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Rearrangement of the orbital-ordered state at the metal-insulator transition of La7Õ8Sr1Õ8MnO3
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We present a resonant x-ray scattering study at the manganeseK edge on La7/8Sr1/8MnO3 at temperatures
between 10 K and 310 K along with thermal expansion, magnetization, and electrical resistivity measurements.
At the Mn K edge the symmetry-forbidden~300! reflection is observed in the whole temperature range under
investigation and its integrated intensity is found to be directly connected to structural distortions. In particular,
the intensity of the~300! reflection increases strongly in the cooperative Jahn-Teller distorted phase between
150 K and 270 K. The increase of the resonant intensity in this temperature regime, the rotation of the beam
polarization froms to p, the sin2-azimuthal dependence and the anomalies displayed by the lattice constants
give firm experimental evidence for an orbital ordered state between 150 K and 270 K similar to that found in
LaMnO3. Upon cooling, the intensity of the~300! reflection collapses at the charge ordering temperature
TCO5150 K and the resonant~1.5,1.5,3! superstructure reflection emerges. This reflection also displays a
resonant behavior at the MnK edge and a pronounced azimuthal dependence. However, a resonant signal is
observed in thess as well as in thesp channel. The results reveal that the metal-insulator transition of
La7/8Sr1/8MnO3 is accompanied by an orbital reordering.

DOI: 10.1103/PhysRevB.69.104413 PACS number~s!: 71.30.1h, 61.10.Eq, 64.60.Cn, 71.27.1a
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I. INTRODUCTION

One focus of current condensed matter research is
investigation of strong electronic correlations in transiti
metal oxides. The interactions between structure, magnet
and charges result in a variety of intriguing phenomena
high-temperature superconductivity,1 charge ordering
phenomena2–5 and the colossal magnetoresistance effec
the doped manganites.6,7 In the case of manganites, howeve
not only the charge and spin of the charge carriers have t
taken into account. It is the orbital degree of freedom wh
has recently turned out to be one of the key parameters
the understanding of the physical properties of dop
manganites.7

A prominent and well-established example for the role
the orbital degree of freedom is the cooperative Jahn-Te
distorted phase of LaMnO3 which is observed belowTJT

.780 K.8–10 In this compound only Jahn-Teller-activ
Mn31-ions are present and belowTJT an antiferro-orbital
ordering occurs within theab plane, as illustrated in Fig. 1
In this phase the elongated axis of one Jahn-Teller disto
octahedra points to the short axes of its neighbors, resu
in a gain of elastic energy. However, it is not only the an
ferrodistortive ordering of the octahedra which stabilizes
orbital order. This orbital ordering pattern is also favored
superexchange interactions.11 Since the orbital occupation
determines the magnetic interaction via the Goodenou
Kanamori-Anderson rules, the antiferro-orbital order is
rectly connected to a special type of magnetic order. In
case the orbital ordering induces the so-calledA-type antifer-
romagnetic order, where the spins are coupled ferromagn
cally in theab planes while theab planes are coupled ant
ferromagnetically along thec direction.12 This example
0163-1829/2004/69~10!/104413~9!/$22.50 69 1044
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illustrates the intimate relation between magnetism, str
ture, and orbitals.

Upon doping with divalent ions, Jahn-Teller-active Mn31

sites are~formally! replaced by Jahn-Teller-inactive Mn41

sites. Furthermore, this introduces the charge degree of f
dom leading to charge ordering phenomena at certain d
ings. A prototype for the simultaneous ordering of char
spin, and orbital degrees of freedom is the so-called
phase which develops at half doping.7,12–14In this insulating
phase ferromagnetic charge- and orbital-ordered zig
chains develop along theb direction which are coupled an
tiferromagnetically along thea direction. Successiveab
planes are aligned antiferromagnetically along thec direction
while the charge and orbital ordering pattern is the sam
Indications for the development of a charge-, spin-, and
bital ordered-ground state are also found in the underdo
regime. In particular, there is evidence for the onset of cha
order in the ferromagnetic insulating~FMI! phase of
La12xSrxMnO3 with x;1/8 ~Refs. 15 and 16!. However, in
this case the development of charge order is less establis
While the superstructure reflections observed in the F
phase by neutron and hard x-ray scattering17–19 have been
interpreted in terms of charge order, the results from a p
vious resonant x-ray scattering~RXS! study seem to disagre
with this interpretation.20 Instead, this RXS study indicate
the presence of orbital ordering in the FMI phase. Furth
more, the microscopic structure of the FMI phase
La7/8Sr1/8MnO3 is still the subject of intense discussions a
several models for the charge and orbital ordering patt
have been suggested.18,20–23

In this paper we present a RXS study o
La7/8Sr1/8MnO3 single crystals. The symmetry-forbidde
~300! reflection is observed when the energy of the incid
photons is tuned to the MnK edge and, moreover, its inte
©2004 The American Physical Society13-1
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grated intensity is found scale with structural distortion
In particular, the integrated intensity of the~300! reflection is
strongest betweenTCO5150 K and TJT5270 K. The pro-
nounced enhancement of the resonant intensity in this t
perature regime, the rotation of the beam polarization froms
to p (sp scattering!, the sin2-azimuthal dependence, and th
temperature dependence of the lattice constants provide
experimental evidence for the presence of an orbital-orde
state betweenTCOand TJTwhich is similar to that found in
LaMnO3. Upon cooling the integrated intensity of the~300!
reflection collapses at the metal-insulator transition
TCOand the resonant~1.5 1.5 3! reflection emerges. At this
position a resonance is observed in thesp as well as in the
ss channel ~in addition to a nonresonant contribution
ss) and, moreover, the resonant intensities in both chan
display an azimuthal dependence. The suppression of
~300! reflection and the occurrence of the~1.5 1.5 3! reflec-
tion signal a rearrangement in the orbital sector which
connected to the metal-insulator transition
La7/8Sr1/8MnO3. Finally, we discuss the fact that the resu
presented in this paper seem to contradict the observation
a previous RXS study and show that this disagreement
be resolved by taking into account the twin structure of p
ovskites.

II. EXPERIMENTAL TECHNIQUES

The RXS technique is well suited for the investigation
correlations between different degrees of freedom, becau
provides the possibility to observe charge, spin, and orb
degrees of freedom in a single experiment. Moreover,
energy and azimuthal dependences of a given reflection
further information about underlying order parameters. In
following we will discuss the main features of an RXS e
periment using LaMnO3 as an example. As demonstrated
the left part of Fig. 1 the onset of the antiferro-orbital ord
results in two inequivalent Mn sites~sublattices 1 and 2 in
Fig. 1! where theeg electron occupies a different orbita
state. When the x-ray energy is tuned to the MnK edge the

FIG. 1. Left: view of theab plane in the orbital-ordered state o
LaMnO3 ~grey lobes, occupied 3d orbital; solid circles, oxygen!.
The crystal axes correspond to the orthorhombicPbnm setting
which is used throughout this paper.Right: sketch of a RXS experi-
ment. At the ~300! reflection in the orbital-ordered phase
LaMnO3 the polarization of the incident beam (ki , es) is rotated
into the scattering~paper! plane (kf , ep). During an azimuthal scan
the sample is rotated around the scattering vectorQ.
10441
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scattering process involves 1s→4p transitions—i.e., the cre-
ation of virtual photoelectrons in an intermediate 4p state. In
the orbital-ordered phase the 4p states have different ener
gies Eg(4pj )5\v01D j

g , where j 5x,y,z denotes the dif-
ferent 4p states pointing along the three principal axes of
MnO6 octahedra andg51,2 refers to the sublattice.9 There-
fore, assuming atomic 4p states and using the dipole ap
proximation the relevant term of the atomic form fact
around the MnK edge can be written asD f 5ef

t
• f̂ •ei , with

the initial and final polarization vectorei , f and the second
rank tensorf̂ defined by24,25

f̂ g
(a,b)5

1

m (
j

^1supbu4pj&^4pj upau1s&
Eg~4pj !2E~1s!2\v2 iG/2

~1!

(pb : component of the momentum operator!. This tensor has
the symmetry of the Mn-site’s local environment. More sp
cifically, on sublattice 1 we haveDy

1522D and Dx
15Dz

1

5D ~see Ref. 9!, leading to

f̂ 15S f i 0 0

0 f' 0

0 0 f'
D ,

with the following energy-dependent matrix elements:

f'5 f 1
yy5

A

\~v02v!22D2 iG/2
,

f i5 f 1
xx5 f 1

zz5
A

\~v02v!1D2 iG/2

(A: positive constant3 eV!. Please note that no assumptio
has been made about the origin and sign of the splittingD.
This issue is still hotly debated26–30 and we will come back
to this point later.

In order to calculate the structure factor tensorF3005 f̂ 1

2 f̂ 2 in the orbital-ordered phase of LaMnO3, it has to be
taken into account that the roles ofx andy are exchanged on
the sublattices 1 and 2. After the transformation ofF into the
orthorhombic crystal frame one gets

F300523S 0 f i2 f' 0

f i2 f' 0 0

0 0 0
D .

The tensorial character ofF300 expresses the fact that due
the anisotropic form factors the scattering process depe
on the polarization of the incident and scattered beams.31–33

The scattering amplitude can then be calculated asAi f 5e f
t

•F300•e i . Using the polarization vectors fors- and
p-polarized light expressed in the crystal frame,

es5~0,cosc,sinc!,

ep5~cosq,sinq cosc,sinq sinc!,
3-2
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REARRANGEMENT OF THE ORBITAL-ORDERED STATE . . . PHYSICAL REVIEW B 69, 104413 ~2004!
wherec is the azimuthal andq is the Bragg angle~Fig. 1!.
It follows for the intensity in thespand thess channels

I sp;@~ f i2 f'!cosq cosc#2,

I ss50.

Therefore, the calculation based on the energy splitting of
4p states reproduces the experimental observations o
RXS experiment on LaMnO3—namely the pure
sp scattering, the sin2-azimuthal dependence, and th
dipolar-type resonance at the MnK edge.9

In general, anisotropic atomic form factors can lead to
occurrence of glide plane- or screw-axis-forbidd
reflections.31,34 Since the anisotropy off is connected to the
anisotropy of the x-ray susceptibility, reflections of this ty
are called Anisotropy of the Tensor of Susceptibility~ATS!
reflections. The~300! reflection in LaMnO3 is an example for
such an ATS reflection, because it is glide-plane forbidden
Pbnm symmetry and occurs due to the anisotropy of
atomic form factors.

The RXS experiment on La7/8Sr1/8MnO3 presented in this
paper has been performed using a vertical scattering ge
etry at the wiggler beamline W1 at HASYLAB. This beam
line is equipped with a Si~111! double monochromator which
provides an energy resolution at the MnK edge of about
2 eV. The sample was mounted on the cold finger of a clos
cycle cryostat which was itself mounted on a standard E
rian cradle. The incident slits have been chosen in orde
give a polarizationP5I s/(I s1I p)50.95 of the incident
beam. For the polarization analysis at the MnK edge the
copper ~220! reflection with a scattering angle of 2Q
.95.48° has been used, leading to a cross talk betweenss
andsp channels of 3% as determined at the~400! position.
The La7/8Sr1/8MnO3 single crystals have been grown usin
the traveling floating zone method35 and for the RXS experi-
ment samples with a polished~100! and~112! surfaces have
been prepared. For the macroscopic characterization ma
tization measurements using a vibrating sample magneto
ter have been performed.36 Furthermore, the thermal expan
sion has been measured utilizing a capacitance dilatom
which allows a very accurate study of crystal leng
changes.37 The resistivity measurements have been done
ing the standard four-probe technique.

III. RESULTS

A. Macroscopic Measurements

Figure 2 deals with a comparison between the tempera
dependences of the macroscopic sample lengthdL/L, the
magnetizationM, and the electrical resistivityr. The three
successive phase transitions atTJT.270 K, TC.183 K, and
TCO.150 K are clearly observable in all three quantitie
Upon cooling, the structural phase transition into the co
erative Jahn-Teller distorted phase38 at TJT is signaled by a
jumplike increase ofdL/L. At TJT the magnetic interaction
and the electronic structure also change as revealed by
anomalies ofM andr. Cooling the sample down toTC, the
onset of ferromagnetic order is signaled by the increase oM.
10441
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The ferromagnetic spin alignment is connected to a meta
characteristics ofr in agreement with the double-exchang
picture. Therefore, this phase is called ferromagnetic meta
~FMM!, although the resistivity is still three orders of ma
nitude larger than that of a typical metal. The enhanc
charge carrier mobility with decreasing temperature cor
lates with a continuous reduction of the cooperative Ja
Teller distortions as indicated by the reduction ofdL/L be-
low TC. At TCOthe cooperative Jahn-Teller distortions a
strongly suppressed as signaled by the jumplike decreas
dL/L upon cooling. Moreover, at this phase transition bo
the magnetizationand the resistivity display an abrupt in
crease in contradiction to a bare double-exchange pict
Furthermore, the characteristics of the electrical resistiv
change from metallic to insulating. In what follows we wi
refer to this ferromagnetic insulating phase as the FMI pha

B. Twin domains

In our RXS study two differently oriented samples ha
been investigated: one sample with a~100! surface and an-
other sample with a~112! surface. Hereafter, we will refer to
these samples asS1 andS2, respectively. Due to the twin
ning, the~100!-oriented sample contains~010!-oriented twin
domains and it can also contain~112!-oriented twin domains
and vice versa. As a result the~400!, ~040!, and~224! reflec-
tions can, in principle, emerge at the same position. Ho
ever, the different temperature dependences of the co
sponding lattice plane spacings allow us to exclude
superposition of the~224! and ~400!/~040! reflections in our

FIG. 2. Comparison between the temperature dependence
the macroscopic sample lengthdL/L ~top!, the magnetization
~middle!, and the electrical resistivity~bottom!.
3-3
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samples. To be more specific, from the temperature de
dence of the lattice parameters39 it follows that the~400! and
~040! lattice plane spacings both increase at the phase t
sitions into the cooperative Jahn-Teller distorted pha
whereas the~224! lattice plane spacing decreases. In th
manner, the two reflections observed forS1 at slightly dif-
ferent scattering angles around the nominal~400! position
have been identified as~400! and~040! reflections~compare
Fig. 6!; i.e., only twins with interchangeda andb axis have
been found for sampleS1. In the upper part of Fig. 3 the
temperature dependences of the lattice plane spacings
rived from the scattering angles of all reflections observ
around the nominal~224! position of S2 are given. From
these temperature dependences we can rule out the pre
of ~400! and ~040! reflections at this position, because up
cooling none of the observed lattice plane spacings incre
at TJTor decreases atTCO. The lower part of Fig. 3 shows
the ~224! lattice plane spacing which has been calcula
using lattice parameters obtained by powder diffraction a
assuming an orthorhombic symmetry. The reduction of
lattice plane spacing in the cooperative Jahn-Teller disto
phase is evident. However, for a comparison between
data shown in the lower and upper parts of Fig. 3 it has to
taken into account that the symmetry belowTJT is no longer
orthorhombic. As a result of the reduction of the lattice sy
metry from orthorhombic to monoclinic atTJTupon cooling
two different lattice plane spacings are observed at the~224!
position.40 Below TCOthe crystal symmetry is reduced fu
ther to triclinic40 leading to the occurrence of four differen
scattering angles corresponding to the~224!, (22̄4), (224̄)

FIG. 3. Comparison between the temperature dependence
the lattice plane spacings derived from the scattering angles o
reflections found around the~400! position of S2 ~top! and the
temperature dependence of the~224! lattice plane spacing calcu
lated from the lattice parameters~bottom!.
10441
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and (22̄4̄) reflections. The reduction of the crystal symmet
upon lowering the temperature is further illustrated in Fig
where radial (Q/2Q) scans at the~224! position are dis-
played. The single peak observed at 310 K.TJTsplits in the
cooperative Jahn-Teller distorted phase~e.g., at 220 K! into
two reflections. The triclinic symmetry belowTCO is sig-
naled by a fourfold splitting of the~224! reflection at
145 K,TCO. Therefore, these observations are in perf
agreement with results from high-resolution powder diffra
tion measurements and it can be concluded that the sur
prepared onS2 is a ~112! surface.

The absence of~112!-oriented twin domains inS1 and the
absence of the~100!-oriented twin domains inS2 are both
the result of a special twin structure. This twin structure
most likely the consequence of the parameters which h
been used for growing the batch in the floating zone furna

C. The „300… reflection

In this section we discuss the results of the RXS meas
ments on sampleS1. In Fig. 5 a fluorescence measureme
at room temperature, the energy dependence of
symmetry-forbidden ~300! reflection at 200 K in the
sp channel, and the azimuthal dependence of the reso
intensity at 200 K are shown. The comparison between
fluorescence measurement given in Fig. 5~a! and the energy

of
all

FIG. 4. Radial scans at through the~224! reflection at different
temperatures. The lines are fitted Gaussian functions servin
guides to the eye.
3-4
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dependence displayed in Fig. 5~b! shows around the MnK
edge a strong increase of the intensity at the~300! position.
Its maximum is slightly above the MnK edge, which proves
the dipolar character of the involved virtual transition. Fu
thermore, the intensity of the~300! reflection displays a pro
nounced azimuthal dependence as demonstrated in the
of Fig. 5. The sin2c behavior of the resonant intensity
clearly observed. Note that the data points represented
closed circles have been obtained from the measured
~open symbols! by a translation along thec axis about 180°.
The polarization analysis which has been carried out us
the ~220! reflection of a copper analyzer crystal shows th
within the experimental resolution the resonant scatterin
the ~300! position occurs only in thesp channel. The above
fingerprints of the resonant signal at 200 K—namely,
sp-scattering and sin2-azimuthal dependences—agree w
the results of a RXS study on LaMnO3 in the orbital-ordered
phase.9 Moreover, the above observations are reproduced
the calculation presented in Sec. II which was based on
energy splitting of atomic 4p states and the orbital orderin
pattern shown in Fig. 1. Therefore, the RXS results
La7/8Sr1/8MnO3 at 200 K reveal the presence of an orbita
ordered and cooperative Jahn-Teller distorted phase at 2
which is similar to that of LaMnO3.

Figure 6 deals with a comparison between the integra
intensity of the~300! reflection and the lattice parameters.
is evident that the integrated intensityI 300strongly increases
in the cooperative Jahn-Teller-distorted phase betw
TCOandTJTwhich is signaled by a pronounced elongation
the a,b parameters and a contraction of thec parameter at
TJT. The anomalies observed in the lattice parameters ar
agreement with the orbital ordering pattern displayed in F

FIG. 5. ~a! Fluorescence measurement taken at room temp
ture. ~b! Energy dependence of the~300! reflection at 200 K. The
azimuthal dependence of the~300! reflection also taken at 200 K i
given in the inset.
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1: The antiferro-orbital order of Jahn-Teller-distorte
MnO6-octahedra inside theab plane results in a shortenin
of the Mn-O bond length along thec direction and a reduc-
tion of the corresponding lattice parameter. The obser
anomaly in thea,b, parameters is a consequence of t
antiferro-orbital ordering in the presence of octahedral tilts41

With further decreasing temperatureI 300and the structural
distortions reflected by the lattice parameters increase, re
ing a maximum atTC. With the onset of ferromagnetic orde
and enhanced charge carrier mobility belowTC the coopera-
tive Jahn-Teller distortions are gradually reduced and dis
pear abruptly atTCO. Finally we mention that the tempera
ture, energy, and polarization dependences of the~300! and
the ~030! peak are the same within the errors of the expe
ment.

From the temperature dependences shown in Fig. 6
clear thatI 300is directly connected to lattice distortions. Th
is further illustrated in Fig. 7 where a comparison betwe
the structural parameterj5a/(c/A2) andI 300is shown. Ob-
viously, I 300scales asj in the investigated temperature rang
It can be concluded that both quantities measure the s
order phenomenon—namely, the antiferrodistortive order
Jahn-Teller-distorted MnO6 octahedra betweenTCOandTJT,
which is connected to an orbital ordering pattern similar
that shown in Fig. 1. Note, that the~300! reflection does not
vanish completely belowTCOand aboveTJT. The above re-
sults seem to contradict contradict the findings of a previ
RXS study.20 In this study, the~300! reflection has been ob
served only in the FMI phase belowTCO. On the contrary,
we observe the~300! reflection in the whole temperatur

a-

FIG. 6. Top: temperature dependence of the integrated inten
of the ~300! reflection at 6555 eV forc50°. The integrated inten-
sity has been calculated by integrating over radial, rocking, anx
scans.Bottom: temperature dependence of the lattice parame
~Pbnmsetting!. The a and b parameters have been obtained fro
the reflections observed around the~400! position of sampleS1.
The c-parameter has been measured using a~001!-oriented sample.
3-5
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range under investigation. This discrepancy can be reso
by taking into account the twinning of the samples as will
discussed now.

D. „1.5 1.5 3… reflection

As already mentioned above, due to the twinning of
samples, the~400! and ~224! reflections of different twin
domains can occur around the same position. As a co
quence, the~300! position of one twin domain correspond
to the ~1.5 1.5 3! position of another domain. In order t
study the resonant scattering at the~1.5 1.5 3! position, the
~112!-oriented sampleS2 has been investigated. As demo
strated in Fig. 8 the suppression of theI 300reflection coin-
cides with the occurrence of the~1.5 1.5 3! reflection in
sp as well as in thess channel belowTCO. The observa-
tion of this reflection is in agreement with results from
recent electron diffraction study.42 It can be seen that th
integrated intensity in thesp as well as in thess channel
slightly decreases again upon cooling down to 50 K. Furth
more, we observe a strong suppression of the resonant in
sity below 50 K due to the irradiation effect43 ~cf. Fig. 11!.

FIG. 7. Temperature dependence ofj5a/(c/A2) ~solid sym-
bols! and I 300~open symbols!.

FIG. 8. Temperature dependence of the integrated intensit
the ~1.5 1.5 3! reflection in thess and thesp-channels~open and
solid circles!. The integrated intensity of the~300! reflection is also
shown~gray squares!. The intensities have been obtained by in
grating over radial, rocking, andx scans.
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Note, that the observed temperature dependence fur
strengthens our conclusion that the~112! surface of sample
S2 does not contain~100! surfaces of differently oriented
twin domains~compare Fig. 6!. The polarization analysis o
the measurement shown in Fig. 8 has been performed u
the ~002! reflection of graphite corresponding to a scatteri
angle 2Q568.4° at the MnK edge. Since 2Q is consider-
ably smaller than 90°, there are significant contributions
the ss scattering in thesp channel and vice versa~cross
talk .15%!. However, the signal observed in th
sp channel is considerably larger than the signal due to
cross talk which is about.20 counts/s. A simple calculation
taking into account the incompletes polarization of the in-
cident beam and the cross talk effects yieldsI ss /I sp

.2.25. In order to reduce the cross talk, the following me
surements have been performed using the~220! reflection of
copper (2Q595.46° at 6554 eV, cross talk: 3 %!. The energy
dependence of the~1.5 1.5 3! reflection is given in Fig. 9.
Note that the intensity maximum at a particular position
reciprocal space is shown in Fig. 9 which differs from t
integrated intensities given in Fig. 8.

In both channels a main resonance at 6554 eV and
typical structure at higher energies is observed. Howe
while the intensity in thesp channel vanishes far above an
below the MnK edge, the signal in thess channel also
contains a nonresonant contribution. The nonresonant s
tering at the~1.5 1.5 3! position reveals a long-ranged supe
structure modulation occurring in FMI-phase. Note, that t
implies that the~1.5 1.5 3! reflection is no ATS reflection.
Nevertheless, the resonant signal at the~1.5 1.5 3! position
shows that this superstructure modulation is connected
anisotropies of the manganese form factors.

of

FIG. 9. Energy dependence of the~1.5 1.5 3! reflection in the
ss andsp channels at 140 K. The polarization analysis has be
performed using the~220! reflection of copper.
3-6
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Besides the resonant behavior the intensity of
~1.5 1.5 3! reflection also displays a pronounced azimut
dependence as shown in Fig. 10. In particular, the integra
intensity reaches a maximum aroundc5180°—i.e., when
the incident polarization lies parallel to the (112)̄ direction.
Upon increasingc from 180° to 270° the intensity of the
~1.5 1.5 3! reflection in both channels is continuously reduc
to its minimum. At this azimuthal angle the polarization
parallel to the (11̄0) direction. Note that the reflection ob
served in thess channel does not vanish completely atc
5270° due to the nonresonant signal, while the intensity
the sp channel is reduced to the background level. Intere
ingly, within the experimental errors the azimuthal depe
dence observed in both channels is the same, indicatin
common origin for both signals. To summarize, the a
muthal dependence and the rotation of the beam polariza
again reveal the presence of an anisotropic form fac
Moreover, the resonance at the MnK edge shows that this
anisotropy is connected to the 4p intermediate states~com-
pare Sec. II!. Finally, the nonresonant contribution at th
~1.5 1.5 3! position reveals a long-ranged structural modu
tion which occurs at the metal-insulator transition. All the
observations can be naturally understood in terms of orb
order, since this order parameter couples to the splitting
the 4p states and to the structure.

Concerning the splitting of the 4p states it has to be note
that there are several mechanisms which can produce suc
energy splitting. The on-site Coulomb interaction betwe
the occupiedeg state and the 4p states is one candidate.26

Another intensively discussed mechanism is the reductio
the hybridization between the oxygen 2p states and the man

FIG. 10. Azimuthal dependence of the integrated intensity m
sured at the~1.5 1.5 3! position at 100 K. The open symbols repr
sent the measured data while the solid symbols have been obt
by translating the measured data by 180°. The solid line is a fit
sin2 behavior.
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ganese 4p states due to a distortion of the MnO6

octahedra.27,29 However, also in this case the splitting of th
4p states is connected to the orbital degree of freedom,
cause a distortion of a MnO6 octahedron lifts the degenerac
of the eg states and determines the orbital occupation a
given site.

We conclude that the above RXS results evidence a r
rangement of the orbital ordered state atTCO. Moreover, the
observed energy, azimuthal, and temperature dependenc
the ~1.5 1.5 3! reflection resemble the RXS results at t
~030! position published in Ref. 20. We argue that the refle
tion observed in Ref. 20 at the nominal~030! position corre-
sponds to the~1.5 1.5 3! reflection investigated in the prese
study.

E. Irradiation effect at low temperatures

Upon irradiation at low temperatures the FMI phase
La7/8Sr1/8MnO3 decays into another insulting phase.43,44This
irradiation effect has also been observed in the present st
as demonstrated in Fig. 11. Focusing on the~1.5 1.5 3! reflec-
tion, a rapid decay of the maximum intensity is observ
when the sample is irradiated with 6555-eV photons at 9.5
The solid line in Fig. 11 is a fit to an exponential decay of t
form I (t)5B1I 0 e2t/t with t.3 min. After 30 min no de-
tectable intensity at the~1.5 1.5 3! position is observed in the
sp as well as in thesp channel; i.e., the~1.5 1.5 3! reflec-
tion vanishes completely upon irradiation. Contrary to t
pronounced effect found at the~1.5 1.5 3! position, the~300!
reflection stays almost constant across the radiation-indu
phase transition.

As the irradiation with x rays around the MnK edge has a
strong impact on the electronic states of manganese, the
cay of the~1.5 1.5 3! reflection further supports the conclu
sion that the corresponding superstructure modulation
tightly coupled to the electronic degrees of freedom. In fa
we do not observe the irradiation effect when the sampl

-

ed
a

FIG. 11. Comparison between the irradiation effect observe
the ~1.5 1.5 3! and the~300! position. A fit to an exponential deca
is indicated by the solid line. The measurement at the~300! position
has been performed without an analyzer. For the data taken a
~1.5 1.5 3! position a copper analyzer has been used.
3-7
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irradiated with 100 keV x rays at low temperatures; i.e.,
effect does not occur far away from any absorption edge.
time dependence of the~300! reflection, on the other hand
reveals that the anisotropies which lead to the occurrenc
the ~300! reflection belowTCOare not connected to the ele
tronic states of manganese.

F. Discussion of the RXS results

It is important to stress once again that the coupl
mechanism between the orbital degree of freedom and
RXS signal is still the subject of intense discussions. Ho
ever, the nonvanishing intensity of the~300! reflection above
TJT—i.e., in the phase without static orbital order—strong
indicates that anisotropic form factors are not only det
mined by the occupiedeg states alone. For example, a ste
distortion of the MnO6 octahedra can induce an anisotrop
form factor which leads to the occurrence of ATS-reflectio
and, in particular, to the non-vanishing~300! reflection. Take
note that belowTCOthe symmetry of the lattice is triclinic
(P1̄) so that the~300! reflection is allowed. However, th
resonant behavior of this reflection indicates that the co
sponding selection rule is at least approximately conser
in the triclinic phase.

According to the observations made at the~300! position
one may argue that the resonant scattering at
~1.5 1.5 3! position is not necessarily connected to orbital
der, either. However, in the case of the~1.5 1.5 3! reflection
the situation is different. First of all, this superlattice refle
tion is only observed in the FMI phase and, more imp
tantly, the scattering contains resonant as well as nonreso
contributions. The nonresonant scattering at
~1.5 1.5 3! position signals a superstructure modulation wh
develops at the metal-insulator transition. The onset of
structural modulations with a concomitant change of
electronic structure constitutes a strong indication for
coupling between the structural modulations and the e
tronic degrees of freedom. This conclusion is further s
ported by the irradiation effect described above. Concern
the resonant scattering at the (1.5,1.5,3) position, the
served temperature dependence as well as the irradiatio
fect indicates that also this contribution is related to the m
ganeseeg states.

Although the temperature dependence of the~300! reflec-
tion indicates that RXS at the MnK edge only indirectly
probes the orbital degrees of freedom, the experimental
servations as a whole provide firm experimental evide
that the scattering at (1.5,1.5,3) position signals a long-ra
ordering of electronic states on the manganese sublattic
i.e., orbital and/or charge order. We conclude that the me
insulator transition of La7/8Sr1/8MnO3 is accompanied by an
orbital rearrangement which involves a transformation of
antiferro-orbital ordering aboveTCOinto another type of or-
bital order belowTCO.

One may speculate about the type of orbital order wh
occurs belowTCOand gives rise to the ferromagnetic an
insulating behavior. A possible scenario refers to the form
tion of orbital polarons at the metal insulator transition.23,45

Since orbital polarons are ferromagnetic objects which l
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to a pronounced suppression of the charge carrier bandw
this scenario naturally explains the coexistence of ferrom
netic and insulating properties. In addition to this, mac
scopic measurements on La12xSrxMnO3 with x;1/8 re-
vealed the important role of the magnetic degrees of freed
for the metal-insulator transition.15 This observation is also
in agreement with the formation of orbital polarons, becau
these objects are stabilized by the double-exchange inte
tion. Although it is difficult to guess the microscopic a
rangement of the orbital polarons in the FMI phase based
the RXS data presented above, we mention that the obse
superstructures are consistent with the orbital polaron lat
obtained by Hartree-Fock calculations.23 Based on these ex
perimental and theoretical results, we speculate that an
bital polaron lattice develops in La7/8Sr1/8MnO3 below TCO.

IV. CONCLUSION

We have presented resonant x-ray scattering studie
La7/8Sr1/8MnO3. At the Mn K edge the resonant~300! reflec-
tion has been observed in thesp channel. In contrast to
previously published results we observe a strong increas
the resonant intensity in the cooperative Jahn-Teller-disto
phase at temperatures between 150 K and 270 K. Be
150 K and above 270 K the intensity at the~300! reflection is
reduced by a factor of 10. The occurrence of the reson
~300!-reflection at the MnK edge, the rotation of the beam
polarization froms to p, the sin2-azimuthal dependence an
the anomalies displayed by the lattice constants give str
experimental evidence for an orbital-ordered state simila
that of LaMnO3. Furthermore, it follows that the temperatu
dependence, of the resonant~300! reflection does not allow
one to draw any conclusions about the origin of the splitt
of the 4p bands as suggested in Ref. 26.

Upon cooling theI 300collapses atTCOand the resonan
~1.5 1.5 3! reflection emerges. At this position a resonant s
nal is observed in thesp and ss channels. Moreover, a
nonresonant contribution in thess channel shows that the
underlying order phenomenon is connected to static st
tural modulations. The resonant signal in both channels
been found to display the same azimuthal and tempera
dependences indicating that the resonant signal in thess
and sp channels has a common origin. We note that
disagreement between a previous and the present RXS s
can be understood by taking into account the twinning
La12xSrxMnO3. In particular, we argue that the~300! reflec-
tion in Ref. 20 corresponds to a~1.5 1.5 3! reflection for the
following reasons: First, the azimuthal and energy dep
dences of the~1.5 1.5 3! reflection agree with the results pub
lished in Ref. 20, although a polarization analysis has
been performed in Ref. 20. Second, the temperature de
dences are also similar. The pronounced decrease of the
nant intensity reported in Ref. 20 can be understood in te
of the low-temperature instability of the FMI phase—i.e., t
irradiation effect. In particular, the~1.5 1.5 3! reflection ob-
served in the present study vanishes under irradiation at
temperatures, corresponding to the pronounced decreas
the resonant intensity below 50 K observed in Ref. 20.

The results from the RXS studies on sampleS1 andS2
3-8
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thus indicate that the wave vector corresponding to the
bital ordering changes atTCO, revealing an orbital rearrange
ment. Though a determination of the orbital ordering wa
vector for the FMI phase is not possible from the abo
results, the RXS data presented in this article provides fi
experimental evidence for the crucial role of the orbital d
gree of freedom at the metal-insulator transition
La12xSrxMnO3 with x;1/8.
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