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We have performed a detailed resonant x-ray scattering (RXS) study at the Mn K edge of LaMnO;3 by
measuring the (%,0,0), (0,k,0) and (0,0,1) forbidden reflections (4,k,/=3,5) between 10 and 300 K in the
o-a channel. For all three types of reflections we observed strong resonant peaks presenting the sin’ ¢
intensity modulation as a function of the azimuth scanning angle ¢, characteristic of dipolar transitions. Their
origin was ascribed to anisotropic tensor scattering, since no change either in energy line shape or in intensity
was observed when crossing the Néel temperature at ~140 K. Integrated intensities were roughly constant up
to 300 K, contrary to previous reports found in the literature. The energy dependence of the scattered intensity
for the (h,0,0) and (0,k,0) reflections was identical but different from the (0,0,/) reflection. All reflections
have been explained within multiple scattering theory in terms of long-range structural distortions around Mn
atoms, without invoking any kind of 3d orbital ordering. We also studied the energy dependence of the
principal axes of the anomalous-scattering tensor in a case, like the present one, where the scattering atoms do
not possess any point-symmetry axes. We found that they are not constant with the photon energy, implying the
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absence of a direct correlation between RXS and quadrupolar charge distribution in the ground state.

DOI: 10.1103/PhysRevB.75.235101

I. INTRODUCTION

Orbital physics in transition-metal oxides has been attract-
ing great interest in the past ten years,? after it was recog-
nized that orbital degrees of freedom (ODF) play an impor-
tant role in their transport and magnetic properties, through
strong coupling with charge, spin, and lattice dynamics.
Among the variety of phenomena induced by the ODF, many
papers focused on the possible detection of the so-called or-
bital ordering (OO) and its correlation with magnetic order.
LaMnO;, which is the parent compound of the colossal mag-
netoresistive manganites, is the archetypical system with a
d-00 ground state.* In this compound, the ODF are repre-
sented by the singly occupied doubly degenerate e, states of
the Mn?*, arising from the octahedral ligand field and the
strong Hund’s coupling. This orbital degeneracy leads Mn**
to be an active Jahn-Teller ion, i.e., the degeneracy is lifted
by a nearly tetragonal distortion of the oxygen octahedron
that surrounds the Mn ion.

Resonant x-ray scattering (RXS) is a powerful experimen-
tal technique to analyze structural and electronic long-range
ordered phases, as the resonant signal probes the local elec-
tronic levels coherently throughout the whole crystal. Re-
cently, the observation of resonance in the scattered intensity
of the (3,0,0) forbidden reflection at Mn K edge in LaMnO;
(Ref. 5) was initially interpreted as a direct probe of the OO:
the idea behind this interpretation was that the observed
splitting of Mn 4p levels was due to the Mn 3d OO through
the on-site 3d-4p Coulomb interaction.® However, the origi-
nal idea that OO could be directly probed by this technique
turned out to be incorrect, for reasons outlined below and
better detailed in the literature.”~'? Briefly, detailed numerical
calculations with different theoretical approaches®® had
shown that the observed splitting of Mn 4p levels was by far
due to the structural distortion and just a negligible contribu-
tion came from OO. Yet, one experimental fact was left un-
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explained by such interpretation, i.e., the reported variation
in the temperature dependence of the (3,0,0) peak above 7.
The measured scattering intensity increases with decreasing
temperature as the Néel temperature is approached. Support-
ers of the OO scenario interpreted this variation as a proof
that magnetic order has a direct consequence on 00.%

In the present work, we report on some unresolved or
unexplored issues of the experimental and theoretical aspects
of RXS in LaMnO;. LaMnOj; is a paramagnetic insulator
with orthorhombic perovskite structure (space group'!
Pbnm) at room temperature. In this structure, Mn ions are
characterized by a local inversion symmetry and by three
different bond distances with surrounding oxygen atoms:
long (I~2.14 A), intermediate (i~1.97 A), and short (s
~1.91 A). The long Mn-O bonds lie almost in the ab plane
in a checkerboard type of arrangement so that [—s—[—s
bonds are met as one moves from Mn to Mn along the Mn-
O-Mn path. This arrangement is stacked ferro-orbitally along
the ¢ axis. At Tyr=750 K, LaMnO; undergoes a structural
phase transition, which has been interpreted as an order-
disorder transition above which the crystallographic ortho-
rhombic distortion disappears.'>!? This transition is accom-
panied by an abrupt change in the electrical resistivity,
thermoelectric power, and Weiss constant.'* Below Typ, a
cooperative Jahn-Teller effect sets in, which in turn induces
the OO of the e, states. A-type antiferromagnetism (AFM)
appears below Ty=140 K, in which magnetic moments on
Mn sites are aligned ferromagnetically in the ab plane and
are stacked antiferromagnetically along the ¢ axis. Such a
magnetic pattern was explained as arising from the 00.!>16

First of all, we have studied the azimuth angle and energy
dependences of the (300) scattered intensity from 10 K up to
room temperature, finding no variation in the integrated sig-
nal in the whole temperature range, in contrast with the re-
sults reported in Ref. 5. It is worthwhile to note that this
result, if confirmed, would support the “structural” interpre-
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FIG. 1. (Color online) Schematic picture of the four Mn atoms in the Pbnm crystal cell of LaMnOjs indicating the ordering of the long
Mn-O bond (/). The scattering geometry and definition for polarization directions of the incident (o) and scattered (o', 7’) beams for
(h,0,0), (0,k,0), and (0,0,/) forbidden reflections are shown on the right.

tation as the only correct one and positively reject the OO
interpretation. In addition to the well-known resonant forbid-
den reflections such as (3,0,0), (5,0,0), (0,3,0), and (0,5,0),
we have also measured the (0,0,3) and (0,0,5) reflections,
related to the A-antiferromagnetic propagating vector. Differ-
ently from neutron scattering,l7 however, the observation of
a RXS signal for the (0,0,2n+1) reflections is shown to be
a signature of the (threefold) anisotropy of the Mn p band
(see Sec. IV). We demonstrate that the RXS signal at these
(0,0,2n+1) reflections has a different origin than the one at
(2n+1,0,0) reflections, as a bigger cluster than a simple
MnOyg distorted octahedron must be considered in order to
correctly describe them theoretically. We also identify as a
general feature of RXS the dependence on energy of the
principal axes of the electric quadrupole tensor in the excited
states when no local symmetry axes are present at the site of
the resonating atom. Finally, we show experimentally that
the magnetic ordering has no influence in any of the ob-
served RXS signals. The analysis of the energy, azimuth, and
polarization dependences of the RXS signals was performed
by calculating the tensorial components of the anomalous
atomic scattering factor through two codes in the multiple
scattering mode: MXAN (Ref. 18) and FDMNES.'?

II. EXPERIMENTAL DETAILS

Single crystals of LaMnO; were grown at our own labo-
ratory (ICMA, Zaragoza) using a halogen lamp floating zone
furnace. The crystals were characterized by means of x-ray
powder diffraction and ac magnetic susceptibility. The crys-
tal structure was Pbnm (a=5.531 10%, b=5.740 A, and
c=7.688 A at 300 K) and the oxygen stoichiometry
LaMnO; gg.00; Was determined by redox titration analysis.
The magnetic measurements showed an antiferromagnetic
transition at Ty~ 140 K as reported for stoichiometric
LaMnO;.!! Two crystals were cut and polished to either
(100)/(010) or (001) flat surfaces. We note that [100] and

[010] domains occur at the same surface because of twin-
ning. However, the relatively strong orthorhombic distortion
makes the (k,0,0) and (0,k,0) reflections occur at different
scattering angles so they can be separately studied.

RXS experiments have been performed at the ID20
beamline®® of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The incident beam was mono-
chromatized by a double crystal Si(111) that delivers a 99%
linearly polarized beam, with polarization perpendicular to
the scattering plane (o). The typical energy resolution is
0.7 eV at the Mn K edge. Single crystals were mounted in-
side a closed-cycle helium refrigerator, allowing us to mea-
sure the temperature dependence of the studied reflections
from 10 K up to room temperature, with the vector normal to
the surface lying in the scattering plane. This in turn was
mounted within the four-circle vertical diffractometer. A
scheme of the crystallographic unit cell together with the
scattering geometry is shown in Fig. 1. Azimuthal scans were
measured by rotating the sample around the scattering vector
(Q). A Cu(220) crystal positioned between the sample and
the detector has been used to analyze whether the polariza-
tion of the scattered beam is parallel (7') or perpendicular
(a') to the vertical scattering plane.

III. RESULTS

Figure 2 shows the energy dependence of the six forbid-
den reflections (4,0,0), (0,%,0), and (0,0,/) [A, k, [=3 or 5]
at T=10 K for the o-7" polarization channel. The fluores-
cence spectrum is also shown as an energy reference. A
strong enhancement of the o-7' intensity in all reflections
has been observed only at energies close to the Mn K absorp-
tion edge. No intensity was observed for the o-o’ polariza-
tion channel at any of the studied reflections. Moreover, the
resonant intensity is independent of the scattering vector,
which implies that only dipole-dipole transitions contribute.
The (2,0,0) and (0,%,0) reflections, in particular, have iden-
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FIG. 2. (Color online) Energy dependence of the forbidden
(3,0,0), (0,3,0), and (0,0,3) (solid black symbols) reflections com-
pared with the (5,0,0), (0,5,0), and (0,0,5) (open red symbols) ones
in the o-7' channel near the Mn K edge at the azimuth angle ¢
=0°, together with the fluorescence spectrum (upper curve). Inten-
sities are scaled to the maximum and shifted along the y axis for

6.57 6.58
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tical energy dependence: this is consistent with the fact that
the structure factors for these two reflections are the same, as
shown in Sec. I'V. On the other hand, the resonance observed
at the forbidden (00/) reflections is different from that re-
ported for either the (,0,0) or the (0,k,0) ones, as its maxi-
mum and its rising edge are slightly shifted to higher ener-
gies and the intensity is lower. This is a clear indication that
the resonant signal at the (0,0,/) reflections has a different
origin. We note here that (0,0,2n+ 1) reflections correspond
to the periodicity of the antiferromagnetic ordering of
LaMnO;. However, the observed resonant scattering cannot
arise from the magnetic order as these reflections also appear
in the paramagnetic phase at room temperature. Their struc-
tural origin is demonstrated theoretically in the next section.

When the crystal is rotated around the scattering vector,
the o-7' intensity of the three types of reflections exhibits a
characteristic sin? ¢ dependence, ¢ being the azimuth angle.
The inset in Fig. 3 compares the azimuth dependence of the
integrated intensity at the (3,0,0), (0,3,0), and (0,0,3) reflec-
tions, measured by sample rocking curves (6 scans) at the
same energy (6554 eV) and normalized by the respective
fundamental (4,0,0), (0,4,0), and (0,0,4) reflections. The
maximum intensity corresponds to the incident polarization
vector parallel to [010], [100], and [010] directions for
(h,0,0) (0,k,0), and (0,0,l) reflections [h, k, I=3 or 5],
respectively. The energy line shape of the resonance does not
change by varying the azimuth angle, except for a scale fac-
tor, as it is shown for the (0,0,5) reflection in Fig. 3. We note
that our results concur with those obtained previously at the
(3,0,0) forbidden reflection.>2!
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FIG. 3. Energy dependence of the forbidden (0,0,5) reflection measured at different azimuth angles. Inset: The azimuthal angular
dependence of the integrated intensity at E=6554 eV, which corresponds to the maximum resonance intensity for the three types of
forbidden reflections. The solid curve is the calculated intensity of Eq. (4).
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With the aim of determining whether any correlation ex-
ists between the observed RXS and the magnetic ordering,
we have also measured the temperature dependence of the
o-7' integrated intensities at resonance for each of the six
reflections. Figure 4 plots the temperature dependence of the
resonant scattering at the six reflections between 10 and
300 K. The resonant intensities are approximately constant
for the whole temperature range within the experimental er-
ror. It is noteworthy that these results are in contrast with
those reported by Murakami et al.,> who observed a decrease
of the resonant intensity of the (3,0,0) reflection above the
Néel temperature. The absence of any intensity variation
around 7' is important because such a variation represented
the unique unexplained feature in the generally accepted in-
terpretation of the (300) RXS at Mn K edge®? in terms of
structural distortion. Therefore, our results indicate that there
is no correlation between the resonant scattering and the
long-range AFM ordering and they absolutely discard any
kind of role for an OO in the RXS at the Mn K edge. More-
over, the results for the (0,0,2n+ 1) reflections are particu-
larly relevant, since these reflections are clear signatures of
the AFM ordering in neutron-scattering patterns.!” We
checked that identical energy and azimuth dependence of the
scattered intensity were observed at two selected tempera-
tures, one above and the other below T. This confirms that
all signals are entirely due to (non-magnetic) Templeton scat-
tering in the whole temperature range.

IV. THEORETICAL FRAMEWORK

Core resonant spectroscopies are described by the virtual
processes that promote a core electron to some empty energy
levels. In particular, RXS is originated by the virtual absorp-
tion of a photon of energy Aiw=E,—E,, determining the elec-
tron transition from a ground state |a), with energy E,, to an
intermediate excited state |b), with energy E,, followed by a
successive relaxation process and the emission of a photon
with the same energy 7. This process is coherent through-
out the crystal, giving rise to the usual Bragg diffraction
condition. The resonant scattering probability amplitude in
the dipole approximation is proportional to*

PHYSICAL REVIEW B 75, 235101 (2007)

(al(e’ - r)[b)ble - rla)
fe2 -
b a+ﬁw—Eb—lFb/2

(1)

where the term iI",/2 takes into account the lifetime of the
intermediate state |b), and e and e’ are the incoming and
outgoing x-ray polarizations.

The dipole approximation is fully justified at the K edge
of transition-metal oxides, provided pre-edge features are ab-
sent as in the present case. Far from the absorption edge,
resonant scattering is negligible. At forbidden reflections, the
Thomson term is identically zero and only Eq. (1) contrib-
utes to the scattering amplitude. In this case, we can expand
the scalar products in Eq. (1) in order to factorize the total
atomic scattering factor (ASF) as f(e,e’)=e,e /™. The
second-rank symmetric tensor f™" only describes the sample
properties and is independent of radiation. For octahedral
and tetrahedral symmetries of the resonating atom, the f™"
tensor is diagonal and all three components are equal to each
other, so that the tensor behaves as a scalar. For all the re-
maining symmetries, the tensor components are different and
the scattering power depends on the relative orientation of
the local geometrical structure around the (absorbing) scat-
tering atom and the electric polarization vectors.?*?* The ten-
sor character of the ASF measures the anisotropy of the
empty electronic levels of the resonating atom. In particular,
the second-rank, traceless, symmetric tensor f™" is propor-
tional to the electric quadrupole expectation value in the ex-
cited |b) states at the energy E,.>> As any symmetric tensor
can be reduced in a diagonal form in a proper reference
frame (principal axes), it is worthwhile to investigate
whether it is possible to find out the principal directions of
the electric quadrupole ellipsoid and if these directions are
constant in energy or not.

The ASF tensor in the crystallographic frame with x, y,
and z along a, b, and ¢ crystal axes (Fig. 1) can be described
generically as

fxx fxy fxz
an = fxy fyy fyz . (2)
fxz fyz fzz

In the unit cell of LaMnOs, there are four Mn3* atoms at
equivalent positions (Pbnm setting): Mn,;=(0,0,0), Mn,
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=(1/2,1/2,0), Mn;=(0,0,1/2), and Mn,=(1/2,1/2,1/2).
The structure factor at both (2n+1,0,0) and (0,2n+1,0)
reflections 1S Fdd,0,0)=F(0.0dd.0) =/ Mn1 +/Mn3 =S Mn2 = Mn4>
while the structure factor at (0,0,2n+1) is Fg o oqq)=/fMn1
+ fvn2 —fvina—/fvng- The four sites are related by the follow-
ing symmetry operations: Mn,=m,Mn;, Mn;=mMn,;, and
Mny=r,Mn,, where m,, 1, and ri, are the mirror planes
orthogonal to the crystal axes a, b, and c. Therefore,
Foaa0.0)= (1 +1it, =11, —1i,) frgny - and — Fg g oqay=(1+11,~101,
—11,)fmn-  Remembering  that i, (x,y,z)=(-x,y,2),
(x,y,z)=(x,—-y,z), and . (x,y,z)=(x,y,-z), the structure
factor tensors are then reduced to

0 f, 0
F(0ad.0.0) = F0.0d00)=4| [y O O
0O 0 O
and
0O 0 O
Foooa=4{0 0 f | 3)
0 fy; O

We can deduce from this analysis that (0,0,2n+1) reflec-
tions give information on different off-diagonal components
of the ASF tensor compared to the (2n+1,0,0) and (0,2n
+1,0) reflections.

Finally, the intensities corresponding to the above struc-
ture factors in the o-o’ polarization channel are equal to
zero, while in the o-7r" polarization channel the intensities
are given by

I(2n +1,0,0) =1(0,2n + 1,0) = 16f;, cos” fsin* ¢,

1(0,0,2n+ 1) = 16f;_cos” O sin” ¢. (4)

Here, 6 is the Bragg angle and ¢ is the azimuth angle as
defined in Fig. 1. For the two types of reflections, only the
o-7'" polarization channel is active and the azimuth depen-
dence is of a sin® ¢ type as was experimentally measured.
We observe that the azimuth and polarization dependences
are only determined by crystallography and the unique con-
dition for these forbidden reflections to be observed is that
Sy and f, should be different from zero.

In order to describe the energy dependence of the RXS
spectra, we have calculated the ASF tensor in the multiple-
scattering approach. Both FDMNES and MXAN codes were
used to calculate the different terms of the ASF tensor (real
and imaginary parts). The calculation was performed for a
cluster radius of 5.75 10%, i.e., 63 atoms. We used the atomic
coordinates determined by crystal studies.!! The two codes
gave equivalent results. Figure 5 shows the comparison be-
tween the experimental data of forbidden (0,3,0) and (0,0,3)
reflections with the calculated |f,,|* and |f,,|* terms, respec-
tively, obtained with the MXAN program. The agreement with
experience is quite good, as the rising edge of the (0,3,0) and
(3,0,0) reflections are lower in energy than that of the (0,0,3)
reflection, whereas the falling edges of all three are at the
same energy, as found experimentally.

PHYSICAL REVIEW B 75, 235101 (2007)
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FIG. 5. Calculated RXS of the (030) and (003) forbidden reflec-
tions together with the absorption spectrum. Upper panel, calcula-
tion with the MXAN code using a cluster of 63 atoms. Lower panel,
experimental data. The spectra are scaled to the maximum.

We can compare these results with the calculation of the
ASF tensor using a smaller cluster radius of 3 A, i.e., just
including the first oxygen coordination shell. The results are
displayed in Fig. 6, and we observe that within this simpler
MnOg cluster, the three forbidden reflections are still present,
but the agreement with the experimental data is rather quali-
tative, as the shift to higher energies of the maximum in the
(0,0,2n+1) reflections disappears and, above all, the rising

1.2 T T T T T
&
E
_e' 0.8r
&
2
2
S 041
£
00 — 1 1 1 L 1
0 5 10 15 20 25
E-E, (eV)

FIG. 6. Calculated RXS of the (030) and (003) forbidden reflec-
tions with the MXAN code using the MnOg cluster.
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FIG. 7. Components of the ASF tensor in an orthogonal frame
close to the Mn-O bond frame. Z’, X', and Y’ axes are nearly along
the long (I), intermediate (i), and short (s) Mn-O bond directions,
respectively.

edges are all at the same energy. This is a clear indication
that most of the RXS signal comes from second and third
nearest neighbors for the (003) reflection and, accordingly, a
simple MnOg-cluster calculation is not sufficient. We proved
in this way that the physical origin of the (003) reflection is
mainly related to contributions to the anisotropic form factor
coming from atoms beyond the first coordination shell of the
oxygen atoms. This fact is in contrast with what happens at
the (300) and (030) reflections, which probe a more localized
anisotropy, and is at the basis of the energy difference in the
rising edges of the three reflections.

Finally, we have also investigated the behavior of the
electric quadrupole moment of the Mn excited states. For
this purpose, we have calculated the ASF tensor for the clus-
ter of 63 atoms in a frame where the orthogonal axes, x’, y’,
and z’ are close to Mn-O bonds. In particular, the 7z’ axis is
along the Mn-O longer bond direction, the x" axis is approxi-
mately along the Mn-O intermediate bond, and y' is approxi-
mately along the shorter Mn-O bond. It should be remem-
bered that the three Mn-O bonds are not exactly orthogonal
due to the local distortion and, therefore, the orthogonal
frame is only approximately directed along the Mn-O bonds.
The new tensor coincides with the tensor in the crystallo-
graphic frame after rotation, which guarantees the consis-
tency of our calculation. We found out that this tensor is not
diagonal at all energies, as shown in Fig. 7, where all ele-
ments are drawn. This implies that the basis where the tensor
is diagonal, i.e., the principal axes of the ellipsoid represent-
ing the quadrupole, changes direction at different energies.
This clearly demonstrates that such a measurement is not
directly related to the ground-state electric quadrupole,
which, of course, has a unique direction of the principal axes.
Figure 8 plots the projections of two of the three principal
axes in the x'y’ plane and in the y'z’ plane. We observed that
one of the eigenvector moves close to the direction of the

PHYSICAL REVIEW B 75, 235101 (2007)
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FIG. 8. Upper panel: Projection of the V,, eigenvector in the
x"y’ plane. We observe that the vector is randomly distributed in the
x'y' circle of radius=1. Lower panel: Projection of V,, eigenvector
in the y'z’ plane. The anisotropy is mainly oriented along the Mn-O
longer bond.

long Mn-O bond. On the other hand, the other two eigenvec-
tors along the principal x’ and y’ axes (V.. and V,,) are
randomly distributed in the plane determined by the short
and intermediate Mn-O bonds.

This result may appear surprising if the sum rules by
Carra et al.’® are applied naively: these sum rules relate the
excited-state measurements to the ground-state properties,
but they are only valid provided the energy spread of the
excited states is much less than their inverse lifetime I',/2, a
condition which may be fulfilled for f states of rare earths,
but which is not verified for all K edges of transition-metal
oxides, where I',/2=2 eV and the energy spreading of the
resonance is about 10 eV. In the case of K edges of
transition-metal oxides, the symmetric RXS tensor ™" mea-
sures the density of empty p states projected at the Mn atom
as a function of their kinetic energy.? Thus, in the absence of
any constraints like an n-fold symmetry axis, there is no
physical reason forcing the quadrupole principal axes to
point in the same directions at all energies. They could
change direction at some energy, as has been proven in the
present work.
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V. DISCUSSION AND CONCLUSIONS

In the present paper we have revisited some physical con-
sequences of Mn K-edge RXS in LaMnOj; both experimen-
tally and theoretically. Several conclusions can be deduced
that have strong implications on the physics of LaMnO; and
on the general interpretation of RXS experiments in other
related transition-metal oxides.

First, as has been extensively discussed in the
literature,” the RXS signal at the Mn K edge is just a con-
sequence of the local distortion around the resonating atom.
For example, in the case of the (3,0,0) forbidden reflection in
LaMnO;, the anisotropic energy shift in the p density of
states determined by the underlying OO through the Cou-
lomb 3d-4p repulsion is found to be negligible when com-
pared to the equivalent shift determined by the structural
distortion. However, the strong intensity variation around 7y
experimentally found in Ref. 5 could never be explained
through the temperature dependence of the lattice and a cri-
tique in this direction was moved by those who still believed
that the forbidden (3,0,0) reflection is a signature of 00.° In
our work, we could not find any intensity variation around
Ty, consistent with the “structural” interpretation. Although
further measurements in this way may be desirable, we there-
fore conclude that the OO interpretation of Mn K-edge reso-
nant reflections is definitively untenable.

The second result of our paper is the observation of two
independent forbidden reflections, which imply that in the
rank-2 ASF tensor two different nonzero off-diagonal ele-
ments are needed to describe the scattering completely. The
origin of the two independent reflections, (3,0,0) [or, equiva-
lently, (0,3,0)] on one side and (0,0,3) on the other, is clearly
different, as a MnQOg cluster is sufficient in order to repro-
duce correctly the RXS signals at the (3,0,0) [or (0,3,0)]
reflection, whereas a bigger cluster is required for the (0,0,3)
reflection. Therefore, when moving along the ¢ axis, the de-
scription of the ordered p-empty states must also include
atoms beyond the first oxygen neighbors (up to 63 atoms in
order to obtain a good convergence of the calculation), while
the simpler description in terms of a local MnOy cluster is
sufficient in the ab plane.

The third conclusion of the present paper goes beyond the
physics of LaMnO; and concerns the general interpretation
of anisotropic resonant scattering at transition-metal K edges.
It deals with the fact that the principal axes of the anisotropic
ASF tensor for scattering atoms with no point-symmetry el-
ements, as occurs in LaMnQOs, are not constant with the pho-
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ton energy. From the general point of view, this means that it
is not possible to infer the direction of the principal axes of
the ground-state electric quadrupole from a K-edge measure-
ment and that only indirect information can be inferred.
However, if the point-symmetry group of the atom site has
an n-fold symmetry axis, this imposes a constraint on the
directions of the quadrupole principal axes for all excited
states, which are independent of energy. As an example, for
tetragonal or trigonal distortions of the octahedron, the main
axes of the anisotropic ASF tensor are aligned along the
tetragonal or trigonal axis and perpendicular to it in the
whole energy range.”’” Moreover, in the particular case of
LaMnO; and other manganites, the approximation that the
principal axes have fixed directions along the ligands can be
rather good to describe some experimental results.”® Even in
the present case, the assignment of the anisotropy axes to be
fixed along the long Mn-O bond in the whole energy range
allows one to nicely reproduce the RXS spectra of the (2n
+1,0,0) and (0,2n+1,0) forbidden reflections. As shown in
Fig. 8, the real anisotropy axis remains very close to this
direction, and this can be related to the fact that for these
reflections the smaller-cluster approximation gives a rather
accurate description. Therefore, even though it is obvious
that the occurrence of RXS implies an electric quadrupole
moment at Mn sites in the ground state, its symmetry (e.g.,
its principal axes) cannot be inferred from the ASF tensor.

In conclusion, all measured resonant forbidden reflections
at the Mn K edge in LaMnOj; can be explained within the
multiple-scattering theory in terms of long-range order of
structural distortions around Mn atoms without invoking any
kind of d-OO: the temperature dependence of the RXS signal
has been found practically flat, thus removing the last ob-
stacle to the full comprehension of its underlying physics.
The present results point out that solid-state effects are im-
portant and, as for the (0,0,2n+1) reflection, that the ionic
localized models do not always work properly to explain
in detail the orbital and charge physics of transition-metal
oxides.
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