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Temperature variations of the lattice structure and the magnetotransport properties have been investigated
for a bilayered manganite crystal LaSr2Mn2O7 ~hole-doping level ofx50.5) which undergoes the charge-
ordering below;210 K. The charge-ordered state associated with thed3x22r 2 /d3y22r 2 orbital ordering of
Mn31 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. @S0163-1829~98!02641-1#
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The interplay of spin, charge, and lattice degrees of fr
dom is an issue of central importance common to ma
transition-metal oxides with perovskite-related structu
One of the characteristic features of these compounds is
capability of the carrier doping to an antiferromagnetic ins
lator by chemical substitution without disturbing the ele
tronically active transition-metal–oxygen network. Itenera
doped carriers give rise to a variety of physical aspects s
as high-Tc superconductivity and colossal magnetoresista
~MR!. Doped carriers, however, often show real-space ord
ing and localize when the doping level (x) takes a commen
surate value such as 1/2, 1/3, and 2/3. Recently exten
studies1–5 have been performed on then52 member of the
so-called Ruddlesden-Popper~RP! structure series for man
ganitesR222xA112xMn2O7 (R and A being trivalent rare-
earth and divalent alkaline-earth ions, respectively! which
show a wide variety of physical properties including a lar
MR and magnetostriction effect related to the phase tra
tion between a paramagnetic insulator and a ferromagn
metal. The bilayered manganite La222xSr112xMn2O7 also
PRB 580163-1829/98/58~17!/11081~4!/$15.00
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shows charge-ordering behavior at a carrier concentra
nearx51/2. Electron diffraction measurements6 revealed the
presence of additional superlattice spots below;210 K,
which is the same pattern as observed for thex51/2,n51
member La0.5Sr1.5MnO4. The observed features seem to
relevant tod3x22r 2 /d3y22r 2 orbital ordering of Mn31 accom-
panying the real-space ordering of 1:1 Mn31/Mn41 species.

In this paper, we report on the observation of success
structural transitions relevant to the switching of orbital st
in LaSr2Mn2O7 (x51/2 in the above notation! against varia-
tion of temperature. We have observed the disappearanc
the superlattice reflections at low temperatures below 5
100 K in both the electron and x-ray diffraction measu
ments. The results suggest that the charge-orbital ord
state appears at;210 K in LaSr2Mn2O7, but collapses at
lower temperatures below 50–100 K. The structural var
tions dominate the temperature profiles of the char
transport and magnetic properties.

Single crystals of LaSr2Mn2O7 were grown by the float-
ing zone method. We first prepared polycrystalline ro
11 081 ©1998 The American Physical Society
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Powders of La2O3 ~prior to use, dehydrated at;900 °C for
;12 h!, SrCO3, and Mn3O4 with purities of 99.9% were
weighted to the prescribed ratios, mixed, well ground, a
then calcined at 1050 °C for 14 hh in an alumina crucib
After regrinding, they were sintered at 1450 °C for 14–30
The resulting powders were pulverized, and then isostatic
pressed into a rod shape (;5 mmf3100 mm! and sintered
again at 1450 °C for 14–30 h. The crystal growth was p
formed on this sintered rod with use of a halogen-lamp
age furnace at a rate of 12 or 14 mm/h under an atmosp
of 1 atm O2. Each grown crystal was characterized by
four-circle single crystal x-ray diffractometer. The lattice p
rameters area05b053.876(4) Å andc0520.010(4) Å with
I4/mmm tetragonal structure at room temperature. In t
paper, to index the diffraction peaks, we will adopt the
tragonal setting. The crystal was oriented using Laue x-
diffraction patterns, and cut into rectangular slab specim
along the main crystalline axes. Sample dimensions for
resistivity and the magnetization measurements were t
cally ;13;13;0.2 mm3. Resistivity measurements wer
made by a conventional dc four-probe technique with curr
parallel (rab) and perpendicular (rc) to MnO2 bilayers. The
electrodes on the sample were formed by heat treatment
silver paint. Magnetic fields were provided by a superco
ducting magnet. Magnetization measurements were
formed by using a commercial dc magnetometer. We p
formed x-ray and electron diffraction measurements of
obtained crystals in the temperature range from room t
perature to;20 K. Measurements of electron diffraction pa
terns were performed by a 300 kV transmission electron
croscope~Hitachi: HF-3000L!, equipped with a double-tilt
type of liquid helium specimen cooling holder. X-ray diffra
tion measurements were performed by using a lo
temperature imaging plate~IP! system equipped with a
closed-cycle helium refrigerator. 15° oscillation photograp
for x-ray diffraction were taken for a crystal with a size
;0.23;0.23;0.1 mm3. Long exposure time (;120 min!
was needed to observe the weak superlattice reflecti
when the x-ray generator with an Mo target~9 kW! was
used.

In Fig. 1, we show the@001# zone-axis electron diffraction
patterns at several temperatures during~a!–~c! cooling and
~d!–~f! warming runs. The diffraction pattern at 300 K@Fig.
1~a!# can be indexed with the aforementioned tetragonal u
cell. The most pronounced feature is temperature variatio
the additional supperstructure reflections. As presented
previous report6 and also seen in Fig. 1~b!, superlattice spots
appear upon cooling from room temperature below;210 K,
along the@110# and@11̄0# directions around each fundame
tal Bragg reflection. The wave vector of these superlat

spots can be described asqW 5aW * @ 1
4 ,6 1

4 ,0#(aW •aW * 51). Fig-
ure 1~g! schematically displays the Mn31-Mn41 ionic order-
ing and thed3x22r 2/d3y22r 2 orbital-ordering of Mn31 which
is consistent with the ordering wave vector ofqW

5aW * @ 1
4 , 1

4 ,0#. The two different modulations along@110# and
@11̄0# can originate from twin domains rotated by 90° to ea
other. A similar pattern of the superlattice reflections h
been observed for ann51 single-layered manganit
La0.5Sr1.5MnO4 (x51/2),7,8 which is attributed to orbital or-
dering. More recently, Murakamiet al.9 performed a direct
d
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x-ray observation of the orbital ordering in La0.5Sr1.5MnO4 at
a doping level ofx51/2 by using the anisotropy of the tens
of susceptibility~ATS! reflection technique, and revealed th
concomitant charge and orbital ordering atTCO'220 K, as
illustrated in Fig. 1~g!. The appearance of the superlatti
reflections, being identical to those in single-layered man
nite, is indicative of the presence of the same pattern
the charge-orbital ordering in bilayered mangan

FIG. 1. @001# zone-axis electron diffraction patterns o
LaSr2Mn2O7 at several temperatures during~a!–~c! cooling and
~d!–~f! warming runs. The superlattice reflections show up only
the intermediate temperature region.~g! Schematic view of possible
charge and orbital ordering in LaSr2Mn2O7 . Only the Mn31 and
Mn41 ions are displayed.
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LaSr2Mn2O7. A remarkable difference from a single-layere
manganite is, however, the disappearance of the superla
spots at low temperatures, as seen in Fig. 1~d!. With increas-
ing temperature from;20 K, the superlattice reflections ap
pear again, as displayed in Figs. 1~e! and 1~f!.

Let us focus on the closely correlated features betw
the charge-transport and magnetic properties and struc
changes in the bilayered manganite. We display in Fig. 2
temperature profiles of~a! the resistivity,~b! the magnetiza-

tion, and~c! the intensity of superlattice reflections (7
4 , 1

4 , 0!

and (7
4 , 2 1

4 , 0! normalized by that of the~2, 0, 0! reflection
which was obtained by single crystal x-ray diffraction me
surements. The latter two were measured in the cooling
The x-ray diffraction measurements confirmed the succes
reentrant structural changes as well as the electron diffrac
measurements: Weak superlattice reflections arising from
orbital-ordering@Fig. 1~g!# show up at (h6 1

4 , k6 1
4 , 0! be-

low ;210 K, as shown in Fig. 2~c!. With further decreasing
temperature below;100 K, the superlattice spots disappe
again in our experimental resolution. The results of sin
crystal x-ray diffraction measurements10 are thus consisten
with those of electron diffraction measurements.

The resistivity was measured by cooling the sample to
K and subsequently warming them@Fig. 2~a!#. The anisot-

FIG. 2. Temperature dependence of~a! inplane (rab) and inter-
plane (rc) resistivity, ~b! magnetization withH510 kOeiab, and

~c! integrated intensity of (74 ,2 1
4 ,0) and (74 , 1

4 ,0) superlattice reflec-
tion @normalized by fundamental~2, 0, 0! reflection# characteristics
of the orbital-ordered state, measured with an x-ray diffraction
aging plate for a LaSr2Mn2O7 crystal. Closed triangles in~a! and~b!
indicate the onset temperature of the charge ordering.
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ropy ratio rc /rab between the interplane and the inpla
resistivity is;102 at room temperature. Figure 2~a! shows a
steep rise ofrab toward lower temperatures around 210–2
K, where the superlattice reflections appear and the mag
tization shows an anomaly@Fig. 2~b!#. With further decreas-
ing temperature, bothrab andrc exhibit a broad peak cen
tered at;170 K, and decrease toward lower temperature
accord with the suppression of the intensity of the super
tice reflections. Another noteworthy feature in Fig. 2~a! is the
presence of a remarkable hysteresis between the cooling
warming runs in the temperature region of;70 K<T<
;210 K. Below;70 K where the superlattice reflections a
not observed, the thermal hysteresis also disappears,
both rab and rc increase with decreasing temperature
though the temperature dependence is much weaker tha
Arrhenius-type thermal activation. The hysteretic behav
and the peak structure centered at;170 K in the resistivity
appears to be with charge-orbital ordering. The magnitude
rab (5100– 101 V cm! in the low temperature region slightl
depends on the batch, but is much lower than that in ot
manganites with the charge-ordered state (@105 V cm!.
Relatively lower values of the resistivity are also suggest
of the suppression of the charge-orbital ordered state in
low temperature region in this bilayered manganite.

Reentrant melting of the charge-ordered state with low
ing temperature has been observed also in the pseudoc
manganite Pr0.65~Ca12ySry)0.35MnO3.11 In this system, with
decreasing temperature, the charge-ordered state appea
low 200 K, but is altered to a ferromagnetic-metallic sta
below 100 K. The charge-orbital ordered state
Pr0.65~Ca12ySry)0.35MnO3 or related compounds can collaps
into the ferromagnetic metallic state by application of ma
netic fields as well. In contrast to those pseudocubic man
nites, the charge-orbital ordered state in LaSr2Mn2O7 ap-
pears to be altered to the layered antiferromagnetic~AF!
state with lowering temperature, as argued in the followi
Previous neutron and synchrotron x-ray powder diffract
measurements by Battleet al.12 revealed that polycrystalline
LaSr2Mn2O7 synthesized by the solid state reaction separa
into two phases with different carrier concentration
La1.2Sr1.8Mn2O7 with ferromagnetic order below;120 K
and La0.96Sr2.04Mn2O7 with an average manganese valen
of 13.52 which shows the AF order at approximately 211
The magnetic structure of the AF phase can be viewed as
layered antiferromagnetism in which the magnetic mome
lie in theab plane, couple ferromagnetically within the con
stituent single MnO2 layer, but show AF order between th
respective MnO2 layers within a bilayer unit. These resul
suggest that the layered AF phase locates at carrier con
trations nearx50.5. Moritomoet al.5 also proposed a phas
diagram with the layered AF state aroundx50.5. The
charge-orbital ordered state in LaSr2Mn2O7 may be altered
to such a layered AF state by decreasing the tempera
The mean field approximation for the electronic phase d
gram of pseudocubic manganites predicts that the laye
A-type AF state nearx50.5 accompaniesdx22y2 orbital
ordering.13 If this is the case, the reentrant disappearance
the superlattice reflections may be attributed to the switch
of the orbital-ordered state from staggeredd3x22r 2 /d3y22r 2

to uniform dx22y2.
Figure 3 displays the temperature profiles ofrab in sev-
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eral magnetic fields. While the magnetic field effect onrab is
fairly small above the onset temperature of the charge-orb
ordering, a relatively large negative MR effect can be o
served in the charge-orbital ordered state whererab is en-
hanced. The abrupt increase ofrab due to the onset o
charge-orbital ordering is suppressed by applying magn
fields. Judging from the field dependence of the onset t
perature of a steep increase ofrab , the charge-orbital order

FIG. 3. Temperature dependence ofrab in magnetic fields of 0,
30, and 70 kOe applied along thec axis in the cooling run for a
LaSr2Mn2O7 crystal. Inset: Isothermal magnetoresistance and c
responding magnetization at 50 K.
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ing transition temperature appears to decrease with incr
ing magnetic field (DTCO'23 K at 70 kOe!. Much higher
fields than 70 kOe are, however, needed for the full destr
tion of the charge-orbital ordered state.14 In the inset of Fig.
3, we display the isothermal inplane MR and the correspo
ing M -H curve with Hic at 50 K where the charge-orbita
ordering is already absent.rab gradually decreases in accor
with the increase of the magnetization by applying magne
fields. The nearly linearM -H curve in the layered AF state
indicates that the angle of the field-induced spin canting
creases at a rate of 0.13 deg/kOe. A possible origin for
low temperature MR is as follows: In the layered AF sta
composed of ferromagnetic single MnO2 layers, the almost
fully spin-polarized carriers are confined within the respe
tive single MnO2 layer and subject to the strong localizatio
effect as observed. However, the field-induced spin-can
or ferromagnetic component may allow carrier hopping b
tween the single layers and resultantly relax the strong lo
ization in terms of the single-layer to bilayer crossover
the carrier dynamics.

In summary, we have investigated the close correlat
among the charge-transport and magnetic properties and
structural change in the bilayered manganite crys
LaSr2Mn2O7 ~hole doping level ofx50.5). In this system,
the charge-orbital ordered state appears below;210 K. With
further decreasing temperature, however, the ordered sta
suppressed and finally collapses below 50–100 K. In
sponse to the field-induced spincanting, a fairly large m
netoresistance is observed for the layered antiferromagn
but orbital-disordered low-temperature state.
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