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Charge ordering and structural distortions at low temperature
in La2À2xSr1¿2xMn2O7 „xÄ0.475 and 0.5…
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In this paper we present x-ray scattering results of charge and orbital ordering in the bilayer manganite
La222xSr112xMn2O7 with doping levelsx50.5 andx50.475. Using high-energy x-ray scattering, the struc-
tural modulation due to the Jahn-Teller ordering and the charge ordering due to the Mn31/Mn41 pattern have
been measured. Both thex50.5 andx50.475 samples are found to display charge and Jahn-Teller order. We

have confirmed that the wave vectors of the Jahn-Teller order, charge order, and orbital order areQW

5(0.25,0.25,0),QW 5(0.5,0.5,0) andQW 5(0.25,0.25,0). The origin of these has been confirmed by resonant
x-ray scattering in the vicinity of the MnK edge using polarization analysis. Contrary to previous studies, the
Jahn-Teller order is found to be not reentrant, but is found to reduce in intensity at temperatures below 140 K
for both samples. Charge ordering was also detected in thex50.5 sample below this temperature.

DOI: 10.1103/PhysRevB.67.205110 PACS number~s!: 61.10.Nz, 71.27.1a, 71.30.1h, 75.47.Gk
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I. INTRODUCTION

The hole-doped 3d transition-metal oxides have bee
studied extensively over the past few years due to their
markable physical properties; the most interesting being
high-temperature superconductivity displayed by
cuprates1 and the colossal magnetoresistance~CMR! shown
by the manganites.2 The three-dimensional half-doped pero
skite manganite systems have been studied intensely in o
to investigate the relationship between the charge, s
structural and orbital degrees of freedom. The electronic
magnetic properties have been studied in an effort to ach
an understanding of the mechanism associated with the C
behavior. Neutron-, electron-, and x-ray-diffraction tec
niques have allowed the behavior of the charge, spin,
structural properties to be investigated thoroughly, and
cently it has also been possible to investigate the beha
of the orbital degree of freedom using resonant x-ray sca
ing techniques.3,4 However, more work is needed to unde
stand the relationship of orbital ordering with the other d
grees of freedom in the system and the electronic
magnetic properties.

The magnetoresistive properties are very sensitive to
dimensionality of the manganese oxide lattice, and by ins
ing rock salt layers between manganese oxide sheets
possible to dramatically vary the electronic and magne
properties of the system. This group of compounds
known as the Ruddlesden-Popper series, and they have
general formula (La, Sr)n11MnnO3n11 wheren is an integer.
0163-1829/2003/67~20!/205110~9!/$20.00 67 2051
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The n51 single-layered perovskite La0.5Sr1.5MnO4 shows
no metallic or ferromagnetic state,5 while the n5`, which
corresponds to the cubic perovskite structure, shows
CMR effect.6 By varying the value ofn, the properties of the
system are dramatically changed, and they should eventu
approach those of the cubic system asn is increased towards
infinity.

The bilayer system, as shown in Fig. 1, has theI4/mmm
tetragonal space group lattice parameters witha5b.3.87 Å
andc'20 Å. The presence of the rock salt blocker layer h
the effect of reducing the dimensionality, and in thex50.4
doped system there exists a paramagnetic-to-ferromagn
transition at 126 K with a huge accompanying change in
CMR.7

By changing the ratio of lanthanum to strontium, holes a
doped into the system, and this changes the electronic
magnetic properties. For the half-doped bi-layer system
structure within thea-b plane is the same as that in th
half-doped three-dimensional~3D! manganites and the
single-layeredn51 manganite. The bilayer system wou
therefore be expected to display the same charge/orbita
der checkerboard state seen in the 3D manganites, which
predicted by Goodenough in the 1950s.8 A schematic of the
proposed ordering of the manganese ions at a heightz
;0.1 and;0.9 is shown in Fig. 2. The manganese ions
heights ofz;0.4 and;0.6 are similarly ordered, but with a
origin shift of ~0.5, 0.5, 0!. The bilayer system is often in
dexed witha5b5ap as opposed to the 3D systems where
is indexed witha5b'2Aap. This corresponds to a rotatio
of thea andb axes by 45°, and in this model the superlatti
©2003 The American Physical Society10-1
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reflections should occur at modulations of QCO
5(0.5,0.5,0) and QOO5(0.25,0.25,0) for the charge and o
bital order, respectively. The true orbital order supercel
smaller than that shown in Fig. 2 with space groupAmam.
However, we have chosen to use the larger supercell in o
to be consistent with the previous literature. This patt
has been found in the 3D manganites Nd0.5Sr0.5MnO3,9

Pr0.5Ca0.5MnO3 ,10 and in the layered type perovskit
La0.5Sr1.5MnO4.3

Electron11,12 and x-ray-diffraction studies13 have shown
the presence of a charge and orbitally ordered state at
temperatures. In the electron-diffraction measurements b
et al.11 and Kimuraet al.,12 the appearance of charge ord
reflections at~0.25, 0.25, 0! around the Bragg peaks belo
220 K was reported, and that they maximize in intens
at approximately 180 K before disappearing at 100 K.
addition, x-ray-diffraction studies have been performed us
resonant x-ray scattering and high-energy x-ray sc
tering.13,14

Among the x-ray and electron-diffraction measuremen
there has been some disagreement in the position of
charge, Jahn-Teller, and orbital order satellites in the lite
ture. The electron diffraction measurements by Kimu
et al.12 and the high-energy measurements of Chatterjiet al.
reported that the charge order satellites occurring at a mo
lation of ~0.25, 0.25, 0! around the Bragg peaks. Howeve
the resonant measurements carried out by Wakabay
et al.14 have reported the charge order at a modulation

FIG. 1. Diagram showing the crystal structure of the bilay
manganite La222xSr112xMn2O7.
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~0.5, 0.5, 0! and the signal due to the orbital order at~0.25,
0.25, 0!. In this paper we will clarify the correct positions o
the charge and orbital order. We postulate that the mod
tion that occurs at~0.25, 0.25, 0! seen at high energy an
using electron diffraction is caused by co-operative Ja
Teller ordering on the Mn31 ions, which consists of an elon
gation of certain Mn-O bonds. This elongation of the bo
length causes the Mn41 ions to move from their high-
temperature position, which results in a lowering of the sy
metry of the crystal structure. The charge order from the t
Mn31/Mn41 pattern occurs at a modulation of~0.5, 0.5, 0!.

Here we report on a high-energy and resonant x-ray s
tering study of charge and orbital ordering within th
La222xSr112xMn2O7 system for the doping levelsx50.5
andx50.475. Thex50.475 sample is of interest because
is very close to the 0.47 boundary below which the cha
ordered state is not observed and has not been reported o
the previous x-ray measurements.13,14 By observing the be-
havior of the charge ordered state in thex50.475 sample
and comparing the results with those from thex50.5
sample, it is hoped to understand the charge ordered re
of the phase diagram as shown in Fig. 3.

II. EXPERIMENTAL DETAILS

High-quality single-crystal samples o
La222xSr112xMn2O7 with x50.5 and 0.475 were grown us
ing the floating-zone method at the University of Oxfor
The x50.5 and 0.475 samples had dimensions 631.5
30.5 mm3 and 63431 mm3, respectively.

r

FIG. 2. Diagram showing a schematic of the charge, orbital,
cooperative Jahn-Teller order in thea-b plane in the bilayer.
0-2
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FIG. 3. The phase diagram of the bi-layer sy
tem as a function of temperature and doping co
centration over the range 0.3,x,0.8. The filled
symbols show the transport data and the op
symbols are from previously reported value
taken from Ref. 15.
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The high-energy x-ray studies were carried out at
Hamburger Synchrotronstralunglabour~HASYLAB ! at
DESY, Hamburg, on the high-energy wiggler beam li
BW5.16 The incident beam was monochromated using
graded Si12xGex crystal in transmission geometry. Th
sample, located in a closed cycle He cryostat with a temp
ture range from;10 K to ;300 K was mounted in triple-
axis geometry on a four-circle diffractometer. A simil
graded Si12xGex crystal was used as an analyzer crystal a
the scattered x rays were detected with a solid-state Ge
tector. Both samples were mounted with the@110# and@001#
directions lying within the diffraction plane.

The resonant x-ray scattering experiments were car
out on the XMaS beam line BM28 at the ESRF in Grenob
France.17 The incoming beam was monochromated by me
of a constant exit double-bounce silicon~111! monochro-
mator and focused using a pneumatically bent silicon mir
coated with rhodium. The sample was mounted on the
axis, 6-circle Huber diffractometer within a closed cycle H
cryostat similar to that used at BW5. Measurements w
undertaken in the vicinity of the manganeseK edge, corre-
sponding to an energy of 6.555 keV. Polarization analy
was provided by means of a copper~220! crystal diffracting
close to its Brewster’s angle. The incident beam was 9
plane polarized and the energy resolution (DE/E) of the
monochromator was 2 eV. All flight paths were evacuated
reduce the effects of absorption. The crystals were foun
cleave naturally along thea-b plane, which resulted in the
samples forming platelets with the@001# direction normal to
the large surface. Due to the high absorption of the x ra
the measurements were undertaken in reflection geom
which in turn placed the requirement that the scattering w
performed with the@001# direction forming the on-axis di-
rection.

III. RESULTS FROM xÄ0.5

A. High-energy diffraction

Initially measurements were undertaken on a sample
La222xSr112xMn2O7 with x50.5, the same compositio
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previously studied by Chatterjiet al.13 and Wakabashi
et al.14 After cooling the sample to 170 K, the temperatu
corresponding to the maximum in intensity from the pre
ous studies, a search for superlattice reflections from both
Jahn-Teller order and charge order was undertaken.

Reflections of appreciable intensity were found, with t
strongest being situated around the~1, 0, 5! Bragg reflection.
Superlattice reflections were found with a modulation wa
vector of QW 5(20.25,20.25,0), which was consistent wit
the superlattice reflections found by Chatterjiet al.13 in their
high-energy results. In addition, weaker superlattice refl
tions were also located at a modulation wave vector ofQW
5(20.5,20.5,0), not reported in the study of Chatte
et al.,13 but observed by Wakabayashiet al.14 We therefore
propose that the reflections atQW 5(20.25,20.25,0) are, in
fact, due to a Jahn-Teller ordering with the charge order
reflections appearing atQW 5(20.5,20.5,0) consistent with
the model presented earlier and the work of Wakabaya
et al. ~see Fig. 2!.

A systematic study of the superlattice reflections~0.75,
20.25, 5!, the~1, 1, 5! reflection in theAmamcell, and~0.5,
20.5, 5!, the ~0, 1, 5! reflection in theAmamcell, corre-
sponding to the Jahn-Teller and charge order, respectiv
was undertaken. At 170 K, the peak intensities were m
sured to be 34.23103 counts per second~cps! for the Jahn-
Teller ordering and 1.23103 cps for the charge ordering
reflection. Upon cooling to 10 K, the superlattice refle
tions were found not to disappear, but had decreased in
tensity appreciably. The peak intensities at 10 K were
3103 cps for the Jahn-Teller order and 147 cps for t
charge order.

The temperature dependence of the integrated inten
and width of the Jahn-Teller and charge order reflectio
were measured upon warming from 10 K. Scans were ta
along the three principal directions in reciprocal space (H,
K, andL) in triple-axis geometry. Data in all three direction
were found to fit to a Lorentzian squared line shape. T
results of these are shown in Figs. 4 and 5 for the Jahn-Te
~JT! order and charge order, respectively. The presence o
0-3
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superlattice reflections from both the charge order and Ja
Teller order indicates that contrary to the assumption
Wakabayashiet al.,14 the charge order is not reentrant b
exists at low temperature in a weaker state. We shall n
consider the temperature dependence of the Jahn-Teller o
upon warming from 10 K. Here it can be seen that up
warming the integrated intensity starts to fall, reaching
minimum at a temperature of 70 K. However, even at t
temperature the reflection is easily observable, as indic
by the inset of Fig. 4, with a peak intensity of 1.5
3103 cps, after subtraction of the background. Upon furth
warming the integrated intensity stays constant until a te
perature of 90 K, upon which the intensity starts to rapid
grow, reaching a maximum at a temperature of 170 K. F
ther warming causes the integrated intensity to fall ag
until it is not observable above background at a tempera
of 225 K. The charge order reflection was found to disp
the same trend, as indicated by Fig. 5.

The inverse correlation lengthj21 of the reflection was
calculated by the following equation:

jd
215

2p

d
w, ~1!

wherew is the half-width at half maximum of the reflectio
and d is the lattice parameter along the direction of the

FIG. 4. Temperature dependence of the~0.75, 20.25, 5! Jahn-
Teller distortion peak as measured in theH ~solid squares! and K
directions~open circles!. The inset displays a scan through the Jah
Teller superlattice reflection in theL direction at 70 K showing the
nonzero intensity for thex50.5 sample.
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flection. Table I shows the inverse correlation length of t
Jahn-Teller order at temperatures of 10 K and 170 K. H
no significant difference can be seen in the inverse corr
tion length at the two temperatures. In addition, the cha
order was not found to display any change in inverse co
lation length over the whole temperature range.

IV. RESULTS FROM xÄ0.475

A. Mn K-edge resonant x-ray scattering

The sample was cooled to 180 K, similar to the case
the x50.5 sample, and a search was carried out for sate
reflections corresponding to the Jahn-Teller, charge, and
bital orders. Superlattice reflections were located at~0.5, 0.5,
10!, ~0.25, 0.25, 10!, and~2.25,20.25, 10!. By polarization
analysis of the scattered x-ray beam, the~0.5, 0.5, 10! and
~2.25, 20.25, 10! reflections were found to be primarilys8
polarized ~i.e., no rotation of the plane of polarization!,
whereas the~0.25, 0.25, 10! was found to bep8 polarized,
corresponding to a rotation ofp/2 of the plane of polariza-
tion. The~0.25, 0.25, 10! reflection was found only to have
appreciable intensity in the vicinity of the manganeseK
edge.

Let us first consider the case of the reflection located
~0.5, 0.5, 10!. Such a resonance occurs due to the asymm
between the resonant scattering factorsf 8(\v) and f 9(\v)
for the Mn31 and Mn41 species. The total scattering from
ion is given by

f ~qW ,\v!5 f 0~qW !1 f 8~\v!1 i f 9~\v!. ~2!

-

FIG. 5. Temperature dependence of the~0.5, 20.5, 5! charge
order peak for thex50.5 sample.
TABLE I. Inverse correlation lengths measured on the~0.75,20.25,5! Jahn-Teller ordering peak at 10 K
and 170 K.

Inverse correlation length@31023 Å21#

Temperature H K L

10 K 1.64260.046 2.14860.062 2.55960.040
170 K 1.90060.034 2.24560.061 2.57060.082
Ratio j10 K

21 /j170 K
21 0.864 0.957 0.995
0-4
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For the charge order reflection, the total resonant scatte
becomes

f ~qW ,\v!CO5 f 8~\v!311 i f 9~\v!312 f 8~\v!41

2 i f 9~\v!411C, ~3!

where 31 and 41 denote the valence state of the mangan
ion. The parameterC comes from the contribution due to th
nonresonant scattering@ f 0(\v)# and scattering due to asym
metry in the position of the oxygen ions. Due to the effe
of chemical shift, the edge positions for the Mn31 and Mn41

ions will be altered, resulting in an increase in the contr
between the Mn31 and Mn41 ions between the energy o
each absorption edge from the initial off-resonant differen
of less than one electron. The resonance observed in Fig
consistent with such a model, and it is thus attributed to
due to the charge order. The resonance was observed to o
at theK-edge position of 6.556 keV as indicated by the flu
rescence spectrum shown in the lower panel of Fig. 6 and
polarization was found to be unrotated.

The reflection at~2.25, 20.25, 10!, of which the energy
dependence is shown in Fig. 7, shows behavior that would
expected from a structural modulation caused by the mo
of the Mn41 species only~see Fig. 2! as mentioned previ-
ously for the Jahn-Teller order. Such a dip in the intensity
the absorption edge is due to the increased absorption
edge, which reduces the probed sample volume, in turn
ducing the signal.

Finally, the reflection at~0.25, 0.25, 10!, which behaved
differently to the previous reflections was found to have
final polarization state rotatedp/2 from the incident beam, in
addition to having only appreciable intensity at theK edge
~see Fig. 8!. Similar results were found on the~0.25,
20.25, 10! position. This is consistent with the origin of th

FIG. 6. Energy scan at constantqW of the ~0.5, 0.5, 10! charge
order peak. The fluorescence spectrum measured on the sam
shown by the solid line confirming the location of the energy re
nance in thex50.5 sample.
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reflection being from the orbital order, caused by a splitti
of the 4p energy levels from the ordering of the 3d orbitals.
The theory behind such a resonance has not clearly b
determined, with two possible models. The first one has
4p states being split due to a hybridization of th
Mn(3d)-O(2p) and O(2p)-Mn(4p) states.18 Whilst the
second one has the 4p states split due to Coulomb couplin
between the 4p and 3d state,18 which will cause an increase
in the 4p levels lying parallel to the extension of the 3d
orbital and reducing the energy perpendicular to such ex
sion. With resonant x-ray scattering at theK edge it is im-
possible to separate the two models presented above
both are indicative of an orbital ordering process.

B. High-energy x-ray scattering

As in the case for thex50.5 sample, the sample withx
50.475 was studied using the high-energy x-ray scatter
The sample was mounted with the@110# and @001# direc-

e is
-

FIG. 7. Energy scan at constant wave vector correspondin
the ~2.25, 20.25, 10! co-operative Jahn-Teller distortion reflectio
in the x50.5 sample.

FIG. 8. Energy scan at constant wave vector correspondin
the ~0.25, 0.25, 10! orbital order reflection in thex50.5 sample.
0-5
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tions lying within the diffraction plane. Triple-axis measur
ments were carried out in the same manner described pr
ously for thex50.5 sample.

The sample was cooled to 180 K, which corresponds
the maximum in intensity observed in previous studie
Strong superlattice reflections were located around the the~1,
1, 0! Bragg peak with modulations of~0.25, 20.25, 0! and
~20.25, 0.25, 0!. Also present were weak reflections
modulations of~0.25, 0.25, 0! and ~20.25, 20.25, 0!. In
addition, strong reflections were found with a modulation
~0.5, 20.5, 0! with weak reflections again at~20.5, 0.5, 0!.
We attribute these to be due to the Jahn-Teller order
charge order, respectively, in agreement with the reson
scattering data presented above. A systematic study was
dertaken to observe peaks in the@100# / @010# plane of recip-
rocal space. The results are shown in Fig. 9. Apparent fr
this data is that strong reflections were seen only along
@11̄0# direction, with weaker reflections along the 90° rotat
@110# direction.

At 180 K, the ~1.75, 0.25, 0! superlattice reflection was
measured along the three principal directions,H, K, andL.
The data were found to fit best to a Gaussian line sh
along theH direction, with theK andL directions displaying
a Lorentzian squared line shape. Fits to these data are sh

FIG. 9. Location of the Bragg peaks~squares!, charge ordering
~circles!, and cooperative Jahn-Teller distortions~triangles!. Closed
and open symbols indicate locations where strong or weak refl
tions were located, respectively, found in thex50.475 sample.
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in Fig. 10. The sample was then further cooled to;10 K and
the intensity of the superlattice reflections corresponding
the Jahn-Teller order were found to decrease, but were
observable above background. Scans inH, K, and L were
repeated at this new temperature. Table II shows a comp
son of the inverse correlation lengths calculated using
~1!, at 180 K and 10 K. There is a clear broadening in t
peaks at low temperature, especially in theL direction; how-
ever, along theH direction the broadening is not as appare

The Jahn-Teller ordering superlattice reflection was st
ied as a function of temperature from 10 K. Fig. 11 sho
the integrated intensity, wave vector, and inverse correla
length over the temperature region 10–240 K. For the in
grated intensity, we can see from the top panel of Fig. 11
the intensity of the Jahn-Teller distortion stays constant u
100 K, at which point it starts to increase. A maximum
reached at 180 K, at which point the integrated intensity
increased by a factor of;6. Upon further warming, the in-
tegrated intensity starts to decrease until 220 K, where
peak was barely observable above background. We now
to the inverse correlation length, displayed in the botto
panel of Fig. 11. In this case the inverse correlation len
stays constant until;100 K, at which point it starts to fall,
indicating an increase in correlation until the temperat
again reaches 220 K, where the inverse correlation len
starts to increase. From these data it is possible to see
there exist three main temperature regions. In the ra
10 K<T<140 K ~region I in Fig. 11! the Jahn-Teller order
exists in a low-intensity, less correlated region than in
region 140 K,T<210 K ~region II in Fig. 11!, where the
Jahn-Teller distortion is large, which is more correlated th
at low temperature. Above 220 K~region III ! there is no
detectable Jahn-Teller order. The integrated intensity is p
portional to the amplitude squared of the electron density,
superlattice reflections arise due to the movement of
Mn41 ions and the displacement of the oxygen ions due
the elongation of the Mn-O bonds caused by the Jahn-Te
effect; and therefore as the Mn-O bond length increases,
Mn41 ions will be further moved, causing an increase in t
asymmetry of the electron density. This will, in turn, cau
an increase in the integrated intensity. We can therefore c
clude that in regionI the magnitude of the Jahn-Teller dis
tortions~i.e., the Mn-O bond length! is less than in regionII .
In addition, in regionI the correlation of the cooperativ
ordering of the Mn-O bond length elongation is less than
region II . An alternative explanation for the nature of th
reentrant charge behavior is a movement of the holes a

c-
FIG. 10. Scan through theH ~left!, K ~center!, andL ~right! directions of the~1.75, 0.25, 0! JT order peak atT5180 K. The solid line
is a fit to the experimental data~see text for details! in the x50.475 sample.
0-6
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TABLE II. Inverse correlation lengths measured on the~1.75, 0.25, 0! Jahn-Teller ordering peak at 10 K
and 180 K.

Inverse correlation length@31023 Å21#

Temperature H K L

10 K 2.67760.06 13.6960.03 6.5960.02
180 K 1.93460.007 4.69060.008 0.397760.002
Ratio j10 K

21 /j180 K
21 1.384 2.919 16.57
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function of temperature. At high temperatures~regionII !, the
holes are believed to reside at the positions of the manga
ions. At low temperatures a movement of the holes towa
the oxygen positions would cause a reduction in the Mn41

Jahn-Teller displacements, and thus a reduction in the s
tered intensity. Physically, this corresponds to a shift of
eg electron density~localized at the Mn31 sites! towards the
oxygen sites, and thus delocalized between Mn pairs.

In addition to the integrated intensity and inverse corre
tion length, the wave vector~position! was measured alon
the^100& direction as a function of temperature, the results
which are displayed in the central panel of Fig. 11. Here
can see that in regionI the Jahn-Teller order exists at a
incommensurate value, but, upon warming at the bound
into region II , the wave vector locks into a commensura
value of 1.75. The incommensurability corresponds to
value«50.004 r.l.u., which suggests a long period modu
tion of the Jahn-Teller distortion. No change in position

FIG. 11. Integrated intensity, position and inverse correlat
length of the~1.75, 0.25, 0! Jahn-Teller reflection as a function o
temperature in thex50.475 sample. In the top panel, open circ
and square symbols represent the integrated area measured inH
andK directions, respectively.
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the wave vector along theK or L direction was observed, du
to the larger peak width in these directions. Charge order
in the 3D perovskites such as Pr0.5CaxSr0.52xMnO3 develops
by particular steps, suggesting that the observed incomm
surability is caused by quasiperiodic defects, that is, disco
mensurations.19 However, the very small value of the incom
mensurability would suggest such discommensurati
would be separated by lengths approaching the domain s
hence such deviations could be due to an effect of dom
boundaries. Previous studies by Radaelliet al.20 using pow-
der neutron diffraction on samples of La12xCaxMnO3 have
also observed an incommensurability of the Jahn-Teller
der, however, no ‘‘lock-in’’ behavior was reported.

Similar measurements were also carried out on the cha
order. No charge order was detectable at 10 K, in contras
the x50.5 sample. However, at 120 K, superlattice refle
tions were visible above the background and the tempera
dependence in the region 120–210 K of the~1.5, 0.5, 0!
charge order reflection was studied, with the results be
shown in Fig. 12. At the maximum in intensity at 180 K, th
charge order was found to be;50 times weaker than the
corresponding Jahn-Teller order. This is the first observa
of charge ordering reflections for any composition other th
x50.5. Previous synchrotron x-ray and neutron-powd
diffraction studies did not observe charge ordering except
x50.5.21

Within this temperature range the charge order is found
display the same variation as the Jahn-Teller order with te
perature, maximizing at the same temperature of 180 K.
inverse correlation length along the three principal directio

n

e
FIG. 12. Integrated intensity in theH ~squares!, K ~circles!, and

L ~triangles! directions of the charge order reflection~1.5, 0.5, 0! in
the x50.475 sample. Solid lines are a guide to eye.
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in reciprocal space was calculated using Eq.~1!. No variation
with temperature was observed over the whole range stu
along theH andK directions. However, along theL direction
a distinct variation was observed. Figure 13 shows the
verse correlation length as a function of temperature. He
broadening at low temperature is apparent, which indica
that at low temperature the charge ordering is becom
more two dimensional in nature.

The absence of the charge order reflection at 10 K
contrast to thex50.5 sample, does not suggest that thex
50.475 sample is not charge ordered. The presence of J
Teller order at the modulation wave vectorQW 5~0.25, 0.25,0!
relies upon the model of a ‘‘checkerboard- like’’ charge o
dering as displayed schematically in Fig. 2. In the absenc
any charge ordering, the Jahn-Teller ordering would not
pear at this wave vector. Therefore we propose that thx
50.475 sample is charge ordered at low temperatures, b
is not of sufficient intensity to observe above the experim
tal background.

Finally, we carried out high-resolution measurements
the Bragg peaks at station 16.3 at the SRS, Daresbury L
ratory, UK, with an incident wavelength of 1 Å. A silico
~111! analyzer was used to provide high-resolution measu
ments. The temperature dependence of the wave vector~po-

FIG. 13. Inverse correlation length as a function of temperat
in the L direction for the~1.5, 0.5, 0! charge order reflection in the
x50.475 sample.

FIG. 14. Temperature dependence of the inverse correla
length of the~1, 21, 16! Bragg peak in theL direction in thex
50.475 sample.
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sition!, width, and intensity of the Bragg peaks was collect
on the same sample as studied with the high-energy exp
ments for the~1, 21, 16! Bragg reflection. No significan
change in wave vector or integrated intensity was obser
in any of the principal reciprocal space directions over
temperature range 10 K<T<300 K. However, a clear in-
crease in the inverse correlation length along theL direction
can be seen, in agreement with Wakabayashiet al.14 These
data are shown in Fig. 14.

We propose that the increase in inverse correlation len
occurs due to the presence of charge and Jahn-Teller o
which causes strains within the lattice, the maximum of
strain coincides with the temperature of the maximum Jah
Teller distortion.

V. CONCLUSIONS

In summary, we have used high-energy x-ray scatter
along with resonant x-ray scattering to investigate the Ja
Teller, charge, and orbital order in the bilayer mangan
La222xSr112xMn2O7 with x50.5 and 0.475.

These studies have confirmed the correct modula
wave vector for the charge, orbital, and Jahn-Teller orde
QW CO5~0.5, 0.5, 0!, QW OO5~0.25, 0.25, 0!, andQW J2T5~0.25,
0.25, 0!, respectively. This is in agreement with the reson
x-ray scattering studies of Wakabayashiet al.,14 but is in
contrast with the results of Chatterjiet al. We propose that
the charge order reflections measured by Chatterjiet al. are,
in fact, due to cooperative Jahn-Teller order. The reson
scattering data presented here using polarization analysi
the x50.475 sample confirms the origin of the scattering
each of these wave vectors.

Work previous to this report had suggested that the cha
and orbitally ordered state is reentrant in behavior. Howe
the results here on both thex50.5 andx50.475 show that
the ordered state exists down to the lowest temperatur
these measurements,;10 K. In fact, the previous transition
~whereby the ordered state was seen to disappear!, is, in fact,
only a reduction in intensity of the ordering, with an add
tional reduction in correlation in thex50.475 sample.

There are clear differences between the ordered state
thex50.5 andx50.475 systems. First, in thex50.5 sample
the correlation of the Jahn-Teller and charge ordering, in
cated by the inverse correlation lengths, does not cha
over the whole temperature range, at which there is suffic
intensity to observe the superlattice reflection. However
the x50.475 sample there are three clear temperature
gions; at high temperatures there is no Jahn-Teller order,
second one occurs at moderately high temperatures w
the Jahn-Teller order and charge order are highly correla
and intense, and third at lower temperatures where the J
Teller order is weak and less correlated than at higher t
peratures. In addition, the temperature variation along thL
direction for the charge order suggests that at low temp
ture the charge order is becoming more two-dimension
like. The presence of Jahn-Teller order indicates that
charge order is still present. In the low-temperature region
the x50.475 sample, the Jahn-Teller order is found to
incommensurate with a transition at 140 K into a comme
surate phase. Such a lock-in behavior of the Jahn-Teller o

e

n
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CHARGE ORDERING AND STRUCTURAL DISTORTIONS . . . PHYSICAL REVIEW B 67, 205110 ~2003!
was not seen in thex50.5 sample. Unlike thex50.475
sample, the intensity of the Jahn-Teller and charge orde
thex50.5 sample is found to be greater at 10 K than at 70
Upon warming, a reduction in intensity before the drama
increase into the higher temperature region is observed. S
behavior has been recently theoretically predicted thro
polaron bandwidth calculations by Yuan and Thalmeier.22
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