr, ing grain boundaries and/or mixed phases, a strong possibil-
and betweerT, and Tgy . There is, however, a noticeable ity. ThereforeS which is regarded as a volume-average mea-
anomaly inp nearTgy,, which appears to be smeared outsurement and is insensitive to both grain boundaries and
with increasing field. minor impurities, has been determined in zero field and is

A significant MR is observed over a large temperatureshown in Fig. 2. ThelS| of low o? manganites, such as
range extending well beloW,, in contrast to typical CMR PSMO, near the optimal doping level is usually large
systems in which the MR is strongly peakedTat,, and (10 wV/K or largen and insulatorlike with a 17 depen-
negligible deep in the ferromagnetic-metallic regfolthe  dence abov&y, but drops immediately across the transi-
spins of PBMO, however, are well-aligned beld,, as tion before reaches a plateau of a fgV/K at lower T. The
indicated by the quick saturation of M with cooling Bt S of PBMO does follow the rule abov&gy, indicative of
=1 TinFig. 1. In fact, theigc at 1 T reaches 2.5.5/Mn  activated polaron transpaft.It, however, jumps to an even
at 150 K, comparable with both the value=8 ug/Mn) negative value with cooling across,,, indicating that the
observed at 10 K and the saturation momentsample is still in a bulk insulating statdikely also domi-
(=~3.7 ug/Mn) expected for typical manganites at this dop- nated by polaron transpgrbetweenTgy, and T, with an
ing level. No significant MR, therfore, would be expectedeven larger activation energy. The distinguishable insulator-
around the much lower temperatufg~0.65T ¢ based on like S, both above and immediately beloW,,, confirms
the DE models. In addition, there are no recognizableer-  that the bulk of PBMO is still in an insulating state some-
sus M correlations, which would be characteristic of spin where belowTg,. The expected transition to a metallisés
scattering"* The decrease qf with H at 50 K, for example, rather broad and does not finish until well beldy, a fact
is almost the same either from 0 to 1 T or from 1 to 3 T, attributed to a phase separation betwdgsy and T,, as
although the corresponding increaseshfdiffer by more  demonstrated in the NPD data below.
than tenfold(Fig. 1). All these suggest that factors other than ~ Above T,, the NPD data yield a crystal structure with
the average spin alignment also play a role. It should bébmm symmetry as reported by Jirakt al for high-
pointed out that the observed onset of the FM moment atemperature RIseBao 3Mn05, 6 which has been equivalently
Tem, the quick saturation ofl with both cooling and mag- described in thelmma setting for a number of other
netic field, the temperature dependence pfind the strong  Ag A} MnO; systems.”*® The Ibmm setting should be as-
MR betweenTgy andT,, are also inconsistent with an SGI sumed throughout the present work unless otherwise noted.
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FIG. 3. Neutron powder diffraction data from PBMO at 10 K. -01
Both the data and the difference curve from the Rietveld refinement 543k 1"
of the two-phase model are shown. The top and bottom rows of 1
markers indicatdbmm and I14/mcm peak positions, respectively. L i L L . I'O'O
The inset contains the temperature dependence of2p@, 004 0 50 100 150 200 250 300
peak pair.

Temperature (K)
While somewhat unusual, the relatidi<a observed here
|nd|c°alt8es a Mn-O-Mn bond angle that varies slightly from,, o low-temperaturé* 1" ) 14/mcm phases of PBMO from
180°: A,fter correctlng this relation, Wh',Ch was difficult to 10 K to 300 K. Open and filled symbols indicate data collected
resolve in earlier NPD daf'a?, O_ne finds our room- during warming and cooling, respectively. The phase fraction of the
temperature  RBrBaMnO;  lattice  parameters [a | 4/mcmphase of PBMO is indicated by asterisky.
=5.5294(1) A,b=5.5001(1) A,c=7.7725(1) A to be
nearly identical to those of Ref. 16. Ne&g, the NPD data _
reveal a phase transition to a low-temperature structure witehanges, is smaller than the peakTa,, reflects a gradual
l4/mcm symmetry, which only goes to 75% completion change of the phase fractions in the mixed-phase region. This
down to the lowest temperatures measuiEiK), producing interpretation is in agreement with tH& observed, which
a mixed-phase region over all the temperature range explore_&hOWS an extremely broad transition from the insulatorlike
belowT,. This structural transition is also hysteretic, occur-one somewhere beloWgy to the metallike one below 80 K
ing primarily between 90 K and 130 K on warming and (Fig. 2. It should be noted that the noticeable anomalyrof
between 70 K and 110 K on cooling. The results of theas well as the appearance of a new phase in NPD aréynd
Rietveld refinement at 10 K are shown in Fig. 3 and thesuggest that the peak may be associated with a change in
temperature-dependent lattice-parameters appear in Fig. the bulk property instead of grain boundaries. To verify, the
The (220/004 peak pair is shown as a function of tempera-temperature-dependent ceramic-sample strictibfL§) is
ture in the inset of Fig. 3, where the small@04) peak plotted in Fig. 5 for both PBMO and PSMO samples. The
moves from the left- to the right-hand side of the plot due toL/L, of PBMO, including a distinct kink aff gy, and only
the reversal ofc and @+b)/2 in the low-temperature smaller broad bumps nedi, (although they can be noticed
[4/mcm phase. The lattice parameters of themm phase clearly in thea=d In L/dT of Fig. 2) agrees nicely with the
display a rather weak peak &ty . The refined FM moment phase-weighted unit-cell volume determined from the NPD
rises to 3.7 ug/Mn betweenTry andT,, as expected, and data, and that of PSMO exhibits only one kink By .
lies along thec axis of the structure. In the mixed-phase While L/Lq is nearly identical for these two materials in the
region, however, the resolution of the data was insufficient tdmostly 14/mcnt region of PBMO below 80 K, the trans-
properly treat the FM moments of the two phases separateljprmation aroundr , in PBMO is accompanied by a signifi-
so that the moments were constrained to be equal and diant volume increase, when viewed in comparison to that of
rected along thes axis. No significant JT distortions were PSMO in the FMM state. Above the ferromagnetic transition
observed in thdbmm or 14/mcm structures, which differ temperatures, the two curves are nearly coincident once
primarily in their octahedral-tilt patterr’§. This may be again. The transition arounti, seems to be associated with
closely associated with the good size match betwPenBa  a phase transition related the change of the cell volume.
and Mn. The widely separated values @ty and T, are unusual
The ceramic thermal-expansion coefficient measurementsompared to most low?> manganites, such as PSMO, which
in Fig. 2 corroborate the NPD observations, wherexhibits ~ undergoes a simultaneous PM-to-FM and metal-insulator
a well-defined nonhysteretic peak nda#,, which is attrib-  transition atTry ~263 K (Figs. 1 and b The well correla-
uted to the ferromagnetic transition, as well as a broad hystions among the NPDS, L/L,, and p data here, however,
teretic peak in the vicinity off ,, (i.e., ~91 K on cooling  suggests that thdommphase of PBMO might be FMI above
and~107 K on warming. The fact that the hysteretic peak T,. The natural of this intermediate FMI state in PBMO can
atT,, which is associated with much larger lattice parametebe better understood by comparing the cell volumes of

FIG. 4. The lattice parameters of the high-temperailife”)
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(La; - ,Gd,) o L& MNnO; system in terms of Gd- and La-rich
clusters with distinct electronic and magnetic properties.
The Gd-rich regions would still be in the insulating PM state
betweenTgy and T,, and break the percolating paths. In
such a scenaridS| should decrease throughy, andMgc
increase througf, (as additional parts of the sample enter
the FM state¢ on cooling. Because the opposite behavior is
observed in the present study of PBMO, the FMI state of
PBMO appears to be more consistent with the SE-dominated
FMI state of Lg g755I5.129VINO3. The cell volumes in the two
cases is certainly consistent with the interpretation.

The M of the PBMO and PSMO in a low field of 500 G
is compared in the inset of Fig. 5. For the PSMO sample, the
Mgc in the FMM state plateaus beloWw,, and remains vir-
tually constant as the temperature decreases. For the PBMO
sample, theM ¢ also plateaus just beloWg,,. Below 100
K, however, theM ¢ starts to decrease toward a significantly

FIG. 5. Ceramic-sample strictioL(L,) vs temperature for the lower plateau. The difference i ¢ between the two pla-
PBMO and PSMO samples in zero field. Hysteresis can be noticeteaus is almost 10%. It diminishes with the increase of H and
between 70 to 150 K for PBMQtop one associated with cooling ~ disappears above 1.0(Fig. 1). The trend is again consistent
Inset: The field-cooled magnetization in a field of 500 G for the with the M ¢ observed in Lgg755l5.1odMN0O;.

PBMO sample(open symbolsand the PSMO sampléilled sym-
bols). IV. CONCLUSION
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A distinguishable FMI state exists in 2Ba; 3MnO; be-
tweenTgy~180 K andT,~120 K. The structural changes
at the ferromagnetic transition are minor, whereas the
erromagnetic-insulating phase withmm symmetry trans-

PBMO and PSMO(Figs. 4 and & The insulatinglbmm
PBMO cells abovel, appear to be larger than that expected
from the FMM cells of PSMO. It has been proposed and

later confirmed that the cell volume of manganites is mainl ‘ . letely t low-t t f i
determined by the nature of the Mn-O borfd$n particular, ~'orms [NCOMPIEtEly 1o a low-lemperature terromagnetic

the bonds associated with SE interactions are typicall)meu’;I with kl)4/|chm sy'\r/?metr%( o;/ler a brqatd range (3; tt?\m-
longer than those of DE interactions. Such an increase of cef€'&!urés belowl,, . Magnetization, resistance, and her-

" : ts suggest that the FMI state of
volumes at the FMM-FMI transition has been previously re-Mopower measuremen
ported in L@ gSh 1 MNO; and  La 7St 1,Mn0O5, 12 Pry./Bag aMnOs is S|m|lar to the FMI state of LlaXSrXans
where it was attributed to the difference in the relative(o'lgxgo'm)’ which occurs due to an unusual dominance

strengths of the DE and SE interactions; the FMM state be(—)f ferromagnetic superexchange interactions. An enhanced

ing dominated by DE interactions and the FMI state beingtendency toward electron localization due to lattice disorder

dominated by competing SE interactions. We, therefore, ten!! cation-size-mismatched perovskites may weaken the influ-

tatively attribute the intermediate FMI state in PBMO to ence of the DE interaction, and offers a natural interpretation

similar competitions between SE and DE. The local lattice®’ the FMI state. Comparisons with £81 jMnOs, which

distortions in highe? manganites significantly suppress the has a smalA-site cation-size m|sr_natch and no intermediate
DE interaction through their lower carrier mobility, which FMI state, support these conclusions.

shows up as both the 80 K suppressiorrgf, and the ten-
fold increase of the resistivity abové, from PSMO to
PBMO (Fig. 1). The contributions of SE, hence, may become The authors thank D. K. Ross for electron microprobe
dominated in an intermediate temperature range until the inmeasurements, J. Kulik for TEM data, and Simine Short for
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natural based on the possible mesoscale inhomogeneity exas through TCSUH, and at LBNL by DOE. Research at
the lattice distortion. ANL was supported by the U.S. Department of Energy, Of-
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