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Temperature variations of the lattice structure and the magnetotransport properties have been investigated
for a bilayered manganite crystal LaBmn,O, (hole-doping level ofx=0.5) which undergoes the charge-
ordering below~210 K. The charge-ordered state associated withdthe ,2/dsy2_.2 orbital ordering of
Mn®* appears to collapse again with decreasing temperature below 50—100 K, which was proved by both
measurements of electron and x-ray diffraction. The structural change or the switching of the orbital state in
this bilayered manganite manifests itself in temperature profiles of the charge-transport and magnetic proper-
ties.[S0163-182(8)02641-1

The interplay of spin, charge, and lattice degrees of freeshows charge-ordering behavior at a carrier concentration
dom is an issue of central importance common to manyearx=1/2. Electron diffraction measuremehtsvealed the
transition-metal oxides with perovskite-related structurepresence of additional superlattice spots belex210 K,

One of the characteristic features of these compounds is thehich is the same pattern as observed forxkel/2,n=1
capability of the carrier doping to an antiferromagnetic insu-member LgsSr; gMnO,. The observed features seem to be
lator by chemical substitution without disturbing the elec-relevant todsy2_2/d3y2_,2 orbital ordering of MA* accom-
tronically active transition-metal—oxygen network. Itenerantpanying the real-space ordering of 1:1 M#Mn** species.
doped carriers give rise to a variety of physical aspects such In this paper, we report on the observation of successive
as highT, superconductivity and colossal magnetoresistancatructural transitions relevant to the switching of orbital state
(MR). Doped carriers, however, often show real-space ordefin LaSr,Mn,0O, (x=1/2 in the above notatigragainst varia-

ing and localize when the doping level)(takes a commen- tion of temperature. We have observed the disappearance of
surate value such as 1/2, 1/3, and 2/3. Recently extensiwbe superlattice reflections at low temperatures below 50—
studied~> have been performed on tme=2 member of the 100 K in both the electron and x-ray diffraction measure-
so-called Ruddlesden-Popp@P) structure series for man- ments. The results suggest that the charge-orbital ordered
ganitesR,_,,A142,Mn,0; (R and A being trivalent rare- state appears at 210 K in LaSpMn,0;, but collapses at
earth and divalent alkaline-earth ions, respectivetfich  lower temperatures below 50-100 K. The structural varia-
show a wide variety of physical properties including a largetions dominate the temperature profiles of the charge-
MR and magnetostriction effect related to the phase transitransport and magnetic properties.

tion between a paramagnetic insulator and a ferromagnetic Single crystals of LaSMn,0O; were grown by the float-
metal. The bilayered manganite 4a,Sr;,,,Mn,0; also  ing zone method. We first prepared polycrystalline rods.
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Powders of LaO; (prior to use, dehydrated at900 °C for ®

~12 h), SrCG;, and MO, with purities of 99.9% were
weighted to the prescribed ratios, mixed, well ground, and
then calcined at 1050 °C for 14 hh in an alumina crucible.
After regrinding, they were sintered at 1450 °C for 14—-30 h.
The resulting powders were pulverized, and then isostatically
pressed into a rod shape-6 mmg¢ X100 mn) and sintered ’
again at 1450 °C for 14—-30 h. The crystal growth was per- 300K
formed on this sintered rod with use of a halogen-lamp im-
age furnace at a rate of 12 or 14 mm/h under an atmosphert
of 1 atm Q. Each grown crystal was characterized by a
four-circle single crystal x-ray diffractometer. The lattice pa-
rameters ara,=b,=23.876(4) A andc,=20.010(4) A with
4/mmm tetragonal structure at room temperature. In this
paper, to index the diffraction peaks, we will adopt the te-
tragonal setting. The crystal was oriented using Laue x-ray
diffraction patterns, and cut into rectangular slab specimens
along the main crystalline axes. Sample dimensions for the
resistivity and the magnetization measurements were typi-
cally ~1X ~1X ~0.2 mn?. Resistivity measurements were
made by a conventional dc four-probe technique with current
parallel (p,,) and perpendicularg) to MnO, bilayers. The
electrodes on the sample were formed by heat treatment typt
silver paint. Magnetic fields were provided by a supercon-
ducting magnet. Magnetization measurements were per-
formed by using a commercial dc magnetometer. We per-
formed x-ray and electron diffraction measurements of the
obtained crystals in the temperature range from room tem-
perature to~20 K. Measurements of electron diffraction pat-
terns were performed by a 300 kV transmission electron mi-
croscope(Hitachi: HF-3000L, equipped with a double-tilt
type of liquid helium specimen cooling holder. X-ray diffrac-
tion measurements were performed by using a low-
temperature imaging platélP) system equipped with a
closed-cycle helium refrigerator. 15° oscillation photographs
for x-ray diffraction were taken for a crystal with a size of
~0.2x~0.2x ~0.1 mn?. Long exposure time~{120 min
was needed to observe the weak superlattice reflections
when the x-ray generator with an Mo targ& kW) was
used.

In Fig. 1, we show thg€001] zone-axis electron diffraction a

patterns at several temperatures durfag-(c) cooling and < % Mn3+

130K
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(d)—(f) warming runs. The diffraction pattern at 300[Kig.

1(a)] can be indexed with the aforementioned tetragonal unit
cell. The most pronounced feature is temperature variation of
the additional supperstructure reflections. As presented in a
previous repoftand also seen in Fig.(l), superlattice spots

r n ling_from room temperatur K
appear upon cooling from room temperature beie@10 K, (d)—(f) warming runs. The superlattice reflections show up only in

along the{110] and[110] directions around each fundamen- the intermediate temperature regi¢g). Schematic view of possible

tal Bragg reflection. The wave vector of these superlattlceC harge and orbital ordering in La$n,O;. Only the Mri* and

SpOtS can be descr'bed é? 5* %1, * %,0](5 5* = 1) F|g' '\/|n4Jr ions are d|sp|ayed
ure 1(g) schematically displays the MA-Mn** ionic order-
ing and theds,2_,2/d32_,2 orbital-ordering of Mi* which

b ° Mn4+

FIG. 1. [001] zone-axis electron diffraction patterns of
LaSpMn,0; at several temperatures duriig)—(c) cooling and

_ _ i : -  X-ray observation of the orbital ordering in g5, sMnO, at

s _consistent with the ordering wave vector @ 3 goping level ok=1/2 by using the anisotropy of the tensor
=a*[,7,0]. The two different modulations alojg10] and  of susceptibility(ATS) reflection technique, and revealed the
[110] can originate from twin domains rotated by 90° to eachconcomitant charge and orbital orderingTa{o~220 K, as
other. A similar pattern of the superlattice reflections hasllustrated in Fig. 1g). The appearance of the superlattice
been observed for am=1 single-layered manganite reflections, being identical to those in single-layered manga-
Lag sSr;, sMnO, (x=1/2),”® which is attributed to orbital or- nite, is indicative of the presence of the same pattern of
dering. More recently, Murakangt al® performed a direct the charge-orbital ordering in bilayered manganite
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ropy ratio p./p,p between the interplane and the inplane
resistivity is~10° at room temperature. Figuréa? shows a
steep rise op,, toward lower temperatures around 210-220
K, where the superlattice reflections appear and the magne-
tization shows an anomalyig. 2(b)]. With further decreas-

ing temperature, botp,, and p. exhibit a broad peak cen-
tered at~170 K, and decrease toward lower temperature in
accord with the suppression of the intensity of the superlat-
tice reflections. Another noteworthy feature in Figa)ds the
presence of a remarkable hysteresis between the cooling and
warming runs in the temperature region 6f70 K<T=<
~210 K. Below~ 70 K where the superlattice reflections are
not observed, the thermal hysteresis also disappears, and
both p,, and p. increase with decreasing temperature al-
though the temperature dependence is much weaker than the
Arrhenius-type thermal activation. The hysteretic behavior
and the peak structure centered~at70 K in the resistivity

@) LaSr,Mn 05 _

0.0 i f y t = I appears to be with charge-orbital ordering. The magnitude of
,’g gl o ° o (7/4-1/40) | pap (=10°—10" Q cm) in the low temperature region slightly
3 ©gec® o (7/41/40) depends on the batch, but is much lower than that in other
s , 5o : manganites with the charge-ordered statel1(® Qcm).
z 4 LI Relatively lower values of the resistivity are also suggestive
g i ¢ i of the suppression of the charge-orbital ordered state in the
= 8 ] low temperature region in this bilayered manganite.
% 6 Reentrant melting of the charge-ordered state with lower-
S Op ® ®eee . L0t ing temperature has been observed also in the pseudocubic
z 0 100 200 300 manganite Ryss(Cay_,St)o3MnOs.™ In this system, with

Temperature () decreasing temperature, the charge-ordered state appears be-

FIG. 2. Temperature dependence(@afinplane (p,p,) and inter- low 200 K, but is altered to a ferromagnetic-metallic state
plane (p.) resistivity, (b) magnetization wittH =10 kOe|lab, and ~ below 100 K. The charge-orbital ordered state in
(c) integrated intensity of{,— %,0) and ¢, %,0) superlattice reflec-  Po.68(C2 -y ST,)0.sMNO; or related compounds can collapse
tion [normalized by fundamentd2, 0, O reflectior| characteristics N0 the ferromagnetic metallic state by application of mag-
of the orbital-ordered state, measured with an x-ray diffraction im-netic fields as well. In contrast to those pseudocubic manga-
aging plate for a LaSMn,0; crystal. Closed triangles ita) and(b) ~ hites, the charge-orbital ordered state in LAS1,0; ap-
indicate the onset temperature of the charge ordering. pears to be altered to the layered antiferromagnerie)

state with lowering temperature, as argued in the following.

. . Previous neutron and synchrotron x-ray powder diffraction
LaSpMn,0,. A remarkable difference from a single-layered measurements by Battkt al'? revealed that polycrystalline

manganite is, however, the disappearance of the superlattice : : :
spots at low temperatures, as seen in Fig). With increas- (f_aSrzMn207 synthesized by the solid state reaction separates

ing temperature from-20 K, the superlattice reflections ap- into. two_phases with different carrier concentrations;
pear again, as displayed in Figgelland 7). La; .S gMn,O; with ferromagnetic order below-120 K

Let us focus on the closely correlated features betweeANd L3.965%2.0Mn;0; with an average manganese valence

the charge-transport and magnetic properties and structur$L+3'52 which shows the AF order at approximately 211 K.

chanaes in the bilavered manaanite. We display in Fig. 2 the "¢ magnetic structure of the AF phase can be viewed as the
9 lay gantte. play 9. ?ayered antiferromagnetism in which the magnetic moments
temperature profiles &) the resistivity,(b) the magnetiza- lie in theab plane, couple ferromagnetically within the con-

tion, and(c) the intensity of superlattice reflection$,G, 00 stityent single MnQ layer, but show AF order between the
and (¢, —3, 0) normalized by that of thé€2, 0, O reflection  respective Mn@ layers within a bilayer unit. These results
which was obtained by single crystal x-ray diffraction mea-suggest that the layered AF phase locates at carrier concen-
surements. The latter two were measured in the cooling rurirations neax=0.5. Moritomoet al® also proposed a phase
The x-ray diffraction measurements confirmed the successivdiagram with the layered AF state around=0.5. The
reentrant structural changes as well as the electron diffractiocharge-orbital ordered state in LaBin,O; may be altered
measurements: Weak superlattice reflections arising from thi® such a layered AF state by decreasing the temperature.
orbital-ordering[Fig. 1(g)] show up at b+3%, k=%, 0) be- The mean field approximation for the electronic phase dia-
low ~210 K, as shown in Fig.(®). With further decreasing gram of pseudocubic manganites predicts that the layered
temperature below- 100 K, the superlattice spots disappearA-type AF state neax=0.5 accompaniesl,z .2 orbital
again in our experimental resolution. The results of singleordering?3 If this is the case, the reentrant disappearance of
crystal x-ray diffraction measuremetftsare thus consistent the superlattice reflections may be attributed to the switching
with those of electron diffraction measurements. of the orbital-ordered state from staggemg>_,2/d3y 2,2

The resistivity was measured by cooling the sample to 4.20 uniformd,2_ .
K and subsequently warming thefrig. 2(@)]. The anisot- Figure 3 displays the temperature profilespgf, in sev-
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0.08¢

T ing transition temperature appears to decrease with increas-
Hife ing magnetic field A Tco~—3 K at 70 kO&. Much higher

. fields than 70 kOe are, however, needed for the full destruc-
tion of the charge-orbital ordered stafdn the inset of Fig.

. 3, we display the isothermal inplane MR and the correspond-
ing M-H curve withH||c at 50 K where the charge-orbital

. ordering is already abseni,;,, gradually decreases in accord
with the increase of the magnetization by applying magnetic
fields. The nearly lineaM-H curve in the layered AF state
indicates that the angle of the field-induced spin canting in-
creases at a rate of 0.13 deg/kOe. A possible origin for the
low temperature MR is as follows: In the layered AF state
composed of ferromagnetic single Mp@yers, the almost
fully spin-polarized carriers are confined within the respec-
tive single MnQ layer and subject to the strong localization
effect as observed. However, the field-induced spin-canting
or ferromagnetic component may allow carrier hopping be-
tween the single layers and resultantly relax the strong local-
ization in terms of the single-layer to bilayer crossover for
the carrier dynamics.

In summary, we have investigated the close correlation
among the charge-transport and magnetic properties and the
FIG. 3. Temperature dependencepgf, in magnetic fields of 0, structural change in the bilayered manganite crystal

30, and 70 kOe applied along theaxis in the cooling run for a LaSprMn,0; (hole doping level ofk=0.5). In this system,
LaSpMn,0; crystal. Inset: Isothermal magnetoresistance and corthe charge-orbital ordered state appears bel®t0 K. With
responding magnetization at 50 K. further decreasing temperature, however, the ordered state is

- . - . suppressed and finally collapses below 50-100 K. In re-
eral magnetic fields. While the magnetic field effectpqy is sponse to the field-induced spincanting, a fairly large mag-

fairly small above the onset temperature of the charge-orbitgleqresistance is observed for the layered antiferromagnetic
ordering, a relatively large negative MR effect can be ob+, t orbital-disordered low-temperature state.
served in the charge-orbital ordered state wheygis en-

hanced. The abrupt increase pf;, due to the onset of We thank Y. Tomioka, A. Asamitsu, Y. Okimoto, and T.
charge-orbital ordering is suppressed by applying magnetielayashi for helpful discussions. This work, supported in part
fields. Judging from the field dependence of the onset temby NEDO, was performed in JRCAT under the joint research
perature of a steep increasegmy,, the charge-orbital order- agreement between NAIR and ATP.
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