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We have investigated the low-temperature phase of gsBlggMnO; single crystal by x-ray resonant
scattering at the MiK edge of thg3 0 0), (0 3 0), and(0 5/2 0 reflections. Strong resonances were observed
for the o—o’ channel in th€3 0 0 and(0 3 0 reflections and for the—=' channel in th€0 5/2 0 reflection.
These resonances showrgperiodicity on the azimuthal angle, having the intensity at the minimum position
almost zero. The intensity dependence on the photon energy, azimuthal angle and polarization has been
analyzed using a semi-empirical structural model. Contrary to previous claims of ohngé-Mn**) and
orbital ordering in this compound, our results show that the dipole resonant superlattice reflections can be
explained by the presence of two types of Mn sites with different local geometric structures. One of the Mn
sites is surrounded by a tetragonal-distorted oxygen octahedron, whereas the other site has a nearly regular
octahedral environment. This model also shows that no real space-charge ordering is needed to explain the
experimental data. Intermediate-valence states according to a fractional charge segregatithwviad->8
were deduced.
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I. INTRODUCTION proposed as the fingerprint of the charge exchange
. . (CE)-antiferromagnetic insulating low temperature phase.
Manganese mixed valence perovskites of the typ&or instance, a charge-orderédO) phase was proposed at
REAMNO;, REA1,MNO, and RE_5A1:2MN07 o temperatures for BECE MnOs,” Ndg St MnOs,8
(RE: rare-earth, A: alkaline-eanth hereafter referred as Lag £Cay MNO5,210 Lay St MnO,, 112 or LaSpMn,0,.13

manganites, have attracted a great deal of attention duringq’cjassical model proposed to describe this low tempera-
the last years by the unusual physical properties such as Cgjre phase is a one-dimensional zigzag chain of Mn atoms in

lossal magnetoresistent®. Depending on th_e formal 6 5 plane, coupled antiferromagnetically to each other
valence state of the Mn atom they show a variety of Magicheckerboard pattern, Fig).1This model has been sup-
netic and electrical phases, including ferromagnetic-metaly ) .+oq by the structural determination given by Radaetli
antiferromagnetic—insulators, and phases identified as charggy 9,10 showing that two nonequivalent crystallographic sites
orbital orderedCO_O '?_4 ) ) are present in the low-temperature phase of Ca sMNO;

The general principle to understand this behgwor WaSor the Mn atom. In terms of the single ion picture, one of the
based on a single atom ionic picture, whe(® Mn*" and  \n0, octahedra is tetragonally distorted and was ascribed to
Mn** ionic states are implicitlftemporal or spatialdistin- 5 jahn-Teller M3 ion while the other one shows a regular
guished and?2) the atomic 8 states are split by the octahe- ,ctahedron of oxygen atoms and was assigned to th& Mn

dral crystal field intot,y ande, orbitals, the electronic con- o Moreover, the real image of stripes observed by electron
figurations for Mi* and Mrf* ions being the high-spin

tzg3eé andt,,®, respectively. Within these premises, the for-
mation of an ionic ordered sequence of ¥Mand Mrf* ions H—- ----- /
at low temperatures, as proposed years ago féf/Fe*

ordering at the Verwey transition in magnefites its natural . .
consequence. In this way, the orbital order{@) proposed
for some manganites is also a consequence of the assumed \\\
ionic model. The occurrence of an electronic degenerkted ‘
state(tzg3e; configuration of Mi* ion) should induce a te- | . ‘
tragonal distortion of the octahedron coupled simultaneously y
to the splitting of thee, states(Jahn-Teller theorejnthus ' .
producing a directional orientation of the lowest eneggy H """ /
orbital® Then, the OO proposed for LaMa@nd other re-
lated manganites is ascribed to the ordering of the tetragonal FiG. 1. Scheme of the CE-type charge-orbital ordering model
Jahn-Teller distortions. (denoted as checkerboardf half-doped manganites. Elongated
Manganites near the half dopirige., x=0.5), where the  |obules represent the occupi%T orbital of the Mr#* ions and

formal valence on the Mn atom is +3.5, are the object ofclosed circles represent the Kinions. The zig-zag pattern is
special attention because chai@én®*/Mn**) and OO was marked by dotted lines.
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microscopy was also considered as a proof of chargéa,sSr; sMnO, and LaSsMn,O,. This interpretation is still
ordering**> Within this assumption, the structural aniso- controversial from both the experimerféaf’ and the
tropy of the so-called M ion was identified as due to theoretical238-42points of view. First, the analysis of the
d-orbital occupancy giving rise to the term of orbital order- so-called CO reflections was made considering the anoma-
ing. . ) lous scattering factor as scalar despite the azimuthal and po-
In spite of the wide acceptance of this model, some papergyization behavior observed for these reflections. For in-

either theoretically or experimentally criticize it. Most of the gtance, the low or zero intensity of the CO resonance at
crystallographic determinatiotfs*® essentially follow the  particular azimuthal angles was not considered. Second, the

. . . S :
p|oneerlgg work cl)f _Rgd/aelllet al” All .tr?escz Stbu|d,l;§s observation of ATS reflections was considered as a direct
proposed a monoclinie®2,/m symmetry with a double proof of d-orbital ordering. It is well known that the aniso-

axis (Pbnmor Ibmmsetting for the low-temperature phase. tropy of the anomalous scattering factor mainly arises from

Single crystal neutron diffraction experiments on
Pry¢Ca.aMnO; instead, proposed an alternative structure.the low symmetry of the local structure around thg anoma
lous atom. In fact, the extended experience on the intimately

Daoud-Aladineet al?° described the low-temperature phase lated b i ¢ AS) techni
of this sample as formed by pairs of manganese ions havin'a:€d X-fay absorption Spec roSCOXAS) technique
a very similar oxygen octahedral environment. Accordingly, SNows that anisotropy is observed for any kind of atoms with

they concluded the absence of CO and proposed the form@&Symmetric local geometry, not only for nonfillednetals??

tion of a Zener polaron as an electronic localization mechaln addition to these general criticisms, XAS experiments at
nism. Nevertheless, none of the structural models reportethe MnK edge of RE_,CaMnO; (RE=La,Ca manganites
Mn-O interatomic distances that agree with those in purdave shown that the spectra cannot be described by a mixture
Mn3* and Mrf* perovskitegLaMnO; and CaMnQ, for ex-  of Mn®* and Mrf* ionic stateg-4¢

ample. So independently of the ordering pattern, a question The experimental confirmation about the existence or ab-
remains: what is the limit to speak in terms of #rand  sence of integer ionic states in mixed valence oxides is a
Mn** ionic states? Despite this contrasting experimental evimatter of fundamental interest. The nonidentification of inte-
dence, recent theoretical calculations suggest a bander ionic states would mean that the mobile electron would
insulator picture for the insulating CO state instead of alump between ionic states with times lower than*#G (in-
single atom localization mechanisit2®Moreover, other au-  teraction time for the photoabsorption progegsving rise to
thors proposed that the charge segregation mainly occurs ¢h relatively high bandwidth that might not be compatible
the oxygen atom& with a tight-binding approximation to the system.

The COO phenomena have been recently studied by In this paper we report on a detailed XRS study at the Mn
means of x-ray resonant scatterif§RS). This technique K edge of the NglsSi, sMnO; sample at low temperatures, in
measures the intensity of reflections either forbidden by crysthe so-called CO phase. A complete phase diagram of the
tal symmetry or allowed with very low intensity as a func- Ndi1,SKMnO; series has already been described? inter-
tion of the incident photon energy across an absorption edg@reting the different phases in terms of CO and OO. In par-
For these reflections, the structure factor is given by the difticular, Nch sSip sMnO; shows three phases, an antiferromag-
ference (roughly) of atomic scattering factors. This fact netic CE-type phase below 170 K assigned to COO phase, a
makes the Thomson scattering be zero or nearly zero arf§’fomagnetic metallic phase stabilized between 170 K and
strong resonances coming from the anomalous scattering faé30 K, and a paramagnetic-insulator phase abiove30 K.
tor of these atoms can be observed at the absorptioRrevious x-ray resonant studies performed by Nakanetira
edge?>2% Note that the anomalous atomic scattering factor@l-*® concluded that the low temperature phase is a COO
has a tensorial character, being a symmetric tensor of rangefhase within the classical checkerboard pattern. The present
for virtual electronic dipolar transitionghe main contribu-  Study will shed light on the origin of the observed reso-
tion). The tensorial character implies that the three compohances. We study the azimuthal and polarization dependence
nents of the diagonalized tensor and the orientation of th&f the (300, (030, and(05/20 reflections atT=60 K
tensor in the crystal must be taken into account. The scatCOO phasg A detailed analysis of the data will show that
tered intensity will depend on both, the incident beam polarthe checkerboard pattern proposed by Radaetlial®°
ization and the azimuthal scattering angle. In this sensedgrees with XRS data, but the simplification to a COO model
those reflections arising from a different spatial orientation ofis not justified. We postulate that the phase transition is better
the scattering tensor in the crystal are called Templeton ogxplained as a structural transition differentiating two Mn

anisotropic tensor susceptibilithTS) reflections? sites with different oxygen environment.
The claim for ionic Mi#*-Mn** charge ordering in several
half-doped manganités32was based on the observation of Il EXPERIMENT

a strong resonance at the Mhedge for(0, odd, Q super-

lattice reflections in some three-dimensional manganites as A single crystal of Ng sSt, sMnO3 was grown at the Zara-
Pry <Ca sMnO; or Nd, sSrp sMnO5. On the other hand, the goza University using a floating-zone furnace. The structure
observation of an ATS resonance for tte odd/2, § for- corresponds to an orthorhombic distorted perovskite with
bidden reflections has been considered as the experimentab.515 A, b=5.452 A, andc=7.552 A atT~60 K (Iomm
proof of d-orbital ordering. The same interpretation was setting. A polished (100 surface of a twinned sample
given for the correspondingh/2, k/2, 0) and(h/4, k/4, 0)  was used for the x-ray study. Bo{th00) and(010) domains
reflectons in the  two-dimensional manganiteswere detected. The surface area was about 16 amd the
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FIG. 2. Magnetic susceptibility of the NgSr, sMnOs sample as N, .Sy MnO; together with the diffraction configuration for the
a function of temperatureeontinuous ling The temperature depen- _ray scattering experiment. Elongated octahedra indicate the geo-
dence of the intensity of the3 0 0) o—o" reflection is also shown  metrical anisotropic “odd” atoms while “even” ones are represented
as fingerprint of the onset of the charge-orbital phase transmorp)y regular octahedra. The two studied planes, corresponding to
(circles). (h00) and (0 k 0) reflections are also indicated. The azimuthal
angles,¢ and ¢’ are the rotation angles around the respective dif-
mosaic width(full width half maximum was approximately fractionQ vector.c—o’ ando—=" polarization geometries are also
2°. In the following, we will use the Miller indices corre- indicated for the two planes. The axes for which the atomic anoma-
sponding to the higfA- orthorhombic cell. Then, superlattice lous scattering tensor is diagonal are shown in the figures at the
(h 0 0) and(0 k 0) attributed to the CO ant k/2 0) attrib-  right.
uted to the OQh,k=0dd) reflections were analyzed.
Figure 2 shows the temperature dependence of the ma

netic susceptibility of the single crystal used in the presen ommgtfroX\ba srgall motion of the_atogm OUtdOftttr?nnE)
study in order to check the quality of the sample. The result ymmeEtry. A broad main resonance IS observed at iné absorp-

show two phase transitions af.~255 K and at Teo ion edge whose intensity strongly depends on the azimuthal
C
~ 150 K in agreement with the measurements reported in the

g_xistence of Thomson scattering, i.e., structural modulation

literature®47 - 90 deg @
X-ray resonant scattering experiments were performed at g * 60deg

the ID20 magnetic scattering undulator beamline at the Eu- [ ° 30deg

ropean Synchrotron Radiation Facil#/The incident beam 2 0 deg

-10 deg

was monochromatized by a double crysta{1%il) mono-
chromator located between two focusing mirrors. The typical
energy resolution of the incident beam at the Kiedge was

1 eV with nearly 100% of lineas polarization. The sample
was mounted with silver paint in a closed cycle refrigerator
which could be rotated about the scattering vector to perform
azimuthal scans. Polarization analysis of the scattered beam
was performed using a Q220 analyzer crystal, which
gives a scattering angle of 95.9° for the energy of Kn
edge. A schematic view of the experimental configuration
together to the definition of the polarization directions is
shown in Fig. 3. The linearly polarized’ and =’ compo-
nents of the scattered beam are perpendicular and parallel to
the diffraction plane, respectively. The temperature depen-
dence of thes—¢' intensity for the(3 0 0 reflection at the

Mn K edge is also shown in Fig. 2. The intensity is nearly L e
constant at temperatures belolikg~ 150 K disappearing 652 653 654 655 6.56
aboveTcq so that it is clearly coupled to the onset of the E (KeV)
CE-type antiferromagnetic ordering.

Normalized Intensity (arb. units)

6.58

N
6.57

FIG. 4. Intensity of th&3 0 0) and(0 3 0 reflections as a func-
I1l. EXPERIMENTAL RESULTS tion of the energy at different azimuthal angles in thes’ chan-
) ) ) nel. Panela) shows data for thé3 0 0) reflection and paneb) for
Figure 4a) shows the intensity versus photon energy ofthe (03 0) one. The reference for the azimuthal angig ¢’ =0)
the (3 0 O reflection across the MK edge for theo—o’  corresponds to the crystallographic directip@< 0] for (3 0 0) and
scattering channel at different azimuthal angles. The nonzera 0 0] for (0 3 0) reflections, respectively. The fluorescence spec-
intensity at energies below the absorption edge shows theum is also shown for comparisgthick solid line).
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different azimuthal angles in the—7' channel. The same criteria

as for the(0 3 0) reflection was taken for the zero of the azimuthal ~ FIG. 6. Azimuthal behavior of the scattered intensity at the reso-

angle. nance for the three studied reflectiof3:0 0 o—=' channel(gray
circles, (030 o—a’ channel(open circley and(05/20 o—'

angle. The appearing of this resonance at thekMabsorp- channel(squares

tion edge indicates that the main contribution arises from an

energy shift of the absorption edge between different mangajcely fits to a sinusoidal function witl period. Reflections
nese atoms. The strong azimuthal dependence informs us pf 0 0) and (0 5/2 0 were also measured at different tem-

the anisotropy of the anomalous scattering factors of the Miyeratures in order to check the disappearance of these reflec-
atoms, characteristic of ATS reflections. We have also triedions apove the CO transition temperatgsee Fig. 2

to measure the—7' contribution. The observed intensity is
smaller than 2% of the—o’ channel, which closely corre-
sponds to the polarization resolution of the crystal analyzer.
Figure 4b) shows likewise the intensity of théd 3 0 A. Tensorial formalism
reflection as a function of the photon energy together to an
absorption spectrum for the sake of comparison. A similarte
energy dependence and azimuthal behawor.ls o_bserved f?ﬁe crystallographic unit cell is defined as< 2bX ¢ with
this reflection compared to tH8 0 0) one. Also in this case, eight Mn atoms relative to the room temperat@iemm(or
we observed a nonresonant Thomson scattering, a resonagt,min Nd, £St, :MNO,) structure as it is shown in Fig. 3.

contribution at the edge, and finally no-=' contribution  aying into account that Mn atoms are equivalent alongethe
was detected. Besides the main resonance, two shoulders is, we can operatively reduce to four the number of Mn

energies around 6565 and 6574 eV were detected for bo oms(denoted as 1, 2, 3, 4 in Fig) Beeded to describe the

reflections. The azimuthal dependence at the main resonangg, ~ture factors ofh 0 0), (0 k 0) and(0 k/2 0) reflections.

of both “odd" reflections shows a minimum fef=0° and a 1,5 5pservation of nonresonant Thomson scattering for

mgximum for ¢=90°, nonvqnishing the resonance at the(3 0 0 and(0 3 0 reflections can be originated by the small
minimum. Moreover, the azimuthal evolution not only af- motion of Mn, NASH, or O atoms from the high-

fects the resonance intensities but a small energy shift of th o ; L
emperature positions. As a first approximation, we would

maximum can be observed together with a slight change i .
. consider that the Mn atoms do not move and the appearance

the line shape. The peaks of t{@0 0 and (0 3 Q) reflec- S . :
tions are located at 6552.6 and at 6553.6 eV der0° and of nonresonant scattering is ascribed to.the small d|splace—

e . ' ' ¢o ment of the O and/or N&r) atoms. We will show that this
¢=90°, respectively. approximation is self consistent with the experimental data

Half-integer reflectiongso-called OO reflectionshave p?/Vithin this structural model and usin thpe nomenclature
also been investigated. Th&/2 00 reflection was not . - 9

: . , ; given in Fig 3, the structure factors are given by

found either in thes—o’ or o—7’ channels. A strong reso-

IV. ANALYSIS

Several structures have been proposed for the low-
mperature phase of half-doped manganites. In all of them,

nance around the energy of the Mhedge (6552 e\} was F(hoO) =C,+f —f+fy—1,,

observed instead for th® 5/2 0 reflection as it is shown in

Fig. 5. Scattered intensity is only observed in thew’ po- FOkO0)=Cy+f,—fy+fy—f,,

larization channel. No Thomson scattering intensity was ob-

served for this half-integer reflection, indicating that it only FOK20)=f,— fa+i(fy—fy). (1)

arises from the anisotropy of the manganese anomalous scat-

tering factor. The Gaussian-shaped resonance shows a strobgreC,, andC, denote the Thompson contribution due to the
azimuthal dependence disappearing completely fer0°.  mentioned atomic motion anf] are the anomalous atomic
Figure 6 shows the azimuthal dependence of the resonanseattering factors of themanganese atoms. We note there is
intensities for the three reflections studied. This behaviono Thompson contribution for thed k/2 0) reflection. The
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(\F\“\ . &\ & 0 fL- f” 0

k A F(O,k/2,0)= fi_f\l 0 0 y

= 0 0 0
P A a F(h,0,0 = F(0,k,0)

// 0 fl + fH - 2f O O
g Ha = = o fo+f—2f 0 |. (3
z1 - —
E . &\ E 0 0 2f | = 2f
X On the other hand, in the Zener polaron model the follow-

ing relations holdf,,=fz,=f,, andf,;=f,,=f3 and, conse-
quently, F(h,0,0=F(0,k,0)=C (nonresonant We would
also like to emphasize that even including a tilt of the aniso-

tropy axis according to a more realistic model, the two “odd”

anomalous scattering factor for dipole transitions is a tensofefiections are not resonant. The observation of these reso-
of range 2. Then, it is necessary to determine the three comyan reflections discards the Zener polaron model.

ponents of eacli; and the spatial orientatiofi.e., axis for Within the checkerboard model the intensity of the reso-
which the tensor is diagonalObviously, it is not possible to  nant reflections considering both’ and =’ polarization

determine the whole tensor components with the set of eXcomponents of the scattered x rays is expressed as
perimental data we have. Therefore, we will discuss the tw@g)|g\ys:33.51

representative crystallographic models proposed for these

manganites: the checkerboard model, where the structure is l,-(kl200=1,.(kl200 =0, (4)
described by two different Mn sites, one of them with aniso-

tropic local structurgassigned to M#) and the other one | (h00)=1,,.(0k0)

pseudosymmetri¢assigned to Mff) and the Zener-polaron 7

FIG. 7. Pictorial view of the Zener polaron model. MKIn,
pairs are marked by dashed lobules.

model?° where every Mn atom is locally anisotropic but =[Chp + 2(f, —f)cosp + (f | + = 2f)sirtep]?
identical from the electronic point of view. A pictorial view _ _ _ L2 12

of the Zener polaron model is shown in Fig 7. First, we =[Cro +2(F, = 1) + (= T )sife P, ®)
consider the checkerboard model. The anomalous atomic ) )
scattering factorsee Fig. 3 for the anisotropic atomgdd lym (N0 0) =1,,(0k0)=[(f, - f)sin ¢ cos ¢ sin 6],
oney in thex'y’z" axis is given by a diagonal tensor whose (6)
components aré, (direction of the anisotropy axisand f |

(perpendicular to the anisotropy axié diagonal tensor with 1,,(0K20) =0, @)

three identicalf components describes the nonanisotropic

Mn atoms(even onep® A model with the anisotropy axis . )

forming 45° between the andy crystallographic axis has lor (0 K2 0) =[(f;~ f,)sin ¢ cos O] (8
been considered. Then, anomalous atomic scattering tensors
in the crystal reference frame are as follows:

The experimental azimuthal and polarization dependen-
cies of the resonant reflections studied are nicely reproduced
f4f f —f O with this model(see Fig. 6. Moreover, the respective values
Lo e of the maximum and minimum azimuthal angles also guar-
fp=2/2F, -f f, +f, 0O antee that the chosen orientation for the local anisotropy axis
0 0 2f, in the crystal is right. It is noteworthy that we have not
) discussed the origin of the anisotropy yet. In fact, if the an-
'f ot fof 0 7 isotropy were assigned to the orientation of a Mmrbital
LU0 (the anisotropic and isotropic atoms were considered*Mn
f3=12f-f, f, +f O and Mrf* ions, respectively we would obtain the COO
0 0 2f, model. However, it is important to remark that both types of
N reflections occur simultaneously and those models trying to
and describe separately the reflections coming from the “sup-
posed” orbital ordering from those associated to charge or-
dering are discarded.

f2=f4= )

B. The anomalous scattering factor

o O =
o —+~ O
-~ O O

The mechanism of the anomalous scattering is as follows:
Using Eq. (1), the tensorial structure factors for the incoming photon is virtually absorbed to promote a core
(h,0,0/(0,k,00 and (0,k/2,0) reflections are given by electron to an empty intermediate state leaving a core hole
equations behind. Subsequently, the excited electron decays to the
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same core hole emitting an outgoing photon with the same
energy as the incoming one. For the case of dipolar approxi-
mation(the main contributio)) the transition goes from asl i
core state to the empty band. The mechanism of XAS is
nearly the same, except for the fact that the electron is really, |
promoted to an empty state of the appropriate symmetry
above the Fermi levéf

The anomalous scattering factor is given ) =f'(E) 1
+if”(E). The imaginary part is related to the absorption
coefficient through the optical theorem by"(E) .
=(mcE 2e?h) w(E), whereu(E) is the absorption coefficient -10 0 10 20 30 -10 0 10 20 30
andE is the photon energy. The real pdf{E) is related to E-E(eV) E-Ej(eV)

f’(E) through the mutual Kramers-Kronig relation.

X-ray Mn K resonant data have shown that the main reso-
nance appears at energies around the absorption edge. TH8Os and MnQNdgMn clusters. The upper curves show the un-
means that the main differences between the components 8P a“z‘?d spectra fo.r the two_crystallographlc Mn positions: tetrag-

onal distorted (continuous ling and a symmetric octahedron

the scattering tensor of the involved scattered atoms ar&:lashe d lines The spectra for a symmetric actahedron with a

pIace_d at (tjheKtedge gnergg. 'Ir']he er?erg); position of thg} ab'breathing mode distortio(2.5% expandedis also shown for com-
sorption edge Is sensitive both to the valence state and to trbeo\rison(dotted ling. Lower curves show the parallétircles and

aniSOtrOpy of ,the local enviro!’lment for different polariza- perpendiculartriangle§ components to the tetragonal axis of the
tions. In the first case, the difference between the energ¥tragonally distorted cluster.

edge positions for different valence states is generally re-
ferred to as the chemical shift. Usually, the chemical shift is . .
determined from x-ray absorption experiments on powder the tetragonal-distorted octahedrafaverage distanced

isotropic samples in such a way that the energy shift corre—zl'967 A. Figure 8 shows the calculated x-ray appearance

sponds to the nonpolarized absorption edge. It measures tlﬁ\l;ar-edge SUUCIUIRXANES) spectrq for the Mn@and the
difference between the averag€E) or the trace of the ab- NOgNdgMng clusters. The unpolarized XANES spectra of

sorption coefficient tensor within the tensorial framework. Inthe two Mn geometrical configuratiorigegular and tetrago-

this sense, the chemical shift experimentally found betweeﬁ"'?ll distortedl are shown in t_he upper part. The effect of a
Mn3* and Mr* ions is~4.5 eV4445and the appearance of a slight homogenous expansion of the lattice, an expanded

: 5 0 ) :
resonance for the “odd” reflections was qualitatively ex—fylmgm(sstgc_ CITSteré 2'5f/°) with gveragAe hd|s;anced h
plained as due to the MAMn** chemical shiff’-31In the + IS also shown for comparison. At the bottom, the

case of geometrical local anisotropy, the energy position ofwo polarized components of the tetragonal-distorted cluster,

the absorption edge also depends on the angle between tR rallel and perpendicular to the tgtragonal axis, are dis-
x-ray polarization vectofe) and the directional axis of an- played. We observe that the main difference among the sev-

isotropy. This shift that we call the anisotropic shift is nor- eral configurations lies in the energy shift of the Mredge.

mally smaller than the chemical shift. For instance, a shiftThe value of the energy shift Is nearly independent of the

between the spectra taken withparallel and perpendicular gl.?fztrirn?'g.]fené.'ggé Vc\)/]? ngrqgtl'r:)?\ tg: tsr?éfta&:]r.'ssc')'?[?ofr.gn;;me
to the ab plane of about 2.8 eV is found in LaSrMpO ; recti polarizati ! P! :

manganite? A revision of the anisotropy of XAS up to 1990 (5a“i.3) and the shift origina}ted by the different average Mn-
is given in the paper of Broudét.In particular, the aniso- O distances as the chemical stifiner. The latter can be

tropic shift in compounds with octahedral coordination hag'€lated to a different charge density on the atqwelence

been explained in terms of a tetragonal distortion of the ocState- Our calculations give around 1.5 and 0.7 eV &

tahedron. The energy edge position is different foiE) and Spem re§pectively. We also note that the edge position of
measured with: parallel and perpendicular to the tetragonal "€ Unpolarized spectra does not change when the average

axis2%%*We note that both shifts, chemical and anisotropic:,'vm'O interatomic distance is alike, independently of the

give rise to the so-called derivative effect on the x-ray resoYPe of d|st0r.t|on(tetragonal or expanded breathing mpde
d In conclusion, we have shown that two parametégs

nant spectrum although this effect has been only considere . .
as a fingerprint of CO reflectiors and &;,em Can account for the anisotropy of the scattering

As a matter of illustration, we have carried out theoreticaltensor and for'the presence OT two different kinds of Mn.
simulations of the x-ray absorption coefficientE) at the atoms, respectively. Now, we will use both parameters to fit

Mn K edge using thevixaN program2® X-ray absorption the experimental data.
spectra were calculated for the two inequivalent Mn posi-
tions of the low-temperature phase reported by Radaelli

al.10 after renormalization by the unit cell parameters. Two The use of theoretical atomic scattering factors to simu-
clusters with 7(MnOg) and 21 atomgMnOgNdgMng), re-  late the x-ray scattering signal has worked reasonably3#ell.

spectively, have been used for each of the two Mn positionsAs the theoretical simulation was done without considering
the Mn-O interatomic distances beimi=1.92 A for the the valence state of the Mn atoms, it was concluded that the
regular octahedron andgqyaoria- 1.92 A; d,i=2.06 A for  transition was driven by a phonon-softening process giving

MnO MnONdMn, |

FIG. 8. TheoreticaMxaN calculation of the XANES spectra of

C. Semiempirical model
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FIG. 9. Realf’ (lower curve$ and imaginaryf” (upper curvep
parts of the different tensor componeifit&dashed ling f, (dotted
line), andf, (continuous ling of the Mn anomalous scattering factor
obtained from the experimental XANES spectra o)y sMNnOs.
The definiton of o=f-f, and &,<=f,—f, being &
= Seneni— L/ 30anis are indicated in the inset.

Normalized Intensity (arb. units)

rise to a differentiation of two kinds of Mn atoms. However,
the use of theoretical calculations has some intrinsic limita-
tions: first, the degree of accuracy of the calculated scattering
factors. Actually, only a qualitative agreement is fulfilled
with the present codes and second, the added difficulty to
calculate a spectrum for a system intrinsically inhomoge-
neous (random distribution of Sr and Nd atoms in
Ndp 5515 sMnOy). 0.0
Taking these limitations into account, we have chosen a
semiempirical approach to simulate the x-ray resonant scat-

tering data. The spectral line shape of the XANES spectra rig 10, X-ray resonant scattering data at the Kadge for the
(Fig. 8 is nearly the same for different polarizations and (39, (030, and (05/20 reflections compared to the semi-
similar local geometry, the energy position of theedge  empirical best-fit model. The resulting parameters used daxg
being the main difference between the spectra. We consider1 6+0.2 eV,8,,6,=0.7£0.1 eV, and the Thomson scattering fac-
that the absorption coefficie(the anomalous scattering fac- tors Chk=0.43, 0.35, and 0 fo3 0 0), (03 0), and(0 5/2 O reflec-
tor) has the same spectral line shape for the two kinds of Mnions, respectively. Experimental maximugh=90°) and minimum
atoms in the crystal and for the two polarizations. Within thiscurves(¢=0°) data are represented by symbols while lines corre-
approximation, we define the following relationships be-spond to the best-fit model.

tween the different components of the anomalous scattering

tensors:f(E) =f 4nid E+ dchem @and f | (E)=f,(E+ 8anid, Where

f(E) represents the anomalous scattering factor for the SYMye have used this reflection to estimate the value of this

tric Mn, f f th llel and th dicul : .
Qniwr[l)%ner:{tsu 22?[] L ziasre defii ggr;ls?chgnunpoela?iez?degr:gumzt parameter. The obtained energy shift betwéeandf, that
' anis reproduces the intensity of th@® 5/2 0 reflection is d,nis

lous scattering factor 1(8,+2f ) of the tetragonal distorted =1.6+0.2 eV. Fixing this parameter, we have tried to repro-

Mn atom. duce the x-ray resonant intensities of the “odd” reflections
We used the experimental unpolarized XANES spectrum y

of the Nd, 5Srp sMNO; sample at room temperatdpeto ob- using.a.xs fi_tting pgramgte@hemandch(k) [see EQ@]- Only

tain the different anomalous scattering tensor component$ POSitive isotropic shifté;nen> 0) was able to fit the spectra

Figure 9 shows the redf’) and imaginary(f”) parts ob- and the best value obtained dg,.,=0.7£0.1 eV. The com-

tained from the experimental x-ray absorption spectrum toparison between the experimental and the best-fit model

gether with the definition of, f, andf on the basis of the Spectrais shown in Fig. 10. The azimuthal dependence of the

chemical(dy,e) and anisotropid d,,i9 Shifts. intensity for the three reflections is well reproduced. More-
We were successful in fitting the experimental x-ray reso-over, this model nicely accounts for the shift in the energy

nant data by using only three variablek;,s d.em and the  position of the resonances. For example, the energy shift of

independent Thompson scattering teby,. As the intensity ~ the main resonant peak f¢8 0 0) and (0 3 0) reflections at

of the (0 5/2 0 reflection only depends ofy,s[see Eq(8)],  different ¢ is quantitatively reproduced.

0.2

AW

AN = N °
---------------- p P
w05

6540 6550 6560 6570
E(eV)
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V. DISCUSSION AND CONCLUSIONS 12
In summary, x-ray resonant scattering data qualitatively 101
agree with the previous work carried out by Nakameta
al.2%in Nd, Sty sMNnO3. However, our data with higher reso-
lution allow us to give a detailed analysis of the so-called
COO low-temperature phase of MNgbrpsMnO; using a
semi-empirical structural model. This model agrees with the
checkerboard pattern proposed for the half-doped mangan-
ites in the sense that the structure is described as an ordered
distribution of two kinds of Mn atoms from the local sym-
metry point of view. One of them is considered isotropic, a 0 6510 6550 6560 6870
regular octahedron, and the other one shows a strong aniso- E(eV)
tropy, tetragonal distorted octahedron.

The x-ray scattering data had been presented as experi- FIG. 11. Theoretical simulation for the fluctuating charge-
mental evidence for the direct observation of charge andrdering model(Seher=4.5 €V at ¢p=90° (maximum, solid ling
d-orbital ordering in half-doped manganit€s® In this  and ¢=0° (minimum, dashed lineazimuthal angles, compared to
study however, we have described the resonant reflectiortBe experimental data of the “odd” reflectiofs=90°, squares and
using a unique tensorial formalism with only three free pa-#=0°, circles.

rameters: the chemical shifbgner), the anisotropic spliting o 16 of MA* and Mr* ions with a higher probability to
(8anig, and the Thomson scattering contribution. Let US NOWing a Mr?* ion at odd positions and vice versa at even po-
discuss the effect the values obtained &yemand Sanis IN sitions(60% /40% ratio, respectivelyThis type of ordering
the Nd sSp sMnO3; sample have on the concepts of chargescheme would give a resonance with the same azimuthal and
and orbital-ordering, respectively. The obtainéghem be-  energy dependences as for the case of a (i) CO
tween the isotropic and anisotropic Mn atoms is 0.7 eV, falscheme. The only difference would be the intensity of the
below the experimental chemical shift repofted®between  resonance. It must be around 20% of the intensity for the full
Mn3* and Mrf* oxides (4.5 eV). A smaller chemical shift CO according to the ordering of only 0 instead of 1e".
was determined for ByCay gMnOj3 in another XRS study/  In order to check the reliability of the fluctuating model, we
This clear difference leads to the conclusion that the assigreompare the experimental data for tt@3 0 reflection to
ment of anisotropic or isotropic Mn atom to a 3+ or 4+ the calculation obtained from the complete CO modedat
valence state is completely unjustified. =0° (maximum) and ¢=90° (minimum) as shown in Fig. 11.
On the other hand, a linear relationship between that is clearly observed that the dependence of the full CO
charge density on an atom and the chemical shift can beodel is weaker than the experimental. This result is ex-
considered, as it has been experimentally observed ipected because in the limit of zero anisotropy, the depen-
manganite$?~4¢ Following this assumption, the observation dence on¢ should be constarif, and pure CO reflection
of a finite chemical shift has been used for several authors asvithout anisotropy would not have azimuthal dependence.
a proof of charge segregation. This point must be discussedccordingly, an intermediate valence state is found for the
in detail. First, the energy position of an absorption edgemanganese atoms in Nebr, sMnOs in agreement with the
highly depends on the valence state but other effects such assults obtained by XA%-*6for mixed-valence manganites.
geometry or types of ligands also affect the edge positionwe remark that the lack of atomic localization oE1lseems
Accordingly, differences of about 0.5 eV in the edge positionto be a general feature of mixed-valence transition-metal ox-
are found for atoms with the same formal valence. Seconddes as it has also been recently shown in magnetite below
the interatomic distances also play an important role in thehe Verwey transition temperatute.
position of the absorption edge. This is probably correlated The main contribution to the resonant scattering in
with the ionic state as we have shown in Fig. 8. Therefore, iNd, :Sr, MnO; is 8,,is Whose value is 1.6 eV. Such a value
is a bit risky to conclude a real charge disproportionationis typical of the splitting between parallel and perpendicular
from a chemical shift of about 0.7 eV. components of a tetragonal-distorted Mp@tahedron. For
However, assuming the linear correlation between thenstance, such a result is obtained from XANES calculation
chemical shift and the charge state, the charge segregati@f the 1s—¢p dipole transition at the Mn site in LaMnG®
estimated in NglsStp sMnOs would be Mr342 and Mr3%8  Therefore, the anisotropy of the “odd” atoms is originated by
This value agrees with the limit given by XANES spectra of the tetragonal distortion of the oxygen environment instead
a segregation lower than 0.2 electrons in this systethAt  of the Coulomb interaction between thp donduction band
this point, a full CO(1e") model can be completely dis- and the anisotropicdatomic orbitals. It is worth noting that
carded. However, it is noteworthy to discriminate if the elec-both techniques, XAS and XRS at tlife absorption edges,
tronic state of Mn atoms is either a fluctuating valence stateneasure the projected density pfempty states on the ab-
or a pure intermediate valence state. In the case of a fluctisorbing atom. Consequently, the observed anisotropy reflects
ating valence state, M# and Mrf* ions can be temporally the anisotropy of thesp states and probably, in correlation
distinguished. The diffraction latticevithin the interaction  with the local geometry, the anisotropy of the locally pro-
time of the scattering processhould be formed by an en- jected density ofd states should be inferred. In this way,

P ¥ et O
WM@%@%@@&?@

Normalized Intensity (arb. units)
o]
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XRS experiments at the Mb; , edges on half-doped man- electron is shared among several Mn atoms, whereas it is
ganites have reported strong resonances for the so-called A@calized on one Mn atom in the CO model.

reflections (in our case half-integer reflectipnUnfortu- Finally, we want to emphasize that the nonexistence of

nately, these papers interpret the resonant spectra on the bagiteger valence states in a very short time scale has strong
of a Mn 3d-OO (total or partia).>*-®1The present paper dem- jmplications on some widely accepted ideas about the phys-
onstrates that this interpretation is not supported by XAS angts of transition metal oxides. For example, the Hubbard—

XRS at theK absorption edge. In summary, the electronic\iott model is based on the assumption that electrons are
state observed at the Mn atom cannot be considered as thesinly ocalized on the atoms and the intra-atomic Coulomb

iﬁnif ?jg? and consequentl;g thelori%in ththe ag}ikslott)forl)y Ohepulsion plays an important role. If electrons are not local-
the “odd” Mn atoms cannot be related to the atoatorbita ized on the atom, the intra-atomic Coulomb repulsion would

ordering. . . : )
The so-called COO phase transition can be explained aslgse its relevance. Moreover, the single ion Jahn-Teller effect

o . would not operate as the ground state is not the atomic one.
structurgl phase_ transition where.two nonequivalent crysta However, this conclusion does not contradict that strong
lographic Mn sites, .tetragonal distorteddd) and regular énhonon-electron coupling is still present in these systems.
(eve), are present in the Iow-tempgrature phase. The C Summarizing, we have shown that XRS and XAS data do
resonances appear because of the different local geometry ﬁgt support the ionic description given for half-doped man-
both odd a_nd even Mn atoms. The OO resonance apbeags ites. on the contrary, an itinerant model is necessary to
from the anisotropy of the anomalous scattering factor of th

odd Mn atoms originated by the tetragonal distortion. Theunderstand the physics of these systems, and probably other

) ; . related transition-metal oxides.

difference in the average anomalous scattering factor be-

tween both Mn atoms can be interpreted in terms of partial

charge segregation arlsmg_from the small geometr_lcal _dlffer_- ACKNOWLEDGMENTS
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