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We report a resonant x-ray-diffraction study of the magnetoresistant perovskieaPsMnO;. We discuss
the spectra measured above and below the semiconductor-insulator transition temperature with the aid of a
detailed formal analysis of the energy and polarization dependences of the structure factats iait
calculations of the spectra. In the low-temperature insulating phase, we find that inequivalent Mn atoms order
in a CE-type pattern and that the crystallographic structure giCa, sMnO; [Radaelliet al, Phys. Rev. B5,
3015(1997] can also describe this system in detail. Instead, the alternative structure proposed for the so-called
Zener-polaron modeglDaoud-Aladineet al, Phys. Rev. Lett89, 097205(2002] is ruled out by crystallo-
graphic and spectroscopic evidence. Our analgsfgortsa model involving orbital ordering. However, we
confirm that there is no direct evidence of charge disproportionation in theKMdge resonant spectra.
Therefore, we consider a CE-type model in which there are two Mn sublattices, each withegastialipancy.
One sublattice consists of Mn atoms with the’3 r? or 3y2—r? orbitals partially occupied in an alternating
pattern, the other sublattice with thkd—y? orbital partially occupied.
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[. INTRODUCTION application of a magnetic field melts the charge and orbital
order (COO), driving the formation of a ferromagnetic me-
The interplay among the various electronic degrees ofallic state and thus causing a dramatic decrease in the resis-
freedom, including those of spin, charge, lattice, and orbitativity. Recent theories suggest that this phenomenon is driven
degeneracy, lies at the heart of the wide variety of phenomby a competition between charge ordered phases—such as
ena observed in strongly correlated electron materials. Theshe CE type—and ferromagnetic metallic regions in a phase-
include unusual transport properties observed in colossaeparation-type picturé.
magnetoresistivd CMR) manganites and high-temperature  The search for a microscopic picture of the ground state in
superconductivity in cuprates. Particularly noteworthy ex-half-doped manganites remains a very active field. In the
amples of this interplay occur in the perovskite manganited950s, Goodenough described the ordering as comprising a
REAE;_,MnO; (where RE is a trivalent rare earth and AE checkerboard pattern of MA and Mrf* sites (charge
a divalent alkaline earjhfor which the Mn atoms have a ordep.™* In this picture, the MA™ sites have an extra,
partially filled, high-spin, 8 band. These materials exhibit electron that occupies a ¢3—r?)-type orbital and these ori-
rich phase diagrams in which the balance between the varentationally align in a cooperative manner to form an
ous degrees of freedom may be altered by a variety of methantiferro-type pattern within the plarferbital ordej. On the
ods, including hole doping, cationic size mismatch, temperabasis of the exchange pathways set up by this order, a com-
ture, pressure, magnetic field and electromagnetiplex magnetic ordering occurs which may be thought of as
radiation’? zigzag chains of ferromagnetically aligned spins which are
One of the most interesting ground states that occursoupled antiferromagnetically with their neighbd@GE-type
in these phase diagrams arises in the vicinity of halfantiferromagnetic order A schematic of this ordering is
doping x=0.5). This is a phase which has been believed teshown in Fig. 1.
exhibit charge, orbital, and magnetic order. It is exhibited in  While debate continues as to the origin of the stability of
a number of compounds, including amongst othershis phase, this original picture has survived relatively un-
Pr,Ca,_,MnO;,® La,Ca,_,Mn0O;,*° and NgSr,sMnO;  challenged to the present day, garnering significant theoreti
(Ref. 6 as well as some other layered manganites such asal and experimental support. Experimentally, strong evi-
La, Sty sMnO,.” Further, closely related phases have beerdence includes the various structural studissth x ray and
observed in cobaltates, e.g., {81, sCo0, (Ref. 8 and  neutron which reveal the presence of inequivalent Mn sites,
nickelates, e.g., LaSr sNiO,.° In addition to its ubiquity, it one of which sits in a distorted octahedron consistent with
is interesting as an example of the balance among the vario®?—r? occupancy, the other in an undistorted octahedron
degrees of freedom and because in manganites it exhibits tlieee, e.g., Ref.)5 Further, neutron refinements of magnetic
CMR effect: It is an antiferromagnetic insulating phase, butmoments find two different moments on the two sites, with
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of the Mn valence organization have been recently ques-
tioned. In particular, a complete valence separatipe.,
Mn®*/Mn**) appears to be inconsistent with high-resolution
x-ray-absorption near-edge structuf¥ANES) spectr&®
Manganites with and without COO show similar XANES
spectra which cannot be made up of the sum of the spectra
from the parent compounds that have integer valence of 3
+ or 4+. These studies suggest that no, or only a small
charge disproportionation, either on the manganese atoms or
at a molecular scale, can be suppof2More explicit is the
recent crystallographic structure refinement of Daoud-
Aladine et al?* which was performed without the priori
constraints of the mixed-valence pattern: the resulting struc-
ture is inconsistent with the CE-type model; it exhibits no
significant charge disproportionation and serves as a basis for
FIG. 1. Schematic of the CE-type charge, orbital, and magnetiéntroducing a model based on so-called Zener polarons. Fi-
ordering as described by Goodenough in 1986f. 11. The elon-  nally, the resonant x-ray scattering data have been criticized
gated figure-eights represent the occurggquz—rz)_type orbit- on the grOUndS that they are mOStly sensitive to the pOSition
als on the MA™ sites, the closed circles represent the*Msites.  Of the oxygen atoms and that it is possible that a purely
The signs+ and — indicate the relative orientations of the spin. Structural distortion could result in the same scattering
The ferromagnetic zigzag chains are indicated by the dotted linepatterns’? Thus, despite 50 years of experimental and theo-

the rectangle indicates the low-temperature unit cell. retical effort, there remain some very basic questions that
remain to be answered in the half-doped manganites.
w(3+)/ w(4+)~1.1-1.2[for instance in Ng St sMnO3,*? In this paper, we seek to address this issue by performing

LagCaysMn03,°> LagsSK MnO,,” and PpCa MnO;  resonant x-ray-diffractiofiRXD) studies of Py¢Ca ,MnOs;,
(Ref. 3]. In addition, the observed magnetic structure is conWhich is believed to exhibit CE-type charge and orbital or-
sistent with expectations for this charge and orbitally orderedler. As discussed below, this technique, when accompanied
structure based on the so-called Goodenough-Kanamorby detailed analysis, is extremely sensitive to the environ-
Anderson rules® Further consistency is found with recent ment of the resonant iofin this case M and thus the de-
resonant x-ray scattering results which identified short-rangéails of the electronic ordering. In particular we analyze the
orbital correlations as the origin of the observed short-rang&XD spectra from both above and below the structural phase
magnetic correlations on the Mh sublattice>** Finally,  transition. Our main result from the low-temperature studies
transport, optical, and NMR data have all been interpreted ifis that inequivalent Mn atoms do in fact order in the CE-type
terms of this picturé. pattern. We argue that on one of the sitt3 +") there is
Concerning the theory, several groups have argued as fodeed (X*—r?/3y*~r?)-type ordering of the 8 e, orbit-
the dominant mechanism leading to the stability of the CE-als. However, we find no evidence for a chemical shift of the
type phase, but the basic picture has not beeds levels and interpret this as an absence of significant
questioned®*° However, ab initio calculations predict a charge disproportionation. Therefore on the basis of our data,
noninteger mixed valence accompanying an orbitally orderetve suggest that the partial occupancy on the-"4site is in
CE-type phase in half-doped manganites. Forthe (x*—y?)-type orbital. Finally, all our experimental obser-
Pr, <Cay sMNnO;, Anisimov et al!® showed that two different vations rule out the crystallographic structure upon which the
Mn e, configurations exist which have almost the sameZener-polaron model was based. They are, however, consis-
charge density with different orbital configurations. Thetent with the XANES studies.
COO is predicted to be of the checkerboard type, one site In Sec. I, we provide details of the sample and the reso-
having a (X°-r?)-type symmetry, the other a nhant x-ray experiments. In Sec. lll, the spectra measured at
(x2—y?)-type symmetry. Using the local-spin-density ap-room temperature T>T coo) and in the low temperature
proximation and including the intrd-shell Coulomb inter- phase Tcoo>T>Ty) are presented. The results are dis-
action, the calculation was performed without thepriori ~ cussed in Sec. IV and analyzed with the aidadf initio
constraint of the CE-type pattern and the concomittant Jahrealculations. We summarize our results in Sec. V.
Teller distortions. A similar description based on density-
functional theory using the gradient approximation has also
recently been presented for half doped, k&a, sMn05.° In
addition Brinket al*® proposed that partial charge ordering At room temperature BiCa MnO; has the Pbnm
occurs due to the strong Coulomb repulsion on one site witlstructuré (see Fig. 2 At low temperatures, Jikaet al? find
partly occupiedx?—y? and ?—r? orbitals, whereas the that the ground state is a CE-type antiferromagrigy (
adjacent site is occupied either by thg?3-r2 or 3y?—r2  ~170 K), exhibiting charge and orbital orderTdoo
orbitals. ~232 K). The magnetic structure consists of ferromagnetic
Despite this body of evidence and the consistency of théVin zigzag chains coupled antiferromagnetically in thg)
COO picture, the nature, the pattern, and even the existeng#ane and stacked ferromagnetically along ¢hdirection.

Il. MATERIAL AND EXPERIMENTAL METHODS
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The Mn 4p states are sensitive to the surrounding struc-
ture because their spatial distribution extends out to, and be-
yond, the Mn nearest neighbors. In order to interpret the
RXD spectra measured at tkeedge, we therefore make the
assumption that the particular structural distortions of the Mn
surroundings reflect the highest occupied 8rbitals. We
note that the characteristic time for the resonant process is
about 101® s while that of the lattice vibrations is 16? s
and therefore RXD provides a snapshot of the distortions
surrounding the Mn atoms.

Interpreting these particular resonant spectra is still com-
plex. According to previous works in the literature, it is not
possible to draw conclusions about the surrounding structure,
or the charge or orbital ordering without detailed, quantita-
tive modeling and analysis of the various contributions to the
resonant scattering. Below, we provide a description of the
resonant structure factor within the dipolar approximation,
both above and below the phase-transition temperature.
These calculations provide an understanding of the charac-
teristics of the resonant signals which allow us to infer the
characteristics of the electronic configuration. In particular,
we are interested in determining the symmetries of the high-

The COO phase in RECa, sMNO; is evidenced by a sud- est occupied orbitals.
den decrease in the magnetic susceptibility, an increase in the The x-ray experiments were performed at the CMC-CAT
resistivity atTcoo> Ty, 2>?*and by the appearance of super- undulator beamline 9IDB at the Advanced Photon Source
structure Bragg reflections which indicate a doubling of the(Argonne National Laboratojyand at beamline X22C at the
unit cell. These reflections also disappear when the magnetiational Synchrotron Light SourcéBrookhaven National
field drives the compound into the metallic stiteX-ray ~ Laboratory. Beamline 9IDB possesses a double-crystal Si
studies of the superlattice reflections above the transitiofl1l) monochromator with an energy resolution AE/E
suggest that charge ordering drives the orbital ordefing. ~2x10 *. Beamline X22C has a double G#11) mono-

We have chosen the Pr,CaMnO; system for a number chromator with a resolutiod E/E~5x 10" %. We have fo-
of reasonsi(i) CMR is observed in a commensurate COOcused on the incident energy dependence of the diffracted
phase which is stabilized for a range of doping 0x3 intensity, as it is tuned through the Pj-and MnK absorp-
<0.7;225 (ji) the similar size of the Ca and Pr cations re-tion edges which in this oxide are at 6444 eV and 6552 eV,
duces strain effectgjii ) a further study of the electronic and respectively, where we have defined the position of the edge
magnetic phase transitions in this material is advantageoudy the maximum of the first derivative of the absorption
because of the significant difference between the magnetigpectrum. In this paper we focus on the vicinity of the Mn
ordering and COOQ transition temperatures. K-edge energy. For some of the data collected, the scattering

The sample was prepared at the Joint Research Center fofas resolved into the respectivec’ ando-7' polarization
Atom Technology in Japan; the growth and the basic transehannels, where we adopt the standard notation dhétr)
port properties have been described in detail elsewhere.denotes the polarization perpendiculparalle) to the scat-
The (010) surface was polished with audn grit and the tering plane(see Fig. 3. The polarization analysis was per-
mosaic of the sample was 0.25° full width at half maximumformed by utilizing a Cu(220) analyzer crystal for which
as measured at th@20) reflection. 20gragg~96° at the MnK edge. This discrepancy from the

The experiments were performed utilizing resonant x-rayideal 90° leads to an expected leakage of about(86%
diffraction which involve measuring the intensity of a reflec- ~1.1% for the projection of one polarization component into
tion as a function of the incident photon enef§y® By  the other one. By measuring the fullyo’ polarized Bragg
tuning the incident energy to the Mn absorptikredge, 5  reflection(020) in the o-7' channel analyzer we measured
electrons are promoted to an intermediate unoccupigtidte  the leakage to be about 1.5%. High+esolution measure-
and then decay back to thes.1Therefore one probes the ments were performed with a Gd1) analyzer crystal. In
unoccupied density gb states projected onto the Mn atoms addition to the diffraction experiment, complementary
as a function of energy. Because these intermediate state¢ANES measurements were performed on the same sample.
reflect any structural anisotropy, the scattering factors of thdhese two techniques probe the same resonant scattering fac-
Mn atoms are no longer scalars but become tensors. In addiers; though the XANES measurement lacks the site selec-
tion, the coherence of the resonant process implies that difivity of resonant diffraction, it provides the average of the
fraction can occur and we can probe the long-range-ordereithaginary part of the resonant scattering factor directly.
correlations of the local electronic configuration: This tech-These latter measurements were carried out at room tempera-
nique combines spectroscopic information with that of ature at beamline X11ANational Synchrotron Light Source,
scattering experiment. Brookhaven National Laboratory This beamline has a

FIG. 2. High-temperature unit cell in tigbnmperovskite struc-
ture of Pp¢Ca /MNnO;. The oxygen octahedra are all equivalent;
Mn,, Mng, and Mny are related to Mpby theb, n, andm mirrors,
respectively. Pr/Ca atom@ot shown lie between the octahedra
layers.
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y phase transition. It has ne-c’ component. The XANES

A spectrum at room temperature is also shown on the same
energy scale.

T A number of features are seen in the RXD spectrum,
prominently at the PL;, and MnK edges. At the PL, edge

Ly ’ one observes three peaks, the main peak coinciding with the

0 maximum of the absorption spectra. At the Mnedge, the

= x spectrum shows three peaks each with a Gaussian line shape

with half-widths that increase as a function of the energy. In

Z contrast to the PL, edge, the first peak &;=6552 eV

coincides with the maximum of the first derivative of the

absorption spectrum. As we will discuss below, the origin of

this signal is due to the loss of the exact octahedral symmetry

around the Mn atoms as a result of the tilt ordering. The

(010),., reflection has long-range order, that is, its width in

reciprocal space, as measured at the Kledge with a Ge

(112 analyzer, is similar to that of th@®20) Bragg reflection.

double-crystal Si(111) monochromator. The 6.539 kel | NUS, this scattering 4010 is distinct from that of the pre-
edge of a Mn foil was used to calibrate the energy at alffansitional fluctuations just abovécoo observed in the
beamlines. o-o’ channel, which exhibit temperature-dependent short-
range ordet? Rather, this scattering represents the average
long-ranged-ordered component of the high-temperature
structure(Templeton scatteririg).

A. High-temperature phase(T>Tcoo) The XANES measurements were performed by measuring
RXD spectra were collected in the high-temperaturethe tqtal fluore.scence' yi?'d with the bgam along [iBe0]
phase in order to provide a base line to compare to the lowdirection and with the incident polarization vector along both

temperature ordered phase. Figure 4 shows the RXD speg— and c. In fact, this rotation of 90° around the incident
trum of the forbidden(010) reflection in theo-=' channel irection produced no measurable change in the spectral fea-

; ; ures. It seems likely that the footprint of the beam is suffi-
taken over a wide energy range at 280 K, i.e., well above théCient to overlap differeng, b, andc domains in this twinned

Pr. Ca. MnO sample such that the resulting XANES spectrum is an aver-
0.6 7704 3 age over these domains and thus independent of the nominal
polarization direction.

FIG. 3. The diffraction geometry. An azimuthal scan consists of
rotating the sample by an angjearound the diffraction vecto®
=k’ —k. The vectorso and 7 are the basis for the polarization
vector of the photon.

IIl. EXPERIMENTAL RESULTS

2500

B. Low-temperature phase(T<Tcpo)

In the low-temperature phase, Zimmermaanall* re-
— .+ XANES ported and discussed the spectra of @0, (030), (030),

o—o RXD (010) . 1 and (G20) reflections, together with their polarization depen-
dence. In Fig. 5, we report data for the energy dependence of
the (010),.,» and (030),.,. . These data were taken with a
higher-energy resolution, which is 1.5 eV compared to the
earlier 5 eV resolution? The overall shape is the same as the
earlier data with no change in the energy widths of the ob-
served features, indicating that they were not resolution lim-
ited in the earlier data set. That is, the observed widths are
determined by the finite lifetime of the excited electron-hole
pair and by band-structure effects.

There is, however, a small difference between these data
6450 6500 6550 6600 and the earlier scans, namely the feature observed around

Energy (eV) 6542 eV in both spectra in Fig. 5. We attribute this to the

pre-edge transition§.e., 1s— 3d)—possibly dipole allowed
from the breaking of inversion symmetry at the Mn site.
Such transitions are expected to be relatively sharp and thus
edge (6552 eVl. The incident polarization is directed along the would have been smeared out in the earlier, lower-resolution

axis, i.e., ¥=90°. The room-temperature Xx-ray-absorption near—data‘
edge structurd XANES) spectra(closed circles are also shown For completeness we reproduce the;Q0,.,» RXD of
over the same energy interval. Zimmermanret al'*in Fig. 6 and show unpublished data of

(3%
=y
=3
<

1500

1000

Diffracted Intensity (counts/s)

500

FIG. 4. (Open circles Resonant x-ray diffractioRXD) of the
(010),_ ,» Pbnmforbidden peak measured in thes' channel at
280 K (T>T¢po) through the PL, edge(6444 e\ and the MnK
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FIG. 5. RXD spectra of the (010),. and (030),.,. reflections
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LaMnO3

y=90° (Olo)o—n’ |

15000

10000

Intensity (counts/s)

5000
0 7
6510 6530 6550 6570 6590 6610
Energy (eV)

FIG. 7. RXD spectrum of the (010),.. of LaMnO;. The strong

at 100 K. The 3 eV difference between the two maxima is due to theesonance arises from the Jahn-Teller distortion of the oxygen oc-

different crystallographic structure factqiRef. 14. The small fea-

tahedra due to the orbital orderitBef. 27). The energy resolution

ture at 6542 e\(arrow) is attributed to the pre-edge transition. This for these data was about 5 eV.

feature was not seen in the previous dd&ef. 14 because of the

lower resolution of that data set. The incident polarization is alonghe (010), ., measured on LaMngin the orbital ordered

the a axis, i.e.,iy=90°.

Pr, (Ca, MnO,
1m ||||I|||||||||I||||I||||I||||I|||||||||I||||I||||I||||

e
S
I

S
=]
I

intensity (counts/s)
T

20—

6610

510 6530 6550 6570
Energy (eV)

6590

FIG. 6. RXD spectrum of the (30),_, reflection at 10 K

reproduced from(Ref. 14. The energy dependence is strongly

reminiscent of the Jahn-Teller compound LaMn®hich has an
orbital ordering of the highestd orbital occupied(Fig. 7). The
energy resolution for these data was about 5 eV.

phase in Fig. 7. Note that the orbital order in LaMyi@as a
propagation vector equal to (010, whereas in
Pro.¢Ca sMnO; it is equal to (GO0).

The spectrum of the (01Q), reflection of
Pry Ca sMNO5 was also measured at low temperature. Un-
fortunately, at these temperatures, there is significant scatter-
ing in theo-o’ channel at this wave vector and care must be
taken that leakage from this channel is not falsely ascribed to
o-7' scattering. The severity of this problem is illustrated in
Fig. 8, which shows that the 1.5% leakage of the present
analyzer is sufficient to account for almost all of the apparent
o-7' scattering aif =180 K in the first €;=6552 eV) and
third (E;=6580 eV) features.

Note that no absorption correction has been made in these
spectra. In addition, the spectra were checked to be free of
spurious multiple scattering by rotating the sample around
the diffraction vector.

IV. DISCUSSION
A. High-temperature phase(T>T co0)

Above the phase-transition temperatufeqoo=232 K,
the crystallographic structure is described by Bimmspace
group with one Mn atom sitting at four equivalent siteEhe
structure is orthorhombic, pseudocubic, and the lattice pa-
rameters area=5.4315 A, b=5.446 A, andc=7.6481 A
(throughout this paper all crystallographic notations will re-
fer to thePbnmunit cell, even at low temperatures where the
space-group symmetry is actually lowereHigure 2 shows
the unit cell with the four Mn sites that are related by the
symmetries of the space groBfpnm.The Mn are situated in
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' 010) mMafiM=| “hy T T .
i 00 O—T” - fxz 1Eyz fzz
—e 0—G" (/90)
fux fxy fxz
é fs=M,f M= =ty fyy —fyz],
g fxz _fyz fzz
=
§ fxx fxy _fxz
k| fa=MfiM = fxy fyy  —fy

_fxz _fyz fzz

When the incident energy is tuned to the Mn absorption
edge, the scattering power of each of these crystallographi-
cally equivalent atoms may be represented by these matrices.
| R Y BT .41 FRUTY FEUT FURTE P S One sees that as a result of the symmetry operations, they are

530 6550 6570 6590 6610 not the same. The scattering then becomes polarization de-
Energy (eV) pendent and the standard crystallographic reflection condi-

FIG. 8. Measurement of the two scattering channels with thetIons are altered” The off-diagonal terms of the scattering

Cu(220 analyzer in the vicinity of the MrK edge at the(010 tensqr give rise to these eff_ects and_ are nonzero at the ab-
reflection at 180 K. The figure illustrates the contamination of thesorptlon (_adge because the Intermedla}te electronic states are
o-m' channel measurement by theo' channel. The intensity anisotropic. As a result, th_e Mn sites give an anomalous con-
from the -0 channel has been scaled to show that a leakage difibution to thePbnmtforbidden reflections such a£@0),

about 1% leads to a significant contamination of ther’ channel ~ (Ok0), or (Ok¢), whereas the contributions of O, Ca, and Pr,

in the ordered phase. This complicates the analysis of the lowwhich have isotropic scattering factors, cancel exactly. We
temperature phasésee text However, the second resonance at consider below the total structure factors for the Mn atoms at
about 6570 eV is almost uncontaminated. several forbidden reflections:

FM"(h00) = FM(OKO) = f, — F,— f5+ 1
oxygen octahedra. The structure shows the GdRg@e dis- (h00) (0k0)=T,—f—fat 1,

tortion, that is, the octahedra are actually tilted from the

0
axis in thea direction?33*They are compressed along the 1
0

o O -

0
0
0

axis (Mn-Q,=1.9544 A) and expanded in th@b) plane 4y ’
(Mn-0,,=1.9738 A, Mn-Q;=1.9714 A).

In the following we derive several resonant structure fac-
tors of the Mn atoms. Similar approaches have been taken 0 00
previously by Murakamiet al,?” Takahashiet al,** and FMN(00¢)=f,+ f,— fg— f,=4f,,| O 1],
Garca et al?2 These expressions will serve as a comparison / 01 0
with those derived later for the low-temperature phase. In
order to quantify the resonant x-ray cross section of this dis- 1
torted structure one has to take into account the resulting
anisotropy of the crystal field around the Mn sites. Within the FMNY(Ok€)=f,—f,+fy3—f,=4f,,| O o], @

dipolar approximation1), the scattering amplitude is then 1 0 0
described as a tensor of rank t#fdn the followingx, y, and
z are defined along the crystallographic axese Fig. 2 By  with h, k and ¢ being odd. Different energy dependences of
assigning to one of the Mn atoms, Mnthe most general the resonant spectra are expected for these reflections since
dipolar tensoif ; and then applying the mirror symmetries of each probes different components of the Mn resonant scat-
the Pbnmspace group, as represented by the matrides  tering tensor.
My, andM,, one can generate the scattering tensors for the We next use these tensors to calculate the polarization and
four equivalent Mn atoms: azimuthal dependences of the intensity within the two com-
mon experimental geometries-o’ and o-7' (see Fig. 3
We define the azimuthal angk¢ as the angle between the
fux fxy fxz incident polarization vectos and thec axis, for the (00)
fo| f f f o and (k0) reflections, and the angle betweenand thea
1 ooy yz s axis for the (0@) and (k¢) reflections. An azimuthal scan
fxz fyz Tz of one particular reflection corresponds to measuring the in-
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tensity on rotating the sample an angtein the plane per- ropy in the occupied and unoccupied density of states.
pendicular to the diffraction vector. With these definitions, Rather a more detailed analysis is required before a conclu-

the polarization vectors are sion concerning orbital occupancies may be drawn. This cal-
culation of the resonant intensity is widely applicable since
o(h00)=(0,—siny,cosy), the space groupbnmdescribes many other manganite, ti-
tanate, and vanadate perovskité239Note that this space
7' (h00) = (cos#g , — Sin fg COSYr, — Sin B Sin ), group includes both compounds that are orbitally ordered
and some that are orbitally disordered, as in the present case.
o(0k0) = (siny,0,cosyp), As a result of the tilting of the octahedra relative to the
crystallographic axes, nonzero off-diagonal elements are in-
' (0KO) = ( — sin f cos, cOShg , Sin B Sin ), troduced into the scattering tensor. That is, the off-dl_ag_onal
terms come from both the different lengths of the principal
(00€) = (coss,sini,0), directions of the octahedré.e., an asymmetry inside the

octahedrg and from the tilt of the octahedra off the crystal-
lographic axegasymmetry outside the octahefr®ne ex-
pects that the further the octahedra are tilted from the polar-
ization direction the more important the off-diagonal terms
become. Conversely, decreasing the degree of tilt decreases
the signal arising from the distortion of the octahedra: If the

7' (00€) = (siny sinfg,— cosy sin g ,cosbg),

o(0k€)=(cosy,sinycosa,—siny sina),

' (0k€)=(sin@siny, cosbgsina—sinfgcosycosa, principal axis of the octahedra were along the crystallo-
] ) graphic axes, thef, = f,,=f,,=0, andFM" would become
sin g cosy sina + cosfg cosa), (3 diagonal and the signal would disappear. In a sense then, the

where 05 is the Bragg angle ane=arctarc/b. Then, for intensity of the whole resonant spectrum is modulated by the

example, the scattering from thek©Q) reflection for ac-7' degree of octahedral ilt. hat th , |
diffraction  geometry is given by I,..(0k¢) From Eq.(4), we see that the experimental measurement

_ ' 2 ; . . of the (010),.,. reflection atyy=90° measures$f,,|. One
to|g]goggi)l\:/éogfagu(rgkf?!tér-srr:i;ntensmes corresponding notes that for this reflection the resonance at they €6662
eV) has a lower intensity than the second resonance at 6568

l 5-5+(h00)=1,.,(0k0) =0, 4) eV (Fig. 4. Interestingly, this is in contrast with the data for

LaMnGOs;. The two compounds have a similar overall struc-
l,..(h00)=1,_..(0k0)=|4f,, cosfgsiny|?, (5) ture in the same space group, but LaMn€hows orbital

Y ordering®® In LaMnO;, the first resonance for the same re-

| y.51(00€)=0,l ,...(00€) =|4f,,cosb siny|2,  (6) flection (010),.,, is much larger, and is understood as com-

ing mainly from the in-plane Jahn-Teller distortion that re-

| (0k€)=|4f,,sin2y sinal?, (7)  Veals the orbital ordering:?84! For LaMnQ, the in-plane
Mn-O distances are Mn-Q=1.907 A, Mn-Q;=2.178 A“°
I,....(0k€)=|4f |2 (sin fg sina cos 2 For Pg ¢Ca.4MnOs, the anisotropy in the plane at room tem-
perature is much smaller. The distances are Mp-O
+ oS coSa cosy) |2. (8) =1.971 A Mn-Q,=1.974 A3 This lower anisotropy is re-

vealed qualitatively by a much lower intensity of the first

These calculations show thhf.,,(0k0) andl,...(00¢)  resonance. Recently, Takahashi, Igarashi, and Fulde per-
have twofold symmetry with respect i and that thes-o’  formed ab initio calculations for LaMn@, YTiO5;, and
channel is non-zero for the forbidden KO reflections. YVO; in the orbitally ordered phasé$3®°These authors
| o' (Ok€) andl,_..(Ok¢) are proportional to each other as completed calculations of the-' channel without includ-
a function of the x-ray energy but differ in their azimuthal ing any ordering of the & orbitals, thereby emphasizing the
symmetries, ther-o’ channel being fourfold symmetric i role of the structural distortions as an origin of the resonant
while the o-7" channel has no particular symmetry. All of signal. From this, they inferred that the first peak in the Mn
these characteristics have been observed in perovskite oxidggectra arises mainly from the in-plane anisotropy, and that
of this space group’**3’An incidentm component can also the second was largely due to the tilt order. Thus, this inter-
give a contribution to ther’-polarized scattering. However, pretation of the calculations seems consistent with the data
considering the highly linearly polarized synchrotron sourcepresented in Fig. 4 and those of LaMgQiven the differ-
the beamline optics and the vertical diffraction geometry weence between the in-plane anisotropy in the two cases. In
used, the incidentr component is expected to be much addition, as discussed above, we believe that the tilt also has
smaller than the incident component and will not be con- an effect over the entire spectruthat is, the influence of the
sidered in the followingthere also systematic extinctions, in tilt order is not confined to the second pgak
particularF . .,(0k0)=0 at all ]. In order to gain further insight into the electronic configu-

The particular azimuthal dependences arise due to a geeation of the Mn in this doped manganite, we next present
metrical effect—a result of the symmetries between thepreliminaryab initio calculations of the resonant diffraction.
equivalent resonant atoms in tRnmspace group. So, the In particular, we want to investigate whether the known
azimuthal dependengeer seis independent of the anisot- structural distortions are enough to give rise to the resonant
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6540 6550 6560 6570 6580 6590 6600 of these two types of reflections shows the same temperature
' ! ! ! ! ! ! dependence; however, they are differentiated by their differ-
1 ent correlation lengths within the low-temperature phise.

In the framework of the COO picture, th@+ (030) reflec-

0.5 P
"'-“.v.,,,,_._._,..f"" tions are due to distortions induced by the orbital order. The
] orbital order forms in a domain state with randomly distrib-
oo XANES exp. . . . . .
0.4 -0 RXD (010) 6—T exp. uted antiphase boundaries formed by misoriented orbitals.

The domains are characterized by a correlation length
=320=10 A.>33In contrast thé Q+ (010)]-type reflections
— are resolution or near-resolution limited with a correlation

Intensity (arb. units)
=)
W

s length £>2000 A.
w A strong resonance effect is observed at the superstructure
0.2 n reflections (¢0),..., (010),.,., and (030)_,, when the
L polarization is in th€ab) plane (=90°) (Figs. 5 and & In
particular, the resonant effect at tQet (010) reflection may

0.1 be described qualitatively as a “derivative effeét*®that is,

the line shape in the energy scan has the form of the deriva-
5 A _ o tive of the resonant factors. This is a clear signal of the
00 20 30 o4y e ' presence of one element sitting at twifferent crystallo-
Energy (eV) graphic sites which contribute to the structure factor with
. opposite phase.
FIG. 9. RXD of the(010) reflection and XANES from ab In the literature, the appearance of the derivative effect

initio calculation(see text compared to the experimental spectra has usually been said to be a direct observation of charge
taken at room temperature. For the XANES spectra the polarization Y 9

i 6,43—45 . .
is averaged both in the calculation and in the measurement. ordering: The arg“me”t is that the decrea(:m:rgasé
of the electronic density of the resonant atom loweasses

the energy of the initial & core level resulting in a tighter

=—=n XANES calc.
o0—a RXD calc.

signal observed in RgCa& sMnO; above the charge and or-

bital order temperature. Our calculations of the (Q10) (v_veakeif binding energy. In this picture, this shift egpplies
have been done in the framework of the full multiple- diréctly to the x-ray resonant factors of the #n(Mn*")

scattering theory with theDMNES code? Starting with the ~ Which shift to higher(lower) energy at the MrK edgefi.e.,
atomic positions and their associated electronic densitied0r transitions from % to p states. It is noteworthy that any
this code solves the Green's matrix for the intermediatels shift has an isotropic effect on the spectra, whereas any
states to which the photoelectron is promoted. The structurghift of the 4o will depend on the Mn-O distances and will
used is that of Jitaet al2 but with all the RE sites replaced therefore be anisotropic. The combination of both shifts con-
by Ca—the ability to treat a random distribution of Pr and Castitutes the chemical shift. For example, an isotropic shift
ions is beyond the scope of the present work. In addition, theccurs in the highly anisotropic vanadium site in the charge
electronic configurations of the atoms are described as if thegrdered phase o&’ —NaV,0s for which the derivative ef-
were isolated, that is, Mn isd84s? and so on. The Hedin- fect has been observed for two perpendicular directions of
Lundquist exchange-correlation potential is used. the incident polarization with the same energy shifidow-

The results of these calculations are shown in Fig. 9ever, in the present compound the resonant signal disappears
which compares the XANES and the RXD measured at roonjyhen the polarization is along theaxis (¢=0°).** Thus,
temperature with the calculations of each. The preliminarthe simplest picture of an isotropic chemical shift of only the
results are quite satisfactory despite the simplistic approxi1s core levels does not apply here. This observation has also
mations used and the fact that no broadening for the corejeen made in other perovskites, including mangafiifes.
hole lifetime or the energy resolution has been applied. Theihgerstand the resonance behavior in these materials there-

main disagreement is the peak at 18 eV in the calculation ofpre requires a more quantitative study, which we develop in
the RXD. These results suggest that no detailed descriptioghe following.

of the Mn 3d orbitals is needed to predict qualitatively the
appearance of resonance peaks at high temperature. All that
is needed is the anisotropic structural configuration. 1. Low-temperature structure factor
In the doubled low-temperature unit cell there are eight
B. Low-temperature phase(T<T co0) Mn atoms. As widely observed in the three-dimensional
, manganites;?1® the planes are believed to be equivalent
Below Tcoo, two sets of peaks appear @ Q+(010)  gjong thec axis, which leaves four independent Mn atoms in
andQ+ (100), and(ii) atQ+ (030), whereQ stands for the the same planésee schematic in Fig. 10As above we will
diffraction vector of the Bragg reflections allowed in the keep the calculations within the dipolar approximation. For
Pbnmspace group. The latter superstructure peaks indicate @ample, the general dipole structure factor of tQe
doubling of the unit cell along thbk direction. The intensity +(010) peaksr-o’ channel is
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Using expressions such as E¢®). and(10) we can proceed,
constrained by the experimental data, to develop a model for
the low-temperature electronic order.

2. Model of the CE-type electronic configuration

By considering various models of the COO phase, with
particular symmetries between the Mn atoms one can sim-
plify Eq. (9). The simplest model of the COO phase, as con-
sidered by Garaet al,?? is a checkerboard model in which
Mn, and Mny are identical and isotropic, i.ef{}=f{")

x =f=fQ=1{0=1D=f and the off-diagonal terms are
zero. For the sitea andc, they used an alternative notation,
H a C a
FIG. 10. Schematic diagram of the modified CE-type structurethat Is’fﬁx):“’y):(f”—”i)/z andf&V):f”_ f, where] (1)

in the (ab) plane. The elongated figure-eights represent the occu!—ndlc‘fjltes the dlrecyonzzpara_ll(aﬂ)erpend|cula)rt0 th.e S.tretCh._
orbital== This equivalent description will

piede, (3x'%—r?)-type orbitals, while the clover shapes represent'ng of the_ €y . ) A
e (X,%_y,z) orbitals. The signs- and — indicate the spin direc- be convenient in a case described later for understanding the

tion in the magnetically ordered phase. The letters denote the M§hape of the resonances. For our analysis, we make the less
for the model of the low-temperature phase only. The sigsghd ~ réstrictive ansatz that the electron density of thebmd _
“b” correspond, respectively, to the sites 1 and 2 in the high-_Mnd SlteS has a square symmetry in plane. At this DQII']L this
temperature phase. The dashed line indicates the unit cell. is a starting assumption. However, as we shall see, it is both
consistent with our experimental data and recent theoretical
Mn _ (@ _ £(0) 4 £(0) _ §(d)ygi calculations. Such in-plane symmetry can include, for ex-
Fror (OKO) =2[ (13— 1)+ 3~ ) sieys ample, the population of, orbitals of thex'2—y’? or
F(F@ -0 1 O Dy coy, 32’2—r2_ S)gm_metry as suggested by recent theoretical
calculation$® [in labeling the orbitals we use the'(y’,z")
+(f@)—fig)ﬁtff(cz)—f(x‘?)sin 241, (9 coordinate system aligned along the extension ofefher-
bitals, see Fig. 10, to preserve the more familiar description
wherea, b, ¢, andd label the four Mn sites within the plane of these orbitals In such a model, we forcd{®)=f(®
(Fig. 10. In contrast to the high-temperature phase, th&f)(/?/)zf%);efggvd)_ Following the labels in Fig. 10, Mn
(OkO) reflections are no longer forbidden as a result of veryand Mn, "have a %'?—r? and 3y'2—r2 geometry, respec-
small dlsplacements of the atoms. Therefore a term almosfvely. They are related by a/2 rotation around the axis
constant in energy must be added to the total structure factqmore accurately, they are related byr£ rotation about the
to take into account the Thomson scattering and the resonaptincipal axis of the octahedra which is tilted 10° from the
corrections from other absorption edges from all the atomsgirection as a result of the tilt ordemwith the extension of
arising from the fact that this scattering no longer preciselfthe highest occupieddBorbital and a concomittant extension

cancels. However, since we are interested mainly in the resQs the Mn-O bonds along thl 10] and[ 110] directions. It
nant contribution of the Mn atoms, and in any case thes?ollows thatf(xcx)zfﬁ), FO @ andf§(°y)=—f§("§}). The re-

corrections are small, we will ignore them in the following, . Xz =
except where explicitly stated. As noted above, no res,onancseUItIng Mn structure factors in this model are
is measured afy=0°, so one infers from Eq(9) that f{2) K
— 0+ 09— £ is zero within the limits of our experiment, FM, ( o—o) =2(f@—f
the energy resolution of the experiment being about §%V. z
In contrast, the resonant effect at=90° indicates thaf ()

D sirtey,

(
yy

gt fi 1 1S nonzero Fn ( 050> = — (1@~ 3)sin 24 sin b
Similarly, the general dipole structure factor for ttge o] 72 yy
+(030) peakso-7' channel is +4f§f}‘) siny cosfy

M [ o0Ko | —  f@ e 00 it @yain g F b (0k0) =263+ () — 26 () sirPy+ 4(£) — 1)
E 050 | =—(f, +if5) — 3/ —if}/)sinfg sin 2¢
o-m'| ¥

X cofy+ 4(f@— 1)) sin 2y,
—(f@+if Q-1 —if9)sin s cos 2

Mn —2+(0) (a) _ 5(b)
+2(f§<?,)+ifs(l;,)—f)(g,)—if)(g,))COSGB siny F . (OKO) =41, sinycosbp+4(f); —f;))cosy cosbg

_ (a) _ ¢(b) i
+2(f@+if ) — 10 —i{?)cosop cosy 2(fyz — fiz)COS 2 sinbg

in 20 si (@) £(0)) 4 f(b)
+(FD i) — 19— £ D)sin 4 sin 25 sin 2rsin g 25, — 12,) 215«

(10) —(F&@+1EN]. (11)
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Note again that for simplicity these relations neglect thelarger second resonan¢gigs. 4 and & Thus, the similarity
fact that the Mn atoms are slightly displaced. This displaceof the resonances is a strong evidence that the distortions—
ment will give rise to small corrections to the expressionsand thus the occupied orbitals—are the same in the two
However, for the present purposes, we are concerned Withases. For LaMng) the existence of 8 2—r?/3y’?—r? or-
which components will contribute to the resonant scatteringital order is unquestioned and we conclude that it is the
and the associated azimuthal dependence, for which, theg@me orbital order involved here on the Mand Mn, sites.
corrections are unimportant. Below, we write explicitly these  However, we do not believe the x—r?)- and (32
scattering factors for two limits of azimuthal geometrigs, _2_jike orbitals are fully occupied. Indeed, as discussed
=90° andy=0°. below, we will conclude, from an analysis of tig+ (010)

For ¢=90, reflections that the charge disproportionation is incomplete,
and that there is a partial occupancy of #ié—y’? orbitals

pMn ,(O;O> :Z(f)(&)_fgs)), (120  on the Mn, and My sites.
" k @ 4. On the Q+(010) reflections
n Y EYTIC
Ffr-w’( 020) 4ty costg, (13 For (0k0),., , at ¥=90°, one measures the in-plane an-
isotropy, i.e.,f®+f(&—2f1 which is the difference be-
MN(OKO) = 21 (§(@ 4 (@) _ 25 () @ f0_ @ @ i
F o (0KO) = 2[ (£33 + F17) —2F5)], (14 tween the sunf, )+ 5 =10+ 0 for the sites Mg and

Mn, and the same sum for the sites Mand Mry, that is,
fO)+£(D=2f") [Eq. (14)]. The observation of a resonance
(see Fig. 5 indicates that Y + (2 — 2f () is nonzero. This
implies directly that the in-plane orbital occupancy is differ-
ent on the two sites.

FM(0k0) =41 cos+2(f@ — £ ®)sinds. (15

For =0,

Fz\:'_':r/(OE()) =0, F(hf.lf<050) =0, (16) An important question is whether this difference in the
2 2 resonant factors arises from a chemical shift of tedelels
Mn (@ ¢(b) as expected for charge ordering. It is noteworthy that, as
F .o (0KO)=4(f7 — 137, (A7) reported by Zimmermanet al,** the resonant signal from
FM" ,(0k0) disappears aiy=0°. This indicates thaf(®®
Mn - (a) _ 5(b) _ (@) _ 5(b)ygj Tz zz
Foom (0K0)=4(f)7— ) 7)cos — 2(1,5 — 157)sin HB(iS) =D [Eq. (18)]: thus there is naneasurabladifference in

3. On the Q+(030) reflections

the out-of-plane configuration between the two sites. As
noted previously by Nakamuet al® and Garaet al??it is
difficult to understand the disappearance of the resonant sig-

nal at=0°, that is, the equality of the out-of-plane reso-
nant factors,f2® and {9  if the resonance involves a
chemical shift of the & levels, which would be expected to
produce an isotropic effect on the resonant factor. We discuss

(0k0),. reflections depend on ttg, term of Mn,, as the in the following the case with and without a chemical shift of

Mn, and Mn, f,, terms cancel with each otflelOne can in the 1s levels. . _ o _
principle therefore follow the temperature dependence of the First, let us consider that there is a significant chemical
fie;) term above and below the transition by tracking the tem-Shift of the s levels. Then one would be forced to conclude

perature dependence of the k(@, . and (0k/20),_,  that the equality betweefi2® and f{>?9 is accidental and
peaks, respectively. T ™ due to a relatively small magnitude of the themical shift

Focusing on the energy line shape, one observes a strofggether with an out-of-plane population of the orbitals. This
intensity for1(020), ., at the absorption edg@ig. ). In would give rise to small and different displacements along

. . . e e ¢ direction whose effect on the resonant factors would
particular, this energy dependence is strongly reminiscent

th ¢ sianal ob qf th totvoical Jah ave to exactly counterbalance the &hemical shift. For
Teller system LaMn@.? shown in Fig. 7. In the context of C/2PIe, the in-plane stretching of thg (3x'?-r7 type
the present model, the similarity between the LaMnO orbital on sitesa andc brings the oxygens along ttedirec-

_ tion closer to M and Mn. thereby raising the resonance
(010),., and the Py«Ca MnO; (030),.,, Spectra is ex-

energy along thez direction. This brings the spectrum of
plained naturally by the fact that the Mand Mn, undergoa  £{2.%) closer tof (29 . In addition, one could allow a popula-

Jahn-Teller distortion as a result of the orbital ordering whiletjon of the 32'2—r2 orbital on the Mg 4 atoms(as predicted
the Mn, and Mry maintain an in-plane square symmetry. At theoretically by van den Brinkt al%). This would imply an
the Q+ (030) reflections, the My and Mny contributions  increase of the out-of-plane distance Mn-O alangn the
cancel. We note that this similarity of the energy line shapesitesb andd, which would also lower the @ orbitals along
is not a trivial result—the (010Q)... line shape at high tem- the ¢ axis thereby shifting {9 closer tof{® . However,
peratures, which measures the same component of the tensthis cancellation requires that the shift of the dnd 4p be
appears quite different: It has a smaller first resonance andecisely the same to cancel each other. Further, in

As can be seen from E¢L3), only the off-diagonal com-
ponentf(?) is measured in the-7' channel aty=90°. This
is the same matrix element that thek(,.,+ reflections are
sensitive to athigh temperaturegat low temperatures the
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Nd, sSth sMNnO; one also observes no resonancesat90°,  the scattering factors. Moreover the direction of the polariza-
thus requiring the same accidental cancellation to occur iion is well defined with respect to the crystallographic axes
two different material§. Thus, a chemical shift of thesl when measuring a Bragg reflection of a specific domain and
level appears unlikely. twinning does not present a problem. In the present case, the
Conversely, if one assumes there is no shift of tlee 1 sensitivity appears as the so-called derivative effect for the

level, then the resonant signal @+ (010) andQ+(0:0)  Q+(010) andQ+ (100) reflections with the azimuthal angle

must arise from structural distortions associated with the or#=90°, that is, the polarization is directed along thandb

bital ordering. Indeed, as the spectra of @e (030) reflec- crystallographic d'TeC“O”S’ respectl\_/ely. T_he XANES mea-
. L . . surements do confirm that the chemical shift must be smaller
tions are similar to those of LaMnQit seems likely that, as

) . . than 4.5 eV, the value obtained by comparing the parent
discussed above, the signal at these reflections comes mos meounds Such a large difference would be detected by
from the Jahn-Teller distortions, that is, an anisotropic eNy ANES ThLIS XANES does not support a complete charge

ergy ‘?’hift of t_he ® Ievel;. .F.urthermorfe, we show in the disproportionation, in which one assumes that the oxygen
following section thatab initio calculations of the RXD octahedra for the formal 8 and 4+ Mn atoms in

spectra, for the distorted structure, reproduce the line shaqgro Ca, MnO; are the same as in LaMaCand CaMnQ

of both theQ+(030) andQ+(010) reflections suggesting structures, respective®). The XANES measurements are,
that they have a common origithe two types of reflections however, not inconsistent with a small disproportionafidn.
have different energy line shape in part because for the latter To summarize, there is no evidence of@achemical shift
reflections there is interference with the nonresonant Thomthat might arise from charge disproportionation, and the elec-
son scattering in the-o’ channel. tronic configuration may be regarded as an orbital ordering
The different in-plane configuration explains the resonanbf the Mn on inequivalent sites arranged in a checkerboard
signal when the polarization points in the plang=(90°)  pattern. The resonant effect arises mainly due tqpasHift
and the absence of any difference for the out-of-plane coninduced by the cooperative Mn-O distance modulations re-
figuration explains the absence of a resonant signal when sulting from the orbital ordering. We observe a Jahn-Teller
=0°. It is likely that the mean Mn-O distance is therefore (JT) distortion on half of the Mn atoms. That is, half the Mn
the same along for all sites. atoms have an in-plane symmefr§8x2—r?)-like] and half
Finally, our results explain the azimuthal dependence ofire symmetric in plane. However, since there is no strong
the intensity at an (KO),., reflection as arising mainly due evidence of charge disproportionation, we suggest that the
to the termf(3)+f{2)—2f{) (here we have also used the other half of the sites have a partially occupiet?—y’?
expectation that the off-diagonal terfff:® — f(>9 is negli-  orbital. To be more specific, one might write the elec-
gible compared to the diagonal tenm$he intensity depends tron configuration of neighboring Mn atom& and B as
on the ratio of the resonant contribution and the ThomsonA;B) = a|3d*,3z—r?;3d%) + 8|3d>;3d* x*—y?), where
terms. At resonance, the signal is about four times that of thg3d*,3z°—r?2;3d®) refers to a configuration on MA with
Thomson scattering as deduced from the off-resonant interfour electrons in thed band, the fourth electron in a £3
sity. So the contributions from Thomson scattering and reso—r?)-like orbital, and with the neighbor Mn in ad3
nant scattering of the Mn atoms are of a similar amplitude. Irconfiguration” When o= 8=1/\/2 there is orbital ordering
this case, it is easily shown that the azimuthal dependence efithout charge ordering. Any occupancy of the'3—r? or-
the o-0 component is # 2 sirf ¢+sin®  (again ignoring  bital must occur either equivalently on all sites or with a
the off-diagonal terms Indeed, a twofold dependence hasrandom distribution, that is, the data exclude any ordered
been measured for these reflectidhs. difference along the direction between the two sites.
High-resolution XANES studies have not shown a differ-  Finally, we comment on the charge disproportionation.
ence between the scattering factors of the two different MnwWhile there is no direct evidence for significant
sites at low temperaturd. Conversely, as we have just disproportionation—in the form of a chemical shift of the 1
shown, the RXD measurements demonstrate that there alevels—the charge on the two Mn sites, as defined as the
two differentiable Mn sites with two different scattering fac- charge contained within a sphere of given size, is unlikely to
tors. The limitation in using the XANES technique for stud- be the same on the JT distorted site as on the undistorted site
ies of small electronic reorganizations arises from the fachecause of the varying bond lengths. Thus the charge dispro-
that it measures the sum of the contributions from all sitesportionation is likely to be of the form M ¢ and Mrt*?
The different spectra are thus smeared out. This limitation isvherev is the average formal valence afec0.5. From the
worsened if the XANES measurements are performed owrxisting data set we cannot set a lower limit &n
powder samples because the spectrum is then the averageln the following section we show that tfab initio calcu-
over all directions for which there are different absorptionlations of the RXD spectra support the existence of a check-
edges. Even on single crystals the differences in scatteringrboard pattern of JT-distorted and regular oxygen octahedra.
power are difficult to observe because of the presence of
twinning. [We observed three domains in our sample:aan
domain, ab domain, and another domain propagating along
the (112) directior].Thus, XANES measurements are inher-
ently insensitive to small energy shifts of the resonant fac- We performedab initio calculations of the XANES and
tors. In contrast, RXD can directly measure the difference irRXD spectra for two crystallographic structures recently pro-

5. Ab initio calculations with candidate crystallographic
structures for half-doped manganites
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6520 6540 6560 6580 6600 6620 with h and k odd. The approximation made here is that
70IIIIIIIIIIIIIIIIIIJ‘LIIIIIIIII|IIII|IIII|IIII|IIII e|277k9%1 Where8descrlbesthesma”relatlvedls|
I o | , _ _ placement
— xanes (average) of the Mn atoms in the IOV\l/-temperature unit ceil_;s typi-

60 — — 0120) _ (y=90°) cally of the order of 1/1008" For theF (h00) reflections, the

o diagonal terms cancel exactly, and the model gives no reso-
nant contribution in ther-o’ channel at any azimuthal ori-
entation (these reflections are indeed forbidden in the
P2.nm space group For theF(0kO) reflections, the diag-
onal terms do not cancel exactly due to the small relative
displacements between equivalent atoms. However, the
structure factor calculated from the refined atomic positions
shows that the cancellation is still almost complete and the
resonance is damped.

Here, the empirical observation of a strong resonant effect
for (0kO) reflections requires that Mrand Mn, are in dif-
ferent crystallographic sites and that they are surrounded by
— different oxygen octahedra. This deduction is independent of
i any debate over the origin of the anisotropy; it is simply a
N LN TS statement about the different anisotropies of the two sites and

20 -10 0 10 20 30 40 50 60 70 implies that they cannot be related by a mirror, a translation,
Energy (eV) or ar rotation. In theP11m space group the positions of the
atoms are said to be almost the same as those iR2ham

FIG. 11. Ab initio calculations of the XANES, (80),...,  space grouplthat is, Eq.(19) certainly still holds. Allowing
(010),.,+, @nd (030).,» spectra using the ReCa.MnO; crystal- - gjgnificant differences in the atomic positions would change
lographic structure from Ref. 21. The spectra are calculated with tth_ (19) but it would also no longer represent the Zener-
same scattering geometry as the data presented in Figs. 5 and 6'polaron model. By going toward a checkerboard model of

posed for the low-temperature phase of the half-doped marPeduivalent sites, one explains the large spectroscopic ef-

ganites, the so-called “charge and orbital ordered” phasefects observed experimentally.

The FDMNES code and the same procedure described in the Also, as shown in Fig. 12, high-resolution measurements

Sec. IV Awere used. First, we used the refinement of Daoudof the (0k0) reflections reveal an apparent splitting in recip-

Aladine et al?! for Pr,Ca sMnO; which is inconsistent rocal space. We attribute this splitting to the presence of

with the checkerboard model. Second, we used the structud00) and (&0) reflections from perpendiculdtwin) do-

of Radaelli et al. for LagsCa sMnOs3,° which reports a mains. HoweverQ+ (100) reflections are forbidden in the

checkerboard model of inequivalent Mn atoms. We did notP2,nm space group, and although the monoclift¢1m

use the refinement of Lees al*® for Pr (Ca ;MnO; which  permits the appearance of intensityQ@# (100) positions, in

shows a checkerboard pattern of inequivalent Mn, because ihe candidate structure they are expected to be much smaller

this structure theQ+(010) reflections have zero nonreso- than atQ+ (010) positions because of the pseudosymmetry

nant intensity in contradiction with the data. ~ found with almost the same positioffsin fact, we observe
The results for the structure proposed by Daoud-Alading;milar intensities for these two types of reflections, together

et al,?! the so-called Zener-polaron model, are shown in Figyyith a similar, but not identical, energy dependence. The
11. For the (010).,» and (030)..,+ reflections, the resonant gpsened splitting corresponds to two lattice parameters,
contribution is at least one order of magnitude smaller than, i<\ med to be and b differing by A=0.013 A. This

the Thomson contributions of the other atoms. The structures - Jnsistent  with mer;lsurements of the. in-pla.ne lattice

fails to reproduce the strong resonant signal. We can unde sarameters 4 and b) in the COO phasea=5.4315 A, b
stand the absence of a resonant effect in these calculations s, g 4485 A ande=7.6370 A. soA=0.017 A. Similaylrly
follows. The proposed space groupR41m (monoclinio, Leeset al. reporteda=5.4313 A b=2x5.4413 A, andc
with a strong orthorhombi®2;nm pseudosymmetry. The _ 0o & that isA=0.01 A at’ 200 K. So it seéms very
Mn, and Mn, atoms are then situated at equivalent crystal-"kely that tr,1ey are in fact andb twin domains.
lographic sites and have the same valence and orbital geom- In Fig. 13 we show the energy dependence for the two
etry. Instead, tr]’e _ineql_JivaIent site_s in the;nm space peaks measured in the vicinity of (030) Bt100 K. The
group are the A” sites (in our notation, the Mpand Mn, (300) and (030) reflections have similar intensity in the
§|tes) apd the C sites (Mn; and Mry). Such a struct.ure IS energy-dependent spectra, which suggests that the displace-
inconsistent with the checkerboard-type model and is the b%ents of the Mn atoms along andb are similar. The dif-
sis for introducing a Zener-polaron model. The total StruCtur&g ance between the spectra at 6576 eV presumably comes
factor for the Mn atoms in this model is from the different polarization directions along theand a

0 1 0 directions, respectively. Interestingly, although the maximum

M Mn A .C is exactly at the same energy position for both spectra

FY(h00)~F""(0k0)~—4(fi,—f))| 1 0 0], (19  (within the 1 eV/step resolutionother featuregsuch as the

0 0O pre-edge anomaly at 6541 g¥eem to be shifted by 1 eV. In

Intensity
5
T

W
[«
I

20—
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(030)

(03.50)

—p-

Intensity (arb. units)

IIIIIIIII 11
349 35 3.51

IIIIIIIIIIII
2.99 3 301

2 2.005

1111
249 2.5

0kO(rlu.)

FIG. 12. Evidence ofK00) and (&0) reflectionsk odd, in the low-temperature phaé0 K). The reflections were measured with a
high-resolution GEL11) analyzer. The splitting observed at thek(Q reflections is attributed to (@) and k00) reflections due to the
presence of a nearby twinned domain; the separation corresponds to two lattice parameters differing by 0.013 A consistent with the
difference ina andb lattice parameters at this temperature. At thek(® 0) reflections, there is no splitting as the doubling of the unit cell
occurs only along thé axis. The data are not adjusted for differences in attenuation.

summary, it seems entirely plausible that these peaks origwith the data(Figs. 5 and & This structure also explains the
nate from different crystallographic domains and that the acebservation of theQ+ (100) andQ+ (010) reflections. In
tual structure gives equivaleQ+ (100) andQ+(010) re-  Fig. 15 the calculated spectra for tt200 and(030) reflec-
flections. We note that the reflectior@+(100) andQ  tions are shown. The fine structures, above the absorption
+(010) are present, with equivalent intensity, in the struc-edge, are in good agreement with the data presented in Fig.
ture of the COO phase of kgCaMnO; as refined by 13, reproducing both the similarities and differences between
Radaellietal® o the two reflections between 6560 eV and 6590 eV. Also, the
~ We next show in Fig. 14 the results ab initio calcula-  pre-edge region below 6550 eV is well reproduced. The pre-
tions with the crystall_ogrzé\phlc structure of &£ sMnO;  gqge feature marked by an arrow in Fig. 5 is identified as a
as refined by Radaelét al” The space group iB2;/m and  gipole transition because only the dipolar operator is used in
the inequivalent Mn are organized in the checkerboardne calculations. However this feature appears 9.5 eV below
model, suggesting the CE-type ordering and consistent withe apsorption edgenaximum of the first derivativenstead

the present picture for PgC& sMnOs;. In this structure, half 5t 14 eV in the data. Presumably, this is in part because of
of the Mn atoms have a Jahn-Teller distortion, the other halfje approximation that the Mn atom is charge neutral,
are situated in regular, undistorted, octahedra. The calculagy54s?, thus details of the @ band states will not be well
tions of the XANES, the (80),.,,, (010),,, and reproduced. Further calculations based on the finite differ-
(030),.,, reflection spectra are in very good agreementence method beyond the muffin-tin approximation for the

134419-13
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(300)/(030) 6540 6550 6560 6570 6580 6590 6600
200||I||||||||||||||||||||||||||||||||
b-domain a-domain N
\ ) =9()°
8000 _l T |\‘} I=|9|0|()| I TT 3 T I TT iOMOI-I Il |I | I\*lll Il |I| ul Il |] |I| |I_ | II'I |
8000 |— —
| i 1] < —0(030) _
6000 — — 150 — -6
6000 | 4000 {— -+
—_ 2000 — —
E; i s | 3] g
§ 0 1 1 1 3 1 1 1 |3'01 1 % 100
S 4000 (0k0) [r.lu] e
>‘ — —_— o
g 0—o b-domain
g i o—e a-domain (x1.3)
2000 |- !
0 1111 I 1111 111 I 1111 I 1111 I 1111 I 1111 I 1111 0 L I Ll I 1L I L1l I 1L I 1L I 1L I L
6530 6540 6550 6560 6570 6530 6590 6600 6610 0 10 20 30 40 50 60
Energy (eV) Energy (V)

FIG. 13. Incident energy dependence of the two peaks observed FIG. 15. Ab initio calculations of the (30Q),+ and (030)..,
at the (030 position atT=100 K shown in the inset. The peak at SPectra with the structure of bgCa sMnO; (Ref. 5. The results
k=3.00 is attributed to thé domains, i.e., to th€030) reflection, ~ feproduce the data presented in Fig. 13.
while the one ak=3.006 to thea domains, i.e., to thé300) reflec-

tion. The two spectra are scaled for clarity. Pry ¢Ca sMnO;5 to those observed in ggCa) sMNnOs. In par-

; ; - jcular, one notes that in the hL&a sMnO5 structure the
atomic potentials are planed to improve the pre-edge s ectrIR{A " . SF-DS 3 <
P P P P ge sp n-O distances along the direction are equivalent for all

Such study is beyond the scope of the present work. . . i
These results suggest that the displacements of the atomyres: explaining the absence of RXD S|gnal _vvhen the polar-
in particular the oxygen atoms, are equivalent in|zé1t|on of the photons is alqng th(_a direction. In this
Lag sCa sMnO;5 structure there is no displacement of the Mn
6540 6550 6560 6570 6580 6590 6600 along theb direction, however a previous reptton the
100;' I L L L {V'z'g(')o'_ observation of a resonant signal on thek/@ 0),., reflec-
tions indicates that the Mn atoms are actually also displaced
alongb at the phase transition in £Ca ,MnO;.

In conclusion, theb initio calculations of the RXD spec-
tra strongly support a checkerboard pattern of inequivalent
0 Mn atoms, in which half of the surrounding oxygen octahe-
dra are Jahn-Teller distorted and the other half have a nearly
r — xanes 1 square in—pl_ane symmetry. Based on crystallographic and
— (0120 . spectroscopic arguments, we find that the structure invoked

o-n — for the Zener-polaron model cannot be correct. Instead, we
— (01 O)G_o' determined that there must be a checkerboard pattern of the
L (03 0)0_0, . inequivalent Mn atoms with one electron localized on two
Mn atoms.

Intensity

)

=

S
I

100

V. SUMMARY

L g We have attempted to determine the pattern and the local
ol Lo Lo Bl b e b geometry of the highest occupied orbital on the Mn sites in
0 10 20 30 40 50 60 : i
Energy (eV) the near half—doped mangamteo,E;tEaMMnOg using reso-
nant x-ray scattering. We have emphasized that resonant dif-
FIG. 14. Ab initio calculations of the XANES, (80),.,, fraction cannot be considered as a definitive probe if only
(010),.,., and (030),,. for the structure of LaCayMnOs, in qualitative arguments are given, for example, the presence of
the so-called charge and orbital ordered phase, as refined by resonant signal in the-7 channel and a particular azi-
Radaelliet al. (Ref. 5. The results reproduce the data presented inmuthal dependence. Rather, a careful analysis of the resonant
Figs. 5 and 6. The curves are rescaled for clarity. spectra is required. This is especially true for the perovskite-
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type reflections that mix charge, orbital, and tilt orderings ofsis, the RXD spectra—measured at the Kiedge—do not
the oxygen octahedra. permit us to set a lower limit o@.

Based on such considerations, we have presented a model
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