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We present a resonant x-ray scattering study at the mang#&hedge on LggSr;sMnO; at temperatures
between 10 K and 310 K along with thermal expansion, magnetization, and electrical resistivity measurements.
At the Mn K edge the symmetry-forbidd€B00) 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 thg300) reflection increases strongly in the cooperative Jahn-Teller distorted phase between
150K and 270 K. The increase of the resonant intensity in this temperature regime, the rotation of the beam
polarization fromeo to r, the sif-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
LaMnQ;. Upon cooling, the intensity of th€300) reflection collapses at the charge ordering temperature
Tco=150K and the resonartl.5,1.5,3 superstructure reflection emerges. This reflection also displays a
resonant behavior at the MK edge and a pronounced azimuthal dependence. However, a resonant signal is
observed in thero as well as in theo channel. The results reveal that the metal-insulator transition of
LaygSrgMnO; is accompanied by an orbital reordering.
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I. INTRODUCTION illustrates the intimate relation between magnetism, struc-
ture, and orbitals.

One focus of current condensed matter research is the Upon doping with divalent ions, Jahn-Teller-active ¥n
investigation of strong electronic correlations in transitionsites are(formally) replaced by Jahn-Teller-inactive Kih
metal oxides. The interactions between structure, magnetisrsjtes. Furthermore, this introduces the charge degree of free-
and charges result in a variety of intriguing phenomena likedom leading to charge ordering phenomena at certain dop-
high-temperature  superconductivity, charge ordering ings. A prototype for the simultaneous ordering of charge,
phenomen@® and the colossal magnetoresistance effect irSPin, and orbital degrees of freedom is the so-called CE
the doped manganité<.in the case of manganites, however, Phase which develops at half dopihg:™*In this insulating
not only the charge and spin of the charge carriers have to pghase ferromagnetic charge- and orbital-ordered zig zag
taken into account. It is the orbital degree of freedom whichchains develop along thie direction which are coupled an-
has recently turned out to be one of the key parameters fdf€rromagnetically along thea direction. Successiveab

the understanding of the physical properties of dopecpla_”es are aligned antiferr_omagnetig:ally alongamrection
manganite<. while the charge and orbital ordering pattern is the same.

A prominent and well-established example for the role Oflndlcat|ons for the development of a charg_e-, spin-, and or-
the orbital degree of freedom is the cooperative Jahn-TeIIeIlfr)'ta.I ordlered-%_rm:nd titate are %ISO fm;ndtrl]n the updfe r(rzl]oped
distorted phase of LaMnOwhich is observed belowl ;7 egime. In particular, there 1S evidence for In€ onset ot charge

— 780 K519 |n this compound onlv Jahn-Teller-acti order in the ferromagnetic insulatingFMI) phase of
o P y Jann-1elleracltive | o = sy MnO, with x~1/8 (Refs. 15 and 16 However, in
Mn*"-ions are present and beloW,r an antiferro-orbital  his case the development of charge order is less established:
ordering occurs within thab plane, as illustrated in Fig. 1. \while the superstructure reflections observed in the FMI
In this phase the elongated axis of one Jahn-Teller distorteghase by neutron and hard x-ray scattefiitf have been
octahedra points to the short axes of its neighbors, resultingyterpreted in terms of charge order, the results from a pre-
in a gain of elastic energy. However, it is not only the anti-vious resonant x-ray scatteriftgXS) study seem to disagree
ferrodistortive ordering of the octahedra which stabilizes thewith this interpretatiorf® Instead, this RXS study indicates
orbital order. This orbital ordering pattern is also favored bythe presence of orbital ordering in the FMI phase. Further-
superexchange interactiolsSince the orbital occupation more, the microscopic structure of the FMI phase of
determines the magnetic interaction via the Goodenough-a;Sr;,gMnO; is still the subject of intense discussions and
Kanamori-Anderson rules, the antiferro-orbital order is di-several models for the charge and orbital ordering pattern
rectly connected to a special type of magnetic order. In thishave been suggestéd?0-23

case the orbital ordering induces the so-caleype antifer- In this paper we present a RXS study on
romagnetic order, where the spins are coupled ferromagneti-a;sSr;,sMnO; single crystals. The symmetry-forbidden
cally in theab planes while theab planes are coupled anti- (300 reflection is observed when the energy of the incident
ferromagnetically along thec direction!? This example photons is tuned to the MK edge and, moreover, its inte-
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scattering process involves4:4p transitions—i.e., the cre-
ation of virtual photoelectrons in an intermediafe gtate. In
the orbital-ordered phase the 4tates have different ener-
giesE (4pj)=fiwo+A], wherej=x,y,z denotes the dif-
ferent 4p states pointing along the three principal axes of the
MnOg octahedra ang/= 1,2 refers to the sublatticeThere-
fore, assuming atomic p! states and using the dipole ap-
proximation the relevant term of the atomic form factor
around the MrK edge can be written asf=¢;-f- ¢, with

the initial and final polarization vectog ¢ and the second

rank tensorf defined by*2°

Sample

FIG. 1. Left: view of theab plane in the orbital-ordered state of
LaMnO; (grey lobes, occupied B orbital; solid circles, oxygen
The crystal axes correspond to the orthorhomBienm setting f(avﬁ)zi 2 <ls| pﬁ|4pj><4pj|pa|l§) )
which is used throughout this pap®ight: sketch of a RXS experi- 7 m T E,(4p;) —E(1ls)—fiw—il'/2
ment. At the (300 reflection in the orbital-ordered phase of .

LaMnO; the polarization of the incident beark;( ,) is rotated  (Ps: component of the momentum operatdrhis tensor has

into the scatteringpapey plane k; , .). During an azimuthal scan the symmetry of the Mn-site’s local environment. More spe-

the sample is rotated around the scattering ve@tor cifically, on sublattice 1 we hav6>1,= —2A and Al=A?
=A (see Ref. § leading to

grated intensity is found scale with structural distortions.

In particular, the integrated intensity of tk@00) reflection is f 00

strongest betweed o=150K and T;;=270K. The pro- o o f, O

nounced enhancement of the resonant intensity in this tem- L 0 0 f '
€

perature regime, the rotation of the beam polarization foom
to 7 (o scattering, the sirf-azimuthal dependence, and the ) )
temperature dependence of the lattice constants provide firMith the following energy-dependent matrix elements:
experimental evidence for the presence of an orbital-ordered
state betweed cpand T ywhich is similar to that found in fo— Y= A
LaMnQO;. Upon cooling the integrated intensity of ti@00) L (we—w)—2A—iT/2°
reflection collapses at the metal-insulator transition at
Tcoand the resonantl.5 1.5 3reflection emerges. At this A

. . . . __fXX_ §Z2Z__
position a resonance is observed in the as well as in the fi=fr"=f1 = (wg—w)FA=IT2
oo channel (in addition to a nonresonant contribution in 0
oo) and, moreover, the resonant intensities in both channelA: positive constanik eV). Please note that no assumption
display an azimuthal dependence. The suppression of theas been made about the origin and sign of the spliting
(300 reflection and the occurrence of tie51.53reflec-  This issue is still hotly debaté®=Cand we will come back
tion signal a rearrangement in the orbital sector which isto this point later.

connected to the metal-insulator transition  of |5 order to calculate the structure factor tensag,= 1,
LazgSrgMn0O3. Finally, we discuss the fact that the results _]@2 in the orbital-ordered phase of LaMgQit has to be

presented in this paper seem to contradict the observations Pa{ken into account that the rolesoindy are exchanged on

a previous RXS study and show that this disagreement Ca{ﬁe sublattices 1 and 2. After the transformatioriFahto the

be resolved by taking into account the twin structure of P thorhombic crystal frame one gets

ovskites.
0 fi—=f, O
Il. EXPERIMENTAL TECHNIQUES Fa=2X| fi=f. 0 0
The RXS technique is well suited for the investigation of 0 0 0

correlations between different degrees of freedom, because it

provides the possibility to observe charge, spin, and orbital he tensorial character 630 expresses the fact that due to
degrees of freedom in a single experiment. Moreover, théhe anisotropic form factors the scattering process depends
energy and azimuthal dependences of a given reflection giv@n the polarization of the incident and scattered be#ns.
further information about underlying order parameters. In theThe scattering amplitude can then be calculated\as e}
following we will discuss the main features of an RXS ex- -Fzoo €. Using the polarization vectors folor- and
periment using LaMn@as an example. As demonstrated in 7-polarized light expressed in the crystal frame,

the left part of Fig. 1 the onset of the antiferro-orbital order

results in two inequivalent Mn sitesublattices 1 and 2 in €,=(0,cosy,siny),
Fig. 1) where theey electron occupies a different orbital
state. When the x-ray energy is tuned to the Klredge the €,=(cosd,siny cosy,sind siny),

104413-2



REARRANGEMENT OF THE ORBITAL-ORDERED STAE . .. PHYSICAL REVIEW B 69, 104413 (2004

wherey is the azimuthal and) is the Bragg angléFig. 1. La7/85r1/81\/[n03
It follows for the intensity in ther rand theoo channels N . . . : . . .
| g~ [(fj—f,)cosd cosy]?, o o ~
| =0 | collective Jahn-Teller| |~
go % If distorted 1

Therefore, the calculation based on the energy splitting of the
4p states reproduces the experimental observations of an 02' : ; ; : :

RXS experiment on LaMn@—namely the pure ’ 9.0x10°

o scattering, the sfrazimuthal dependence, and the 7= 8.0x10° 0\

dipolar-type resonance at the Mhedge’ % 04r B=0.05 Tesla % P . |
In general, anisotropic atomic form factors can lead to the 7.0x10 T TR

occurrence of glide plane- or screw-axis-forbidden FMM k

reflections®-3 Since the anisotropy dfis connected to the = hUR

anisotropy of the x-ray susceptibility, reflections of this type : : : : : =2

are called Anisotropy of the Tensor of SusceptibiliyTS)

reflections. Th&300) reflection in LaMnQ is an example for T T, T,

such an ATS reflection, because it is glide-plane forbidden in
Pbnm symmetry and occurs due to the anisotropy of the
atomic form factors.

The RXS experiment on LgSr,sMnO; presented in this
paper has been performed using a vertical scattering geom- 0
etry at the wiggler beamline W1 at HASYLAB. This beam-
line is equipped with a $111) double monochromator which Temperature (Kelvin)
provides an energy resolution at the M edge of about )

2 eV. The sample was mounted on the cold finger of a closed- FIG. 2. Comparison between the temperature dependences of
cycle cryostat which was itself mounted on a standard Eulel’® macroscopic sample lengthl/L (top), the magnetization
rian cradle. The incident slits have been chosen in order t§dd!®. and the electrical resistivitgottor).

give a polarizationP=17/(1+17)=0.95 of the incident
beam. For the polarization analysis at the Mnedge the
copper (220 reflection with a scattering angle of @2
=05.48° has been used, leading to a cross talk betwee
andom channels of 3% as determined at t4€0 position.

120 140 160 180 200 220 240 260 280

The ferromagnetic spin alignment is connected to a metallic
characteristics op in agreement with the double-exchange
n picture. Therefore, this phase is called ferromagnetic metallic
(FMM), although the resistivity is still three orders of mag-

: . nitude larger than that of a typical metal. The enhanced
The L&zSn,MnOssingle crystals have been grown using charge carrier mobility with decreasing temperature corre-

the traveling floating zone meth&tand for the RXS experi- . ) i .
9 9 P lates with a continuous reduction of the cooperative Jahn-

ment samples with a polishéd00 and(112) surfaces have . . o .

been prepared. For the macroscopic characterization magn-g—a"e_lr_ dls;\ort+onshas |nd|cateq bthhhe r$dHCt'%ndﬁ/ L be-
tization measurements using a vibrating sample magnetoméc-’W c- At Teothe cooperative Jahn-Teller distortions are
ter have been performéd.Furthermore, the thermal expan- Strongly suppressed as signaled by the jumplike decrease of

sion has been measured utilizing a capacitance diIatomethL/L upon _coo_llng. Moreove_r, at thls_phase transition .bOth
which allows a very accurate study of crystal Iengththe magnetizatiorand the resistivity display an abrupt in-

changes’ The resistivity measurements have been done usz'¢as€ in contradiction to a pare double—exchange pic_tu_re.
ing the standard four-probe technique Furthermore, the characteristics of the electrical resistivity
' change from metallic to insulating. In what follows we will

refer to this ferromagnetic insulating phase as the FMI phase.
Ill. RESULTS

A. Macroscopic Measurements B. Twin domains

Figure 2 deals with a comparison between the temperature In our RXS study two differently oriented samples have
dependences of the macroscopic sample lemdth., the  been investigated: one sample witi{(1®0) surface and an-
magnetizationM, and the electrical resistivity. The three  other sample with #112) surface. Hereafter, we will refer to
successive phase transitionsTgg=270K, Tc=183K, and these samples &1 andS2, respectively. Due to the twin-
Tco=150K are clearly observable in all three quantities:ning, the(100-oriented sample contain®10)-oriented twin
Upon cooling, the structural phase transition into the coopdomains and it can also contaifil?)-oriented twin domains
erative Jahn-Teller distorted phad$at T,ris signaled by a and vice versa. As a result ti¢00), (040), and(224) reflec-
jumplike increase ofiL/L. At T;rthe magnetic interactions tions can, in principle, emerge at the same position. How-
and the electronic structure also change as revealed by tlever, the different temperature dependences of the corre-
anomalies oM andp. Cooling the sample down ., the  sponding lattice plane spacings allow us to exclude the
onset of ferromagnetic order is signaled by the increadé.of superposition of th€224) and (400)/(040) reflections in our
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FIG. 3. Comparison between the temperature dependences of 8
the lattice plane spacings derived from the scattering angles of all g triclini
reflections found around the400) position of S2 (top) and the 2 00 riclinic
temperature dependence of tt®24) lattice plane spacing calcu- . . :
lated from the lattice parametefisotton). 8625 86.50 8675
20 (degree)

samples. To be more specific, from the temperature depen- FIG. 4. Radial scans at through t(@24) reflection at different
dence of the lattice parametégrﬁ follows that the(400) and temperatures. The lines are fitted Gaussian functions serving as
(040) lattice plane spacings both increase at the phase tra@uides to the eye.

sitions into the cooperative Jahn-Teller distorted phase,

whereas the(224) lattice plane spacing decreases. In thisand (224) reflections. The reduction of the crystal symmetry
manner, the two reflections observed i at slightly dif-  upon lowering the temperature is further illustrated in Fig. 4
ferent scattering angles around the nomit#00) position  where radial ®/20) scans at thg224) position are dis-
have been identified 8400 and(040) reflections(compare  played. The single peak observed at 318 K;splits in the

Fig. 6); i.e., only twins with interchanged andb axis have  cooperative Jahn-Teller distorted phaseg., at 220 K into
been found for sampl&Ll. In the upper part of Fig. 3 the two reflections. The triclinic symmetry beloWcg is Sig-
temperature dependences of the lattice plane spacings dealed by a fourfold splitting of the(224) reflection at
rived from the scattering angles of all reflections observedi45 K< T.,. Therefore, these observations are in perfect
around the nomina(224) position of S2 are given. From  agreement with results from high-resolution powder diffrac-
these temperature dependences we can rule out the presefieg® measurements and it can be concluded that the surface
of (400 and (040 reflections at this position, because uponprepared orS2 is a(112) surface.

cooling none of the observed lattice plane spacings increases The absence afl12)-oriented twin domains i§1 and the

at Tyror decreases afco. The lower part of Fig. 3 shows absence of thé100-oriented twin domains ir82 are both

the (224) lattice plane spacing which has been calculatedhe result of a special twin structure. This twin structure is
using lattice parameters obtained by powder diffraction angnost likely the consequence of the parameters which have
assuming an orthorhombic symmetry. The reduction of théyeen used for growing the batch in the floating zone furnace.
lattice plane spacing in the cooperative Jahn-Teller distorted

phase is evident. However, for a comparison between the

data shown in the lower and upper parts of Fig. 3 it has to be C. The (300 reflection

taken into account that the symmetry bel@ytis no longer In this section we discuss the results of the RXS measure-
orthorhombic. As a result of the reduction of the lattice Sym-ments on sampl&L1. In Fig. 5 a fluorescence measurement
metry from orthorhombic to monoclinic &t;rupon cooling  at room temperature, the energy dependence of the
two different lattice plane spacings are observed a(22d)  symmetry-forbidden (300) reflection at 200K in the
position*® Below Tothe crystal symmetry is reduced fur- 47 channel, and the azimuthal dependence of the resonant
ther to triclinic*® leading to the occurrence of four different intensity at 200K are shown. The comparison between the
scattering angles corresponding to {224), (224), (224) fluorescence measurement given in Figa) @nd the energy
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FIG. 6. Top: temperature dependence of the integrated intensity
FIG. 5. (a) Fluorescence measurement taken at room tempera- Of the (300 reflection at 6555 eV fory=0°. The integrated inten-
ture. (b) Energy dependence of tH800) reflection at 200 K. The sity has been calculated by integrating over radial, rocking, xand

azimuthal dependence of ti800) reflection also taken at 200K is scans. Bottpm temperature dependence of the lattice parameters
given in the inset (Pbnmsetting. The a and b parameters have been obtained from

the reflections observed around tt#00 position of sampleS1.

. . . The c-parameter has been measured usirigd)-oriented sample.
dependence displayed in Fig(bh shows around the MK P 11001 P

edge a strong increase of the intensity at tB@0 position.
Its maximum is slightly above the MK edge, which proves 1: The antiferro-orbital order of Jahn-Teller-distorted
the dipolar character of the involved virtual transition. Fur-MnOg-octahedra inside thab plane results in a shortening
thermore, the intensity of th@00) reflection displays a pro- of the Mn-O bond length along thedirection and a reduc-
nounced azimuthal dependence as demonstrated in the ing&n of the corresponding lattice parameter. The observed
of Fig. 5. The siAy behavior of the resonant intensity is anomaly in thea,b, parameters is a consequence of the
clearly observed. Note that the data points represented kntiferro-orbital ordering in the presence of octahedral tits.
closed circles have been obtained from the measured daWith further decreasing temperatulggand the structural
(open symbolsby a translation along the axis about 180°.  distortions reflected by the lattice parameters increase, reach-
The polarization analysis which has been carried out usingng a maximum aff . With the onset of ferromagnetic order
the (220 reflection of a copper analyzer crystal shows thatand enhanced charge carrier mobility bel®w the coopera-
within the experimental resolution the resonant scattering dive Jahn-Teller distortions are gradually reduced and disap-
the (300 position occurs only in the-7 channel. The above pear abruptly af . Finally we mention that the tempera-
fingerprints of the resonant signal at 200 K—namely, theture, energy, and polarization dependences of(80€) and
or-scattering and sfrazimuthal dependences—agree with the (030) peak are the same within the errors of the experi-
the results of a RXS study on LaMg@n the orbital-ordered ment.
phase’ Moreover, the above observations are reproduced by From the temperature dependences shown in Fig. 6 it is
the calculation presented in Sec. Il which was based on thelear that 5qgis directly connected to lattice distortions. This
energy splitting of atomic g states and the orbital ordering is further illustrated in Fig. 7 where a comparison between
pattern shown in Fig. 1. Therefore, the RXS results onthe structural parametgr=a/(c/+2) andl zo0is shown. Ob-
Lay;eSrgMnOs at 200K reveal the presence of an orbital- viously, | sppScales ag in the investigated temperature range.
ordered and cooperative Jahn-Teller distorted phase at 200K can be concluded that both quantities measure the same
which is similar to that of LaMn@ order phenomenon—namely, the antiferrodistortive order of
Figure 6 deals with a comparison between the integratedahn-Teller-distorted Mngoctahedra betweehcgandT ;r,
intensity of the(300) reflection and the lattice parameters. It which is connected to an orbital ordering pattern similar to
is evident that the integrated intensltygstrongly increases that shown in Fig. 1. Note, that tH800) reflection does not
in the cooperative Jahn-Teller-distorted phase betweemanish completely below -gand aboveT ;. The above re-
TcoandT sywhich is signaled by a pronounced elongation ofsults seem to contradict contradict the findings of a previous
the a,b parameters and a contraction of thgarameter at RXS study?® In this study, thg300) reflection has been ob-
T;r. The anomalies observed in the lattice parameters are iserved only in the FMI phase beloWw.g. On the contrary,
agreement with the orbital ordering pattern displayed in Figwe observe thg300 reflection in the whole temperature
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range under investigation. This discrepancy can be resolved § 0

by taking into account the twinning of the samples as will be . s ! !
discussed now. 6525 6550 6575 6600
Energy (eV)

D. (1.51.5 3 reflection

As already mentioned above, due to the twinning of the FIG. 9. Energy dependence of the.5 153 reﬂeaion in the

samples, the400 and (224 reflections of different twin oo andow channels at 140 K. _The polarization analysis has been
. . erformed using th€220) reflection of copper.

domains can occur around the same position. As a cons&s
qguence, th€300) position of one twin domain corresponds
to the (1.51.5 3 position of another domain. In order to Note, that the observed temperature dependence further
study the resonant scattering at tfie5 1.5 3 position, the  strengthens our conclusion that tfl2) surface of sample
(112-oriented samplé&2 has been investigated. As demon- S2 does not contaif100 surfaces of differently oriented
strated in Fig. 8 the suppression of thggreflection coin-  twin domains(compare Fig. & The polarization analysis of
cides with the occurrence of thél.51.53reflection in  the measurement shown in Fig. 8 has been performed using
omas well as in thevo channel belowTco. The observa- the (002 reflection of graphite corresponding to a scattering
tion of this reflection is in agreement with results from aangle 29=68.4° at the MnK edge. Since ® is consider-
recent electron diffraction stud§. It can be seen that the aply smaller than 90°, there are significant contributions of

integrated intensity in the-m as well as in thero channel  the ¢ scattering in thesm channel and vice verséross
slightly decreases again upon cooling down to 50K. Furtherigx  ~15%

- ©®. However, the signal observed in the
more, we observe a strong suppression of the resonant intef)-. channel is considerably larger than the signal due to the
sity below 50K due to the irradiation efféét(cf. Fig. 11).

cross talk which is about 20 counts/s. A simple calculation
taking into account the incomplete polarization of the in-
cident beam and the cross talk effects yields, /I,
=2.25. In order to reduce the cross talk, the following mea-
surements have been performed using(2%9) reflection of
copper (2 =95.46° at 6554 eV, cross talk: 3)%@ he energy
dependence of thél.51.53 reflection is given in Fig. 9.
Note that the intensity maximum at a particular position in

180 T T 1 T T T T T 7 1200

160

1000
140 |-

100 -

sor ; 82 12 i; iﬁg: reciprocal space is shown in Fig. 9 which differs from the
60 - B (300)inon integrated intensities given in Fig. 8.

40 In both channels a main resonance at 6554 eV and the
- | - typical structure at higher energies is observed. However,

while the intensity in therr channel vanishes far above and
below the MnK edge, the signal in theo channel also
contains a nonresonant contribution. The nonresonant scat-
tering at the(1.5 1.5 3 position reveals a long-ranged super-

FIG. 8. Temperature dependence of the integrated intensity oftructure modulation occurring in FMI-phase. Note, that this
the (1.5 1.5 3 reflection in theso and theo -channelsiopen and  implies that the(1.51.5 3 reflection is no ATS reflection.
solid circles. The integrated intensity of th@&00) reflection is also ~ Nevertheless, the resonant signal at theb 1.5 3 position
shown (gray squarés The intensities have been obtained by inte- shows that this superstructure modulation is connected to
grating over radial, rocking, ang scans. anisotropies of the manganese form factors.

Integrated Intensity (counts/s @100mA)

(VWQZ 1 ® s/s1unod) Aysuoju] paressojuy

1
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1 1 1 L 1
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FIG. 11. Comparison between the irradiation effect observed at
the (1.5 1.5 3 and the(300) position. A fit to an exponential decay
AR . AP R is indicated by the solid line. The measurement at(8%) position
100 150 200 250 300 350 400 450 has been performed without an analyzer. For the data taken at the
(1.5 1.5 3 position a copper analyzer has been used.
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FIG. 10. Azimuthal dependence of the integrated intensity meaganese f states due to a distortion of the MpO
sured at thg1.5 1.5 3 position at 100 K. The open symbols repre- gctahedrd’2? However, also in this case the splitting of the
sent the m_easured data while the solid symbols he_tve_ begn optaingfq) states is connected to the orbital degree of freedom, be-
by translat_lng the measured data by 180°. The solid line is a fit to 2ause a distortion of a Mngoctahedron lifts the degeneracy
sin behavior. of the g4 states and determines the orbital occupation at a

Besides the resonant behavior the intensity of thediven site. _
(1.51.53reflection also displays a pronounced azimuthal We conclude that the above RXS results evidence a rear-
dependence as shown in Fig. 10. In particular, the integrate@@ngement of the orbital ordered stateTah. Moreover, the
intensity reaches a maximum arougd= 180°—i.e., when Observed energy, azimuthal, and temperature dependences of
the incident polarization lies parallel to the (_J)ldirection. the (1.51.53reflection resemble the RXS results at the

Upon increasingy from 180° to 270° the intensity of the (030 position published in Ref. 20. We argue that the reflec-

(1.51.5 3 reflection in both channels is continuously reduced"©" observed in Ref. 20 at the npm|r@l30) position corre-
to its minimum. At this azimuthal angle the polarization is sponds to th¢1.5 1.5 Jreflection investigated in the present

parallel to the (10) direction. Note that the reflection ob- study.
served in theoo channel does not vanish completely at

=270° due to the nonresonant signal, while the intensity in

the o7 channel is reduced to the background level. Interest- Upon irradiation at low temperatures the FMI phase of
ingly, within the experimental errors the azimuthal depen-La;;Sr;,sMnO;decays into another insulting pha8é This
dence observed in both channels is the same, indicating ieradiation effect has also been observed in the present study,
common origin for both signals. To summarize, the azi-as demonstrated in Fig. 11. Focusing on(th& 1.5 3 reflec-
muthal dependence and the rotation of the beam polarizatiotion, a rapid decay of the maximum intensity is observed
again reveal the presence of an anisotropic form factowhen the sample is irradiated with 6555-eV photons at 9.5 K.
Moreover, the resonance at the Mhedge shows that this The solid line in Fig. 11 is a fit to an exponential decay of the
anisotropy is connected to the4ntermediate state@com-  form I(t)=B+1,e Y7 with 7=3 min. After 30 min no de-
pare Sec. ). Finally, the nonresonant contribution at the tectable intensity at thel.5 1.5 3 position is observed in the
(1.5 1.5 3 position reveals a long-ranged structural modula-o7r as well as in thersr channel; i.e., th€1.51.53 reflec-

tion which occurs at the metal-insulator transition. All thesetion vanishes completely upon irradiation. Contrary to the
observations can be naturally understood in terms of orbitgbronounced effect found at tti#.5 1.5 3 position, the(300)
order, since this order parameter couples to the splitting ofeflection stays almost constant across the radiation-induced
the 4p states and to the structure. phase transition.

Concerning the splitting of thepistates it has to be noted As the irradiation with x rays around the M&edge has a
that there are several mechanisms which can produce such ationg impact on the electronic states of manganese, the de-
energy splitting. The on-site Coulomb interaction betweercay of the(1.5 1.5 3 reflection further supports the conclu-
the occupiede, state and the @ states is one candidat®. sion that the corresponding superstructure modulation is
Another intensively discussed mechanism is the reduction dightly coupled to the electronic degrees of freedom. In fact,
the hybridization between the oxygep 2tates and the man- we do not observe the irradiation effect when the sample is

E. Irradiation effect at low temperatures
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irradiated with 100 keV x rays at low temperatures; i.e., theto a pronounced suppression of the charge carrier bandwidth,
effect does not occur far away from any absorption edge. Théhis scenario naturally explains the coexistence of ferromag-
time dependence of th@00) reflection, on the other hand, netic and insulating properties. In addition to this, macro-
reveals that the anisotropies which lead to the occurrence afcopic measurements on LgSr,MnO; with x~1/8 re-

the (300 reflection belowT cnare not connected to the elec- vealed the important role of the magnetic degrees of freedom
tronic states of manganese. for the metal-insulator transitiolf. This observation is also

in agreement with the formation of orbital polarons, because
these objects are stabilized by the double-exchange interac-
tion. Although it is difficult to guess the microscopic ar-

It is important to stress once again that the couplingrangement of the orbital polarons in the FMI phase based on
mechanism between the orbital degree of freedom and thihe RXS data presented above, we mention that the observed
RXS signal is still the subject of intense discussions. How-superstructures are consistent with the orbital polaron lattice
ever, the nonvanishing intensity of tk@00) reflection above obtained by Hartree-Fock calculatiofisBased on these ex-
Tiyr—i.e., in the phase without static orbital order—strongly perimental and theoretical results, we speculate that an or-
indicates that anisotropic form factors are not only deterbital polaron lattice develops in L@aSr;gMnO; below Teq.
mined by the occupied, states alone. For example, a steric
distortion of the MnQ@Q octahedra can induce an anisotropic
form factor which leads to the occurrence of ATS-reflections
and, in particular, to the non-vanishig00) reflection. Take We have presented resonant x-ray scattering studies of
note that belowlcothe symmetry of the lattice is triclinic  Lag,gSr;,gMnO;. At the MnK edge the resonaii800) reflec-

(P1) so that the(300) reflection is allowed. However, the tion has been observed in ther channel. In contrast to

resonant behavior of this reflection indicates that the correpreviously published results we observe a strong increase of
sponding selection rule is at least approximately conservethe resonant intensity in the cooperative Jahn-Teller-distorted
in the triclinic phase. phase at temperatures between 150K and 270K. Below

According to the observations made at {880 position 150 K and above 270K the intensity at tt890) reflection is
one may argue that the resonant scattering at theeduced by a factor of 10. The occurrence of the resonant
(1.5 1.5 3 position is not necessarily connected to orbital or-(300-reflection at the MrK edge, the rotation of the beam
der, either. However, in the case of ttie5 1.5 3reflection  polarization fromo to 7, the sirf-azimuthal dependence and
the situation is different. First of all, this superlattice reflec-the anomalies displayed by the lattice constants give strong
tion is only observed in the FMI phase and, more impor-experimental evidence for an orbital-ordered state similar to
tantly, the scattering contains resonant as well as nonresonathiat of LaMnG;,. Furthermore, it follows that the temperature
contributions. The nonresonant scattering at thedependence, of the resondB00) reflection does not allow
(1.5 1.5 3 position signals a superstructure modulation whichone to draw any conclusions about the origin of the splitting
develops at the metal-insulator transition. The onset of thef the 4p bands as suggested in Ref. 26.
structural modulations with a concomitant change of the Upon cooling thel ;ogcollapses affgand the resonant
electronic structure constitutes a strong indication for thg1.51.5 3 reflection emerges. At this position a resonant sig-
coupling between the structural modulations and the elecnal is observed in therm and oo channels. Moreover, a
tronic degrees of freedom. This conclusion is further supnonresonant contribution in theo channel shows that the
ported by the irradiation effect described above. Concerninginderlying order phenomenon is connected to static struc-
the resonant scattering at the (1.5,1.5,3) position, the oktural modulations. The resonant signal in both channels has
served temperature dependence as well as the irradiation dfeen found to display the same azimuthal and temperature
fect indicates that also this contribution is related to the mandependences indicating that the resonant signal inottre
ganeseg, states. and o7 channels has a common origin. We note that the

Although the temperature dependence of @0 reflec-  disagreement between a previous and the present RXS study
tion indicates that RXS at the MK edgeonly indirectly can be understood by taking into account the twinning of
probes the orbital degrees of freedom, the experimental oli-a; _,Sr,MnO;. In particular, we argue that tH800) reflec-
servations as a whole provide firm experimental evidenceion in Ref. 20 corresponds to(@.5 1.5 3 reflection for the
that the scattering at (1.5,1.5,3) position signals a long-rang®llowing reasons: First, the azimuthal and energy depen-
ordering of electronic states on the manganese sublattice-dences of thé€1.5 1.5 3 reflection agree with the results pub-
i.e., orbital and/or charge order. We conclude that the metalished in Ref. 20, although a polarization analysis has not
insulator transition of LagSr;;sMnO5is accompanied by an been performed in Ref. 20. Second, the temperature depen-
orbital rearrangement which involves a transformation of thedences are also similar. The pronounced decrease of the reso-
antiferro-orbital ordering abovE&cginto another type of or- nant intensity reported in Ref. 20 can be understood in terms
bital order belowT . of the low-temperature instability of the FMI phase—i.e., the

One may speculate about the type of orbital order whichirradiation effect. In particular, thél.51.5 3 reflection ob-
occurs belowT-pand gives rise to the ferromagnetic and served in the present study vanishes under irradiation at low
insulating behavior. A possible scenario refers to the formatemperatures, corresponding to the pronounced decrease of
tion of orbital polarons at the metal insulator transitfif>  the resonant intensity below 50 K observed in Ref. 20.

Since orbital polarons are ferromagnetic objects which lead The results from the RXS studies on samfle and S2

F. Discussion of the RXS results

IV. CONCLUSION
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