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We have investigated MiK edge resonant scattering from a single crystal of the bilayered manganite
LaSrLMn,0; in the charge/orbital ordered stafé=€ 170 K). A strong intensity enhancement of the tetragonal
superlattice reflection- %,%,10) has been observed as the x-ray energy is tuned to thi€ btige. In recent
years a strong controversy arose regarding the nature of these kinds of superlattice reflections, i.e., whether
their origin is due to Jahn-Teller distortion, orbital ordering, or both. We have thus performed realistic calcu-
lations to simulate the resonant signal, based on multiple-scattering theory and the finite difference method. We
have found that Jahn-Teller distortion alone correctly describes the main features of the experimental data, the
orbital ordering contribution being one order-of-magnitude smaller in amplitude.
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[. INTRODUCTION greater than the one due to orbital ordering. This same con-
clusion has been confirmed by Takahashal.” on the basis
Strongly correlated electron systems such as transitionsf their local-density band-structure calculations. In spite of
metal oxides have recently become the subject of numerousll this, in recent review papers Murakami, Ishihara, and
experimental and theoretical studies after the discovery of Maekawd and Ishihara and MaekaWhave reiterated their
variety of different physical phenomena and a diversity ofclaims of direct observation of orbital order by RXS. Also
ordered phasés.In particular, the interplay among spin, |nami et alX° reported their experiment of resonant inelastic
charge, orbital, and lattice degrees of freedom in manganiteg ray scatteringRIXS) as direct observation of orbital exci-
has attracted considerable attention because of the colossglions. There have been clairteat RXS and RIXS would
magngtoresistance .behavior of these compounds. A powen‘_g[pen up the field of orbital physics in a similar way as spin
experimental technlque to analyze structural and electronlﬁhysiCS had been probed by neutron scattering during the last
ordered phases is elastic resonant x-ray scatteli®®S), it century. In light of the latter considerations, we believe

since the resonant scaftering process depends on the anis at it is important to analyze all the cases that led to such

ropy of _the empty electronic levels as determined not only byclaims. Those concerning LaMa@nd La S, MnO, have
the orbital filling on the resonant atom, but also by the geo_alread been critically reviewed in Refs. 5—7
metrical distribution of its neighbors. y y ’ '

With this method Murakamet al2® observed a strong The main point of the present paper is to show that also

intensity enhancement for some Bragg-forbidden reflection€ case of the bllla;yered manganite La#m,0,, treated by

in LaysSr, sMnO, and LaMnQ. From the azimuthal angle ngabayashet a}l. and I.shlhara and Maekawfaas d|r¢ct
dependence they concluded they had observed directly tfRvidence for orbital ordering, can be adequately described by
orbital ordering (OO) in these compounds. These claimsthe JTD of MnQ octahedra alone. We measured some
have been later supported by the Mn@uster calculations Bragg-forbidden reflections where we found a strong reso-
of Ishihara and Maekawhwho found that the orbital depen- nant intensity enhancement and analyzed thenafynitio
dence of the @8-4p Coulomb interaction is essential to the calculations based on multiple scattering and the finite dif-
anisotropy of the scattering factor near the Mnedge. ference method. Our results show that the contribution of
Nonetheless, they have been contested by several otherbital order to RXS intensity is only about one percent of
authors>™ Elfimov et al,> on the basis of their local spin- the JTD one, i.e., we are in favor for rejecting the idea that
density approximation+U calculations, showed that the OO can be considered mainly responsible of the RXS signal
X-ray resonance scattering at the Mredge could be sensi- at theK edge. We believe it is worthwhile to stress this result
tive to orbital ordering but in a lower-energy range than ex-because, in spite of the previous similar ones obtained in
perimentally observed and also that multielectronic effectfRefs. 5—7, the theoretical considerations performed in Refs.
are negligible. Similarly, Benfatt@t al® concluded, from 11 and 12 about the bilayered compound La8t,0, again
their calculations based on multiple-scattering theory and theo not take JTD into account. Yet, this does not mean that the
finite difference method, that the contribution of Jahn-TellerOO contribution cannot be detected, for example, at other
distortion(JTD) to the Bragg-forbidden resonant x-ray signal edges, as very well described by Castleton and Altafdti

in LaMnO; at MnK edge is at least two orders-of-magnitude the case ot , ; edges.
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Il. DESCRIPTION OF THE COMPOUND AND
EXPERIMENTAL SETUP

We focused on the Dbilayered manganites
La,_,,Sr; 1 5xMn,05 that have become the subject of intense
investigation after the recent discovery of colossal magne-
toresistance behavidt:'°Because of the reduced dimension-
ality the physical properties of these bilayered manganites
are different from those of three-dimensional mangartftes.
For example, the magnetoresistance is greatly enhanced i
the bilayered manganite, for=0.4, but only at the cost of a
reduced ferromagnetic transition temperature. Since the 509 T

hole-doped x=3) LaSrLMn,0O, consists of formally equal D)
amounts of MA™ and Mrf* ions, one expects, in analogy o = ?

5

0(3) 03" !
O 6 o O
? O T .

O-0- O

with three-dimensional manganites, that charge ordering anc
ordering of the orbitals are associaféd® A neutron-
diffraction and high-energy x-ray-diffraction investigation of
the charge-orbital ordering in Lagin,O,; has been previ-
ously reported® Below Tco=210 K, LaSsMn,0O, shows
superlattice reflections corresponding to an orthorhombic
distortion of the high-temperature tetragonal latfidédnmm
(number 139 of Ref. 20 with a quadrupling of the unit
volume. The onset of a distorted phaselTab=210 K had
been found also by Kubotet al?* The bottom panel of Fig.

1 shows the Mn®plane projection of both cells. The Mn
ions in the orthorhombic phase occupy two inequivalent
crystallographic positions of the space grdBpmm[num-

ber 63 of Ref. 20 rotated by 120° along tti1) direction],

as determined in Refs. 19 and 22. Specifically, we can iden-
tify a Mny, with Wyckoff symmetry &, with a formal state

of oxidation 3+ and a Mn, with Wyckoff symmetry &, FIG. 1. (top) Projection in the Mn@ plane of the crystal struc-
with a formal state of oxidation 4. The top part of Flg 1 ture of the charge-orbital ordered phase of L&81,0;, at T
shows the projection of the charge-orbital ordered structure-170 K. (bottom Schematic representation of the proposed orbital
of LaSrLMn,O; perpendicular to the axis. The arrows show ordering. We also show the in-plane projections of the high-
the displacement of the atoms in the charge-orbital orderetémperature tetragonal cell(short-dashed lings and low-
state with respect to the tetragonal phase. The two crystalldemperature orthorhombic celbng-dashed lings

graphical positions which are associated with 3Vinand

Mn** ions correspond to the light gray and the dark grayye (—1,110) tetragonal superlattice reflection since it is
squares, respectively. The Mn-O bond distances are near

ufficient for our purposes.
equal for the MA™ ions whereas the Jahn-Teller Rnions The mechanis?n gf RXS is the following: the incoming
have different bond distances, as shown in the light gra '

i . hoton is virtually absorbed and a core electron is promoted
squares. The bottom of Fig. 1 shows the schematic represeh- an empty state leaving a core hole behind. Then the ex-

tation of the pioposed orb'ital ordering in Ref. 11. NOte,thatcited electron decays back to the same core hole emitting an
the longer MA"-O bond distance corresponds to the direc-

. . . X outgoing photon with the same energy as the incoming one

tion along whichds,2_2 orbitals are extendetthe quanti- g eventually, a different wave vector and polarization.

zation axisy is chosen according to Ref).2 _ Since the excited electron is sensitive, in principle, to any
RXS experiments were performed on the beam line 1D2Q,is6tr0py around the absorbing icharge, orbital, lattice,

of the European Synchrotron Radiation Facility at Gre”Oblemagneti(), it turns out that the atomic scattering facy;

The beam line was equipped with a four-circle diffractometer, 55”5 tensorial character. Moreover, it strongly depennds on

with a vertical scattering plane. A plate-shaped single crystalhg nhoton energy in the anomalous dispersion region. In our
of linear dimensions %2 0.5 mn? was mounted 0N a COP- ¢ase we deal with a transition from a-Eore state to a
per sample holder with the01] crystallographic axis of the - 45 pang and for this reason we can consider the scattering

crystal (tetragonall 4/mmm indexing perpendicular to the_ factor in the dipole approximation. In this casa,, can be
plane of the plate. A closed-cycle He Displex cryostat with,, ritten as

Be domes was used to cool the crystal. The temperature o
the sample was kept dt=170 K at which the superlattice

reflections have highest intensities. The detector arm was -0 = - -
equipped with a polarization analyzer €220 single crys- Fu=S (Wol€®-1|Wo)(Wole -.r|\If0)
tal. Among the measured reflections, here we focus only on A hw—(E,—Eg)—il' '

()
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TABLE I. Fractional coordinates in terms af,, b,, andc,. scattering amplitude, since the two ®nions connected by
: Mn* (8e) Mn?* (8g) the (Oé,O)O_transI_ation h_ave_diﬁeren_t _Iocal symmetries. In
order to write their contribution explicitly, we make use of
1 0.0, 0.0, 0.09696 0.5065, 0.25, 0.09696  the following relations, describing the symmetry operations
2 0.0, 0.0, 0.90304 0.5065, 0.25, 0.90304  that connect the & sites to one anothdgfrom now on we
3 0.5, 0.0, 0.59696 0.0065, 0.25, 0.59696 remove the MA" index:
4 0.5, 0.0, 0.40304 0.0065, 0.25, 0.40304 A A .
5 0.0, 0.5, 0.09696 0.4935, 0.75, 0.09696 Fo=I1Fy,  Fs=oyyF1,  Fe=loyyFa,
6 0.0, 0.5, 0.90304 0.4935, 0.75, 0.90304
7 0.5, 0.5, 0.59696 0.9935, 0.75, 0.59696 Fs=Fi1, Fs=F;, F;=Fs, Fg=Fs,
8 0.5, 0.5, 0.40304 0.9935, 0.75, 0.40304

whereF; indicates theth ion, T is the inversion, andr,,,

the mirror operator with respect to thhe=a, (y=b,) plane.
wheref w is the energy of the incoming and outgoing pho- These relations can be derived from Ref. 20, numbefré3
tons, ¥, (¥,) is the groundexcited state of the systeni,  tated, as mentioned abgven this way Eq.(3) can be re-

represents the broadening of the resonancefad) is the ~ Written as
outgoing(incoming polarization. We neglected the complex

conjugation fore® because we are dealing with real polariza-

tions. The crystal scattering amplitude is then the sum, over =2[e2”i20+fe*2”‘20][1—(}X(y)]Fl, (4

all the Mn ions of the unit cell, of each atomic scattering

factor, weighted as usual by the appropriate Bragg factor. Fovherezo=0.096 96.

forbidden reflections, the sum of the Bragg factors is zero so The atomic scattering factor is scalar with respect to ro-

that the usually dominating scalar Thomson factor vanishegdoinversion operations: it can be written as the scalar product

only the anomalous behavior is then present. between two tensors, one representing the properties of the
Consider the specific case of the Bragg-forbidden reflecSystem, the other the properties of the lighhen we write

tion (—%,%,10). For convenience we can write it in ortho- Ed. (4) the inversion or mirror operators are intended to act

rhombic units as (0,1,1Q) In this way the evaluation of the ©nly on one of the previous two tensors, leaving the other

structure factor is easier, as well as the identification ofunaltered. Since we are dealing with nonmagnetic properties

Bragg planes in the reference frame of Fig. 1. In the orthoin the dipolar approximation, the two tensors can have only
rhombic unit cell there are 8 f.u. with 16 Mn ions so that thefank 0 or 2. The scalar is forbidden because of the mirror

structure factor can be written as symmetry of Eq(4) (thus recovering the extinction rule for
the usual Thomson scatterin@f the five components of the
oo rank-2 tensor, only the symmetric combinatieg,+ F, sur-
A:i21 e RiFy,, (2)  vives, since it changes sign under the action of both mirror
R R symmetries[&x(y)]. On the contrary, all the other four com-
whereQ is the Bragg vector, (0,1,19)n our case, an®; is ponents E,,+F,x, Fy,+F,y, Fx2_y2, andF3,2_2) are in-
the position of the MA" and Mrf* ions given in Table I in  variant with respect to at least one of the two mirror symme-
terms of the orthorhombic unit axes. Each elenfep is @ tries[o,] and their contribution in Eq(4) vanishes. This
tensor, expressed by E@.). Referring to the following Table  tensor is coupled to the similar linear combinatiefle,
| for the positions of manganese ions, it is clear that for each;. ¢%¢ of the polarization vectors; this analysis is used in the
(x,y,z) there is an another ion in the positiork,y  following section.
+1/2z), for each group 8 and &.

A=e*™20(F | —F5+F3—F;)+e 2™%(F,—Fg+F4—Fg)

Si_nce thg §pecific rgflectiqn (0,1,10Joes n(_)t depem_j on IIl. RESULTS AND DISCUSSION
the first position coordinate, it becomes possible to write Eq.
(2) in the form The intensity of the € #,%,10) reflection was measured

as a function of energy, close to the Mrabsorption edge in
4 A ita i ita botho-o ando-7 channelqFig. 2). Strong resonances have
AZZl eV [(Fyna+ —Fyna+) +(Fypae =Fypee)]. (3) peen observed in both cases at abBat6553 eV.
Our method of calculatioiFDMNES packagé®) uses op-
Thus, for each group of eight, the total anomalous scatfionally the finite difference metho=DM) or the multiple-
tering factor depends on the difference between the locaicattering theord’ (MST) to solve the Schidinger equation.
amplitudes of the two Mn ions connected by the(0), The FDM formalism applied to x-ray-absorption spectros-

o . . : copy calculations was already report@d/e just recall that
translation in the orthorhombic unit. M ions connected the FDM is based on the elaboration of a three-dimensional

by the (03,0), translation have the same local charge distri-grid in the volume of interest, and a discrete form of the
bution: the symmetry operation that connects them is jus§chralinger equation is given on the node points of this grid.
identity. Thus, their contribution to the scattering amplitudeThe input data are the electronic charge distributions of the
is zero F e+ =Fyya-): only Mn** ions contribute to the ions in the cluster, whose orientation can be chosen at will.
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LI L L B tained from the neutron refineméh(quantitatively similar

c
-% 07 . results are obtained using those of Ref). Z&vo of the three
Q@ o6l * %t e, calculations shown in Fig. 2, those with a 3-A cluster radius,
g o5 | i are performed in the FDM non-muffin-tin approach. In all
g ' cases the use of the real, orthorhombic crystal structure au-
c 04r 7 tomatically introduces the effect of the lattice distortiae.,
-%_ 03} e Experiment JTD) in the calculatgd pot.ential. The plqt labeled “O0” in-
S 02 Theory, R=5A | cludes also the orbital anisotropy. In this latter case the po-
2 tential is calculated with a nonspherical occupancy of the Mn
< O1F T d orbitals. Following Murakamét al? the ordering occurs
0 t t t —— : with ad,»-type orbital, the localy axis being perpendicular
6—G * Eﬁgg?fﬁ“ﬁ 5A to thec, axis and alternatively at-45° of thea, axis (see
Yy - Theory, R=3 A Fig. 1). As shown in Fig 2 , the main feature of the anoma-
100 } — = Theory, R=3A, 00 lous signal is already present in the spectra with the 3-A
% k cluster radius and does not need OO. The inclusion of the
S OO decreases the signal, as a consequence of a destructive
T interference between this effect with JTD. The reduction of
%0 the global intensity is about 20%: the calculated amplitude
ratio between the “pure” OO signal and the “pure” JTD
signal is found to be 1 to 10. This is the same ratio already
0 found in Ref. 6 for LaMn@. Note that this similarity with
P * Experiment the case of LaMn@ could be somehow expected since the
S N A N - ng RI3A resonant signal is essentially due to the resonant ion together
i = = Theory, R=3A, 00 with its surroundings, and these features are similar in
2 el i \ | LaMnO; and in LaSsMn, 0.
I § When we increase the cluster size, up to 5 A, using the
3 MST mode calculation, the agreement with experimental
)= 4t ] data is improved for both the x-ray-absorption near-edge
structure spectrum and the anomalous signal5AA the
2r 7 second neighboring Mn atoms are included in the cluster,
‘ee, N s and, as a consequence, the secondary peak at 6561 eV ap-
1

pears in the absorption spectra together with the correspond-
ing features in the anomalous signal, in beth- and o7
channelgsee Fig. 2, “TheoryR=5 A”). The quality of the

FIG. 2. (a) Energy dependenc@xperiment and theoyyof the final agreement including the relative amplitude between the
fluorescence intensity from the Lg®m,0; single crystal afT ~ main peaks of the spectra inoc and o7 channelg(ratio of
=170 K close to the MiK absorption edgdb) Energy dependence about 14 at the maximum enepgig further proof that JTD
(experiment and theoyof the superlattice reflection{(3,,10) in  alone is sufficient to describe the main features of the experi-
the o-0 channel aff=170 K. (c) Same agb) in the o-7 channel. mental data.
Ris the radius of the cluster used in the calculations. The symmetry considerations sketched at the end of the
previous section allow us to explain also the angular depen-

Solving Poisson’s equation, the Coulomb potential is Ob_d:er:ce of the expfer;m;\ent% E|gn<|al. V\{ﬁ rtepor:c i her&fofr C?{E't
tained, and the exchange-correlation term is calculated in th eteness, even It It Shollid be Clear thal, as far as the 7act tha

Hedin-Lundqvist approximatiofY. In this way it is possible D and.OO have_ the same symmetry arqur)d theMn
. . .. resonant ion, the azimuthal scan cannot discriminate between
to use an arbitrary shape for the potential and thus avoid thﬁ] - . .

S R . : . em. (This is clear also from the model given in Ref) 3.
muffin-tin approximation used in our MST calculations. With ecause of its polarization dependence. the sianal is bropor-
this latter option, in fact, the potential is spherically averaged; P X P ’ !9 prop

o ; ; "~ tional to the expectation value over the final scattering

around each atom up to a specific radius. In the interstitia 2 PO
area, between the atomic spheres, the potential is constagtates” of the operatol,L,+L,L,, i.e., a quadrupolar op-
This approximation forbids the OO analysis and makes nec€rator that has fourfold symmetry around thaxis, even if
essary the FDM approach. Nevertheless this latter is highij® System itself, in the orthorhombic phase, no longer has
CPU consuming and we can use it only for a rather smalfuch symmetry around each Mn ion. The fourfold symmetry
cluster size. So calculations are performed in two steps, firf this operator is modulated by the polarization prefactor
with a small cluster radiuR to look at the relative influence exe,+ eyey. For theoo channel,e'=¢°, so that also the
of OO and JTD, using both FDM and MST modes, and latempolarization prefactor has fourfold symmetry. The minima
in the MST mode, up to a higher radius sufficient to get goochre reached along the orthorhombic argsandb, and the
experiment-theory agreement. maxima along the diagonals, as confirmed by a numerical

We used, as input data, the crystallographic positions obsimulation. In theor channel this is not true: the fourfold

0 r PRI SRS I S S [T S ST SN [N T S A S S S S
6540 6545 6550 6555 6560 6965 6570

Energy (eV)
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1T

considerations. The FDM approats well as the MSJis a
single particle approach. As such it is expected to fail only
when electronic correlations overwhelm band effects. This
latter case would be very unusual for @,4extended Mn
band. In fact, borrowing some results from Ref. 6, we are
able to list some very simple arguments that independently
establish an order of magnitude of the effects and substanti-
ate our conclusions:
(i) From band calculations, the splitting betweeandy
] components at theptenergy level due to Mn-O bond dis-
A8 T 0 e w0 10 180 180 tortion is about 1.6 eV.
Angle (degrees) (ii) The corresponding splitting due tad3tp Coulomb
repulsion is£F?=0.4 eV, where thé=? Slater parameter is
FIG. 3. Azimuthal angular dependen(xperiment and theojy  evaluated in the atomic approximation as 2.5 @Yy means
of the polarization of the € 7,7,10) reflection of LaSMn,0; at  of Cowan’s program
the maximum energj = 6553 eV. (iii ) Following the model in Ref. 3, the signal is propor-

odicity i dulated by th L @ tional to the square of such a splitting: this simple consider-
periodicity is modulated by the projection of ta€ compo- — 4iqn giready gives a factor of 16 in intensity in favor of the

nent on thexy plane that has no symmetry at all, because 0'?TD. The effect is further increased by the reductiorFéf

the canted direction of th@ vector with respect to theaxis.  que to band effects.

All this explains why the angular fourfold behavior experi-  (iv) In Ref. 4, citation number 20, in order to explain the
mentally found in the polarizatio® is only approximate. signal as due to OO, it is assumed that a value Fdr

05 | {.

05

Polarization
o
T
L ]
——an
HH

4k

The polarization is defined by =35F,=10.5 eV, more than four times its atomic value,
which is highly unphysical.
p= ﬂ (5) In conclusion, we performed a RXS experiment on
oot lon LaSKLMn,0; and analyzed it with the help afb initio cal-

o culations. The anomalous signal of the forbidden reflections
We have chosen to plot the polarization instead of thgs perfectly understood both qualitatively and quantitatively
separate azimuthal scans in ther and o channels, be-  simply invoking the JTD. Such a signal comes only from the
cause our sample was not homogeneous and in the azimuth@djered geometrical distortions around the resonant ions.
rotation we could not prevent the beam from focusing onThys, orbital ordering should be less emphasized to explain
different regions.P turns out to be more reliable for com- the RXS MnK edge when it is associated with Jahn-Teller

parisons because it is normalized. _ displacements of the same symmetry, since this latter effect
Figure 3 describe® as a function of the azimuthal angle is definitively larger.

¢ around the scattering vector at the maximum endggy
=6553 eV. The experimental data are in good agreement
with thg theoretiqal simulations performed in the M&Ilus- ACKNOWLEDGMENT
ter radius 5 A, with JTD alone.
Before concluding, we would like to stress the validity of ~ We would like to acknowledge C.R. Natoli for a careful
our method of calculations, through independent qualitativeeading of the manuscript.
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