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Resonant x-ray-scattering study of octahedral tilt ordering in LaMnO3 and Pr1ÀxCaxMnO3
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We report an x-ray-scattering study of octahedral tilt ordering in the manganite series Pr12xCaxMnO3 with
x50.4 and 0.25 and in LaMnO3. The sensitivity to tilt ordering is achieved by tuning the incident x-ray energy
to theLI , LII , andLIII absorption edges of Pr and La, respectively. The resulting energy-dependent profiles
are characterized by a dipole-resonant peak and higher-energy fine structure. The polarization dependence is
predominantlys to p and the azimuthal dependence follows a sin-squared behavior. These results are similar
to those obtained in recent x-ray-scattering studies of orbital ordering carried out in these same materials at the
Mn K edge. They lead to a description of the cross section in terms of Templeton scattering in which the tilt
ordering breaks the symmetry at the rare-earth site. The most interesting result of the present work is our
observation that octahedral tilt ordering persists above the orbital ordering transition temperatures in all three
samples. Indeed, we identify separate structural transitions which may be associated with the onset of orbital
and tilt ordering, respectively, and characterize the loss of tilt ordering versus temperature in LaMnO3.
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I. INTRODUCTION

The AMO3 aristotype is the defining feature of the cub
perovskite structure. It consists of a cubic array of me
oxygen octahedra centered on a lanthanide ion (A). In the
transition metal oxides, the aristotype is generally obser
only at high temperatures. At lower temperatures, a var
of distortions of the octahedra may occur, which reduce
cubic symmetry. It is interesting that most, if not all, of th
unusual properties exhibited by these materials, includ
colossal magnetoresistance and high-temperature supe
ductivity, occur in the lower-temperature range. It remains
open question as to whether these distortions are require
such phenomena to occur.

A prominent example of an octahedral distortion is t
Jahn-Teller distortion in the manganites. In specific cas
this involves the lengthening of two Mn-O bonds of th
MnO6 octahedra and the concomitant shortening of four o
ers. It is accompanied by orbital ordering of the occupied
3d orbitals. Likewise, charge ordering involves the inhom
geneous localization of electronic charge at Mn sites to fo
ordered arrays. Both orbital and charge ordering introd
new periodicities into the system and may be accompan
by longitudinal or transverse lattice distortions. Characte
ing the charge, orbital and magnetic ordering in transit
0163-1829/2001/64~6!/064411~9!/$20.00 64 0644
l-

d
ty
e

g
on-
n
for

s,

-
n
-

e
d
-

n

metal oxides, and exploring their coupling to the lattice, is
active field of current research.1–3

Another important distortion of the cubic perovskites i
volves the tilting of the metal-oxygen octahedra. These
dered rotations are well known, having been discussed
Goldschmidt in the 1920s,4 and again by Goodenough in th
1950s.5 A complete crystallographic treatment of 23 possib
tilt patterns has been given by Glazer6 and refined more re-
cently by Woodward.7,8 The underlying idea is that a sma
tilt of the octahedra shortens theA-site ion-to-oxygen bond
distances, while preserving the length of the metal-oxyg
bond—thereby lowering the total energy. A thre
dimensional view of one common tilt ordering, the so-call
GdFeO3 distortion, is illustrated in Fig. 1, together with thre
two-dimensional projections.9 It is intriguing that in LaMnO3
the periodicity of the Mn orbital ordering is the same as th
of the octahedral tilt ordering. This raises the questions
whether the tilt ordering is coupled to the orbital orderin
possibly as a precursor, and whether the tilting plays a m
important role in the properties of colossal magnetore
tance~CMR! materials than has been recognized to date.
recent paper, Mizokawaet al.10 addressed these questions
LaMnO3 and Pr12xCaxMnO3 ~hereafter referred to a
PCMO!, among others. They showed that the GdFeO3 dis-
tortion stabilizes the so-calledd-type orbital ordering pattern
©2001 The American Physical Society11-1
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in LaMnO3 by increasing the hybridization of the La atom
with three of the corner oxygen atoms. However, experim
tal studies of these effects in manganites have been limite11

In this paper we discuss x-ray resonant scattering stu
of the octahedral tilt ordering observed in LaMnO3,

FIG. 1. ~a! A three-dimensional view of a perovskite structu
including the octahedral tilt ordering associated with t
GdFeO3-type distortion.~b!, ~c!, and~d! are projections of~a! along
orthorhombicc, b, anda axes, respectively~for the particular case
of LaMnO3 at room temperature!. Small clear~dark! spheres repre-
sent oxygen atoms at the corners~Mn atoms at the center! of the
octahedra. Larger spheres represent theA-site ions, which for the
materials studied here are either La, Pr, or Ca.
06441
-
.
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Pr0.75Ca0.25MnO3, and Pr0.6Ca0.4MnO3. In analogy to recent
studies of orbital ordering in which the incident energy
tuned to the MnK edge,12,13,2we show that in each case it i
possible to probe octahedral tilt ordering by tuning the ph
ton energy to the respective La and PrL absorption edges
Specifically, we report resonant spectra of the tilt ordering
the La and PrLI (2s→6p), and LII -III (2p→5d) edges,
including the azimuthal dependence at the PrLII edge of
Pr0.75Ca0.25MnO3. We find that the resonant fine structures
the LII and LIII edges are qualitatively similar, involving
main resonant peak and weaker subsidiary peaks, whe
the LI spectra involve only a single resonance. We belie
these differences reflect the electronic structure of the in
mediate states; however, a full theoretical analysis includ
the 5d and 6p bands is required before quantitative conc
sions can be drawn. The polarization dependence of the r
nant scattering is predominantlys→p to within experimen-
tal errors, and the azimuthal dependence follows a s
squared behavior. Both are consistent with simple model
Templeton scattering based on a splitting of the resonan
termediate states.14,2,15,13Where possible, specific compar
sons are made with the predictions of Benedettiet al.,16 who
have carried out local density approximation~LDA ! 1 U
calculations of these effects for LaMnO3. No evidence has
been found for lattice modulations involving a longitudin
periodic displacement of theA-site ions away from their
symmetry positions in LaMnO3 and Pr0.75Ca0.25MnO3; how-
ever, the possibility of a transverse displacement has not
been explored.

The most interesting results of the present work conc
the temperature dependence of the octahedral tilt ordering
particular, we find that the tilt ordering in LaMnO3 persists
above the orbital ordering transition at;800 K and then
disappears at;1000 K. Both the tilt and orbital ordering
transitions are associated with corresponding structural t
sitions of the lattice, which we specify. Interestingly, the lin
width of the octahedral tilt ordering is resolution limited b
low the orbital ordering temperature, but starts to incre
about 70 K above it. No evolution of the main peak of t
resonant line shapes of theLII and LI absorption edges
was found for temperatures increasing above the orb
ordering transition, which differs from the predictions
Benedettiet al.16

The situation is more complicated in Pr0.75Ca0.25MnO3 for
which the structure of the orbital ordering is itself controve
sial. Although most of the orbital order scattering in th
material disappears at about 400 K, coincident with a str
tural transition, a small peak nevertheless persists at the
K edge up to 900 K. In contrast, the intensity of the reson
tilt scattering measured at the PrLII edge is approximately
constant from 10 to 900 K, the highest temperature acc
sible with the present apparatus. Similarly, there is lit
change of the resonant line shape at theLI andLII absorption
edges of Pr0.6Ca0.4MnO3, as the temperature is increase
through its orbital ordering temperature (Tco;245 K); nor
are there variations of the tilt scattering intensity, correlat
length, or periodicity, at least up to about 300 K.
1-2
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RESONANT X-RAY-SCATTERING STUDY OF . . . PHYSICAL REVIEW B 64 064411
Taken together, these results offer a new probe of octa
dral tilt ordering and of its possible coupling to charge a
orbital ordering in the pseudocubic perovskites. In the f
lowing, we briefly describe the experimental setup and
phase behavior of LaMnO3 and Pr12xCaxMnO3 before turn-
ing to a discussion of our results.

II. EXPERIMENT

The single crystals used in the present experiments w
grown by floating zone techniques at JRCAT.~1,0,0! and
~0,1,0! surfaces were cut from cylinders of radius;3 mm,
and polished with fine emery paper and diamond paste.
mosaic widths of the LaMnO3 and PCMO samples, as cha
acterized at the~0,2,0! bulk Bragg reflections~in orthorhom-
bic notation!, were all about 0.1°@full width at half maxi-
mum ~FWHM!#, as described earlier.2,15,17 These values
varied by small amounts as the beam was moved across
sample surface, reflecting its mosaic distribution. The gro
techniques and basic transport properties have been
scribed in detail elsewhere.18–20

X-ray-scattering experiments were carried out at the N
tional Synchrotron Light Source on bending magnet X2
and wiggler X21 beamlines, and at the Advanced Pho
Source on beamline 9ID. X22C is equipped with a be
toroidal focusing mirror and a Ge~1,1,1! double-crystal
monochromator arranged in a vertical scattering geome
This gives an incident linear polarization of 95% (s) and an
incident energy resolution of between 5 and 10 eV at the
K and La and PrLI , LII , and LIII edges. Two different
detector configurations were used. High-momentum tran
resolution scans employed a Ge~1,1,1! crystal, and gave a
longitudinal resolution of 4.531024 Å21 @half width at half
maximum~HWHM!# at the respective~0,1,0! reflections and
linear polarization analysis of the scattered beam was
vided via rotation of a Cu~2,2,0! crystal around the scattere
beam direction.21 The latter gave longitudinal resolutions o
0.0069 Å21 and 0.0052 Å21 ~HWHM! in the s→s and
s→p geometries, respectively. NSLS Wiggler beamli
X21 was equipped with a four-bounce Si~2,2,0! monochro-
mator and a focusing mirror, leading to an incident ene
resolution of 0.25 eV. The APS undulator beamline 9ID co
sists of a double-crystal Si~1,1,1! monochromator, a focusing
mirror ~coated with Pt!, and a flat harmonic rejection mirro
The incident energy resolution was approximately 1.5 eV

A serious complication associated with the present exp
ments was our observation that these crystals do not tole
repeated excursions to high temperatures, 800 K, be
changing their properties. The most dramatic of the effe
we observed was the loss of long-range orbital order in
of the LaMnO3 samples after extended cycling above 1000
and cooling back to room temperature. These effects
common among perovskites and originate in strain re
within individual grains and, perhaps, in oxyge
depletion.22,23As a consequence, our ability to double-che
all of the results obtained for LaMnO3 has been limited.

At low temperatures, Pr0.75Ca0.25MnO3 and LaMnO3 have
pseudocubic perovskite structures with orthorhombic sy
metryPbnm~illustrated in Fig. 1!. Each Mn atom lies at the
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center of an octahedron defined by six oxygen atoms at
corners. Single layers of La or Pr/Ca atoms lie between
layers of octahedra. Both materials are insulating and
lieved to exhibit an orbitally ordered ground state. The el
tronic configurations of the (Mn)31 (d4) ions are (t2g

3 , eg
1)

with the t2g electrons localized at the Mn sites. Theeg elec-
trons are hybridized with the oxygen 2p orbitals and partici-
pate in a cooperative Jahn-Teller distortion of the MnO6 oc-
tahedra. This is believed to lead to a (3x22r 2)-(3y22r 2)
zigzag-type of orbital ordering of theeg electrons with the
oxygen displaced along the direction of extension of theeg

orbitals, as has been discussed in detail elsewhere.1,2,5 In
orthorhombic notation, for which the fundamental Bra
peaks occur at (0,2k,0), with k an integer, the orbital scatter
ing occurs at (0,2k11,0). Regarding their magnetic struc
tures, Pr0.75Ca0.25MnO6 is ferromagnetic, while LaMnO3 is
an A-type antiferromagnet, below their respective magne
ordering temperatures.

Pr0.6Ca0.4MnO3 also has a perovskite structure wi
Pbnmsymmetry, but exhibits an insulating CE type, antife
romagnetic ground state at low temperature, including a
operative Jahn-Teller distortion. The higher Ca doping in t
material leads to a large negative magnetoresistance in
applied magnetic field with the metal-insulator transition o
curring at about 6 T at low temperature.19 The ordered phase
is accompanied by a second modulation of the lattice aris
from an ordering of two different Mn sites, conventional
referred to as Mn31 and Mn41 ions, which occurs in addi-
tion to orbital ordering.2 In orthorhombic notation, the
charge order reflections in Pr0.6Ca0.4MnO3 occur at (0,2k
11,0), whereas the orbital reflections are at (0,k11/2,0).
Note that the orbital period present in thex50.4 sample
(52b) differs from that in thex50.25 sample (5b) as a
result of the charge ordering. Detailed x-ray-scattering st
ies of the charge and orbital ordering in LaMnO3 and PCMO
have been reported elsewhere.2,12,15,17

In addition to the Jahn-Teller distortion, all three com
pounds undergo so-called GdFeO3 distortion, which involves
tilting of the MnO6 octahedra, as shown in Fig. 1. In GdFeO3
distortion, the four octahedra in the unit cell are rotated by
angle v around an axis in the~0,1,1! plane. This may be
approximated as a compound rotation of the octahedra
about theb axis @Fig. 1~d!# followed by a much smaller
rotation about thea axis @Fig. 1~c!#. From the present per
spective, it is important to note that the periodicity of th
octahedral tilt ordering in LaMnO3 and Pr0.75Ca0.25MnO3 is
identical to that of the orbital ordering~specified above!. In
contrast, the octahedral tilt ordering in Pr0.6Ca0.4MnO3 has
the same period as the charge ordering, which is half tha
the orbital ordering. Crystallographic studies of the struct
of LaMnO3 ~Refs. 11 and 24! suggest that the octahedr
tilting angle is reduced from 16° to 12°, but not eliminate
by increasing the sample temperature from 300 to 800
They also suggest that both the oxygen atoms andA-site ions
are displaced by octahedral tilting, all the while maintaini
Pbnm symmetry. To our knowledge, there are no comp
rable crystallographic studies of PCMO for the dopings co
sidered here, but qualitative similarities are expected.
1-3
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III. RESULTS AND DISCUSSIONS

A. Resonant profiles

Figure 2 shows the energy dependence of the scatterin
the ~0,1,0! orbital wave vector of Pr0.75Ca0.25MnO3 as the
incident x-ray energy is tuned through the MnK and PrLII
absorption edges. These data were obtained using a pola
tion analyzer and explicitly resolve thep component of the
resonant scattering, consistent with a rotation of the incid
linear polarization froms to p. Referring to the figure, a
large resonant signal is visible at\v56.547 keV, reaching
about 500 counts/sec near the MnK edge. In addition, there
are two smaller peaks at\v56.56 and 6.575 keV and
broad peak at\v56.62 keV. Remarkably, there is also
resonant feature at the PrLII edge with\v56.44 keV. It is
this latter resonance which is the subject of the present pa

Detailed scans of the resonant scattering obtained at
orbital wave vectors of Pr0.75Ca0.25MnO3 and LaMnO3 for
incident x-ray energies tuned through theLI , LII , andLIII
edges of Pr and La are shown in Figs. 3 and 4, respectiv
These data were obtained at the~0,1,0! reflections of each
sample using a Ge~1,1,1! analyzer crystal, and thereby com
bine anys andp components of the scattering. Similar r
sults for Pr0.6Ca0.4MnO3 ~polarization resolved! are shown in
Fig. 6, discussed later.

The data for theLI edges are simplest, consisting in ea
case of a resonant profile centered near the white line of
fluorescence, with a width of about 10 eV. Fits of the li
shapes to squared Lorentzians suggest the possibility
weak asymmetry with additional intensity at lower energy36

The profiles of the Pr scattering at theLII -III edges show
more fine structure~Fig. 3!. In each case, the main resonan
occurs 2–3 eV above the inflection point of the fluoresce
line, and has a full width of between 6 and 9 eV.25 Fits of the
main resonance peaks to squared Lorentzians again su
that the line shapes are not symmetric, in this case ha
longer high-energy tails. It is not clear from the data whet
this asymmetry reflects an additional excitation chan

FIG. 2. Scan of the x-ray intensity measured at the~0,1,0! wave
vector of Pr0.75Ca0.25MnO3 for incident x-ray energies between 6
and 6.64 keV. The PrLII and Mn K-edge absorption energies a
marked. The sample was held at 10 K.
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~simply adding to the intensity! or instead arises from an
interference effect, or from multiple scattering. In addition
the main resonance, there is a second peak occurring a
30 eV above the resonance at both theLII andLIII absorp-
tion edges. We have ruled out multiple scattering as the
gin of these latter peaks and believe that they are of phys
interest. Polarization analysis reveals that both the main re
nant peak and the second peak 30 eV above it occur
dominantly in thes-p channel. More specifically, we find
that the main resonant feature at the PrLII edge of
Pr0.6Ca0.4MnO3 gives a ratio of thes-p/s-s scattering of at
least 25.

FIG. 3. Scans of the intensity measured at the~0,1,0! wave
vector of Pr0.75Ca0.25MnO3 vs incident x-ray energies near the P
LIII , LII , andLI absorption edges. These data were obtained w
a Ge~111! analyzer and so combine anys and p contributions to
the scattering. The sample was held at room temperature in t
scans.

FIG. 4. Scans of the intensity measured at the~0,1,0! wave
vector of LaMnO3 vs incident x-ray energies near the LaLIII , LII ,
and LI absorption edges. Solid circles show energy scans of
background intensity taken at~0.975, 0, 0.033! for comparison.
These data were obtained with a Ge~111! analyzer and so combine
anys andp contributions to the scattering. The sample was held
room temperature.
1-4
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The resonant line shapes obtained at the LaLII and LIII

edges in LaMnO3 are qualitatively similar to those obtaine
at the PrL edges, and are shown in Fig. 4. In each case,
main resonant peak occurs 2–3 eV above the inflection p
of the fluorescence and exhibits a slight asymmetry to hig
energy. There are additional peaks occurring about 30
above the main resonance, similar to those observed in
PCMO samples. As we have not yet adequately character
the multiple scattering in this sample, we cannot rule it ou
this second peak position in LaMnO3. Given the similarity of
these features with those observed in PCMO, where mult
scattering was ruled out, it is tempting to conclude that i
not a factor here. We suspect, however, that the shou
located about 10 eV below theLII absorption edges~see Fig.
4! and a broad peak centered at 5.405 keV~whose tail is
visible at low energy in the scan of theLIII absorption edge!
do arise from multiple scattering. These latter details w
have to be confirmed in future measurements; however, t
outcome will not detract from the main results presen
here.

An important feature of the resonant scattering is the
pendence of the intensity on azimuthal angle. The azimu
anglec characterizes rotations of the sample about the s
tering wave vector and is defined to be zero when thec axis
is perpendicular to the scattering plane. A quantitative st
of the azimuthal dependence of theLII resonant scattering o
Pr0.75Ca0.25MnO3 is shown in Fig. 5. Each data point repr
sents the maximum resonant intensity obtained in thes-p
geometry at the~0,1,0! reflection at a particular azimutha
angle. The data have been normalized by the intensity of
~0,2,0! reflection at that azimuth to correct for small vari
tions due to sample shape. In contrast to normal charge s
tering, for which the intensity is independent of the a
muthal angle, the resonant scattering exhibits an oscilla
with twofold symmetry. The intensity approaches zero wh
c50 and 180°, similar to thes-p polarized component o
the orbital scattering measured at the MnK edge. The solid
line is a fit to the formA sin2c, as was also found for the
azimuthal dependence of the orbital ordering at the MnK
edge.2 We believe that the systematic deviation of the d

FIG. 5. Azimuthal dependence of the scattering at the~0,1,0!
wave vector of Pr0.75Ca0.25MnO3 for incident x-ray energies at th
Pr LII absorption edge. The solid line is a fit to the formA sin2 c.
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from a pure sin2c behavior atc.220° probably reflects the
inadequacy of our area correction at the~0,2,0! reflection.

Before discussing the Pr scattering in more detail, we fi
discuss the main peak and fine structure near the MnK edge
~shown in Fig. 2!. These features have been observed pre
ously and interpreted in terms of orbital ordering.2 Briefly,
two kinds of Mn site are distinguishable depending on
local orientation of theeg electron, as a result of the coop
erative Jahn-Teller distortion. The resonant scattering
served at the orbital wave vector may then be thought o
Templeton scattering arising from the anisotropic charge
tribution induced by orbital ordering.14,26 In the dipole
approximation, the resonance corresponds to a 1s→4p tran-
sition at the metal site. In the simplest model, t
sensitivity to orbital ordering arises from the splitting of th
Mn 4p levels as a result of the 3d ordering. Discussion of
the microscopic origin of the splitting, however, has be
controversial13,27–30,2,16,31with both Coulomb- and Jahn
Teller-based descriptions proposed. Insofar as we are aw
the experimental data obtained to date do not distingu
either approach conclusively, and this remains an open q
tion.

Regardless of the origin of the splitting, the resonant sc
tering at the MnK edge reflects the symmetry of the orbit
ordering through the redistribution of local charge dens
~and subsequent perturbation of the electron energy level! at
the Mn31 sites, consistent with the space group. It follow
that the peak positions and widths measure the orbital p
odicity and correlation lengths, respectively. A key feature
this type of resonant scattering at a (0,k,0) reflection in
LaMnO3 and PCMO is that the azimuthal dependence of
intensities follows a sin2 c dependence. In addition, the po
larization of the incident beam is rotated froms to p. Full
details of these effects may be found elsewhere, includin
generalization to the orbital ordering of thet2g levels and to
other geometries.2,12,13,15,30

Returning to the Pr resonance, there are at least two
sible sources of this scattering. One is that it results fr

FIG. 6. Intensity of thes→p component of the resonant sca
tering obtained at the~0,1,0! wave vector of Pr0.6Ca0.4MnO3 for
incident x-ray energies near the PrLI and LII absorption edges
Open and solid circles represent data at temperatures above
below the orbital ordering temperature ofTco5245 K.
1-5
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orbital ordering of the partially occupied Pr 4f levels, with a
periodicity equal to the Mn 3d orbital order. Such antiferro
quadrupolar ordering has recently been observed in the
4 f levels of DyB2C2 at the DyLIII edge.32,33 However, this
cannot be the origin of the similar effects observed
LaMnO3, since La lacks 4f electrons. A second possibility i
that it originates in the differing kinds of Pr environment th
exist within the unit cell. While all Pr sites are crystallo
graphically equivalent@resulting in the~0,1,0! being forbid-
den inPbnmsymmetry#, there are in fact two different loca
Pr environments created by the surrounding oxygens in
tilted phase. These are simply illustrated in Fig. 1. Conv
tional x-ray scattering is insensitive to such differences; ho
ever, at an absorption edge the Pr scattering factor transfo
from a scalar to a tensor, reflecting the anisotropies of
resonant ion.14,26The tensors at the two Pr sites are inequiv
lent, and the~0,1,0! reflection becomes allowed, thereby gi
ing rise to Templeton scattering. Since these two envir
ments result from the tilting of the oxygen octahedra,
follows that the resonant intensity is a measure of the o
hedral tilt ordering, with the width of the scattering in reci
rocal space providing information on the correlation leng
of the tilt ordering and its position giving the periodicity.

We therefore interpret the resonant scattering at the
and PrL edges discussed above as Templeton scattering
sociated with the anisotropic charge distribution induced
octahedral tilt ordering and consistent with thePbnmspace
group. The energies of the resonances in each case su
dipole excitations coupling 2p3/2→5d3/2,1/2, 2p1/2→5d3/2,
and 2s→6p states for theLIII , LII , and LI absorption
edges, respectively. We speculate that the splittingd0 in the
intermediate states needed for the resonant cross secti
give a nonzero intensity originates in the crystal field sp
ting of the appropriate states at the Pr and La sites follow
tilting of the octahedra. Given a splittingd0 , the same argu-
ments which were used to describe the MnK-edge resonan
scattering at the orbital wave vector may then be applied
describe the scattering from the tilt ordering, and natura
lead to both a sin-squared dependence on the azimuthal a
and a rotated (s-p) final polarization, as observed. The di
ferences between the resonantLII -III andLI line shapes—in
particular, the apparent absence of higher-energy fine st
ture at theLI edge—probably reflect the differing densitie
of states of the 5d and 6p intermediate states, respective
Clarifying this point will require more detailed band
structure calculations.

It is interesting to compare these results with the pred
tions of Benedettiet al.,16 who have carried out LDA1U
calculations of the resonant scattering expected at the
edges of LaMnO3 in the presence of both orbital and ti
ordering. The main features observed in our data are
dicted, including a dipole resonance, a rotated (s-p) polar-
ization dependence, and sin-squared azimuthal depend
Our x-ray results also show subsidiary peaks at higher
ergy, which are qualitatively consistent with the predictio
although the observed peaks fall;10 eV higher than is pre
dicted. These calculations support our identification of
resonant scattering at the La and Pr edges as being asso
with the tilt ordering.
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A fascinating question concerns the possibility that t
orbital ordering of the Mneg electrons~and concomitant
Jahn-Teller distortion! might also contribute to the resona
scattering at the La and Pr edges through hybridization of
oxygen 2p states with the 5d, 6p, and 3d states of the La/Pr
and Mn, respectively. Indeed, the work of Benedettiet al. on
LaMnO3 ~Ref. 16! suggests that the resonant profile calc
lated by including only the effects of tilt ordering shifts t
slightly lower energy when orbital ordering is subsequen
included. We have tested this prediction in Pr0.6Ca0.4MnO3
and LaMnO3 by measuring the resonant profiles of the t
ordering at the PrLI andLII edges and at the LaLI edge for
temperatures above and below their respective orbital or
ing temperatures. Figures 6~a! and 6~b! show the energy de
pendence of the resonant scattering of Pr0.6Ca0.4MnO3 ob-
tained at the PrLI andLII absorption edges. The data we
measured at the~0,1,0! reflection, which for this doping is
coincident with a charge order reflection. In order to d
criminate against the contribution of the charge orderi
which is predominantlys-s polarized,2 these data were ob
tained in as-p geometry using the polarization analyze
Open circles show the results obtained below the orbital
dering temperature at 200 K and solid circles show the d
obtained above at 280 K. (Tco5245 K in this sample.! The
main features of the resonant profiles discussed above
Pr0.75Ca0.25MnO3, including the slight asymmetries and a
ditional fine structure, are reproduced at the higher temp
ture. More importantly, from the perspective of the theory
Benedettiet al.,16 no changes in theL-edge line shapes ar
observed with increasing temperature through the orbital
dering transition. From this we conclude that the main fe
tures of theL-edge resonant profiles reported here origin
in octahedral tilt ordering, and that any contributions to t
L-edge resonances arising from the Mn orbital order, e
from changes of the La/Pr hybridization with the oxyg
motion, are too small to be detected, at least at the pre
experimental signal rates.

Qualitatively similar results were also obtained at the
LI edge of LaMnO3 for temperatures above and below i
orbital ordering temperature.37

B. Temperature dependence

The temperature dependence of the resonant intensit
the octahedral tilt ordering obtained at the LaLI absorption
edge of LaMnO3 is shown by the open circles in Fig. 7~a!.
For comparison, solid circles show the temperature dep
dence of the resonant intensity of the orbital ordering o
tained at the MnK edge, which is qualitatively consisten
with earlier published results.15,38 Each data point represen
the peak intensity taken from a scan through the~1,0,0! re-
flection obtained in a high-resolution mode using a Ge~1,1,1!
analyzer. All of the data were obtained using a hig
temperature oven. Referring to the figure, the LaLI and Mn
K resonant intensities are both approximately constant
tween 300 and 700 K, above which temperature both be
to decrease. The intensities at the LaLI and MnK edges then
fall abruptly to near zero at about 800 K, which correspon
to an orthorhombic-to-orthorhombic structural phase tran
1-6
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tion (O8→O). No significant Mn-resonant scattering wa
observed at the~0,1,0! position of the low-temperature ortho
rhombic structure (O8) at any temperature above 800 K
although a weak, broad peak, consistent with orbital fluct
tions, was observed. The intensity of this diffuse scatter
falls gradually with increasing temperature and disappe
above 1000 K. A strong La-resonant peak reappears ab
800 K, but is located at the~0,1,0! position of the high-
temperature orthorhombic phaseO ~open circles!. The inten-
sity of the La-resonant scattering in the high-temperat
phase increases with temperature until about 870 K, and
decreases again until it disappears at about 1000 K. T
suggests that the tilt ordering is preserved within the n
lattice, consistent with the results of powder diffractio
studies11 ~which also report a reduced average tilt angle!. It
follows that the temperature dependences of the tilt and
bital ordering are distinctly different, with the octahedral ti
ing persisting to higher temperatures.

The temperature dependences of the correspon
HWHM are plotted on a logarithmic scale for the Mn- an
La-resonant scattering in Fig. 7~b!. These are proportional to
the inverse correlation lengths of the Mn orbital and tilt o
der, respectively. For temperatures below about 800 K,
widths of both the orbital and tilt scattering are consist
with the resolution, implying correlation lengths of 1000
or greater. Above 800 K, the half width of the orbital sca
tering abruptly broadens by a factor of 10@see Fig. 7~b!#,
corresponding to correlation lengths of about;100 Å. The
half width of the tilt scattering, however, remains constant
to about 870 K, at which temperature the tilt intensity beg

FIG. 7. ~a! Temperature dependence of the resonant scatte
obtained at the~0,1,0! wave vector of LaMnO3 at the LaLI ~open
circles!, and MnK ~solid circles! absorption edges.~b! Correspond-
ing plot of the half widths at half maxima plotted on a logarithm
scale.
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to decrease. Above this temperature, the width increases
tinuously. No significant broadening was observed at
~0,2,0! bulk Bragg peak over the entire temperature rang

On the basis of these results, we associate
orthorhombic-to-orthorhombic transition at 800 K with th
destruction of long-ranged orbital ordering in LaMnO3, in
agreement with earlier conclusions.15,11 Explicit measure-
ments of the bulk~2,0,0! intensities and positions versu
temperature reveal the collapse of thea and b lattice con-
stants to nearly equal values at this temperature, consis
with the appearance of a pseudocubic phase.11 We associate
the broad scattering which occurs at the orbital wave vec
above 800 K with critical orbital fluctuations, such as ha
been observed earlier in PCMO forx50.4 and 0.5.17,2 It is
interesting that the full widths do not continuously broad
above 800 K, but remain approximately constant, remin
cent of studies of polaron correlations in PCMO a
LCMO.34 Accompanying the loss of orbital ordering at 80
K is the apparent loss of octahedral tilt ordering in the lo
temperatureO8 phase; however, the tilt ordering reappears
the high-temperatureO phase with resolution-limited line
widths. It persists until about 870 K, when the intensities a
the correlation lengths start to decrease. Octahedral tilt or
ing disappears at;1000 K, corresponding to a structura
transition to a rhombohedral phase.11 The fact that the octa-
hedral tilting achieves long-range order at temperatu
above the orbital ordering transition appears consistent w
the conclusion of Mizokawaet al.10 that the GdFeO3 distor-
tion stabilizes one type of orbital ordering in LaMnO3 in
preference to another, and suggests that octahedral tilt o
ing may serve as a precursor to orbital ordering. It raises
general question of the nature of the coupling between
tilt ordering and the other degrees of freedo
in these systems—especially between the orbital and
ordering.

The temperature dependence of the intensities of the
ordering in Pr0.75Ca0.25MnO3, as obtained at the PrLII edge,
is shown by the solid circles in Fig. 8~a!. Open circles rep-
resent the temperature dependence of the intensity of
orbital scattering obtained at the MnK edge and have bee
published previously.2 As above, each data point correspon
to the peak intensity resulting from a scan through the~0,1,0!
reflection, which is the orbital wave vector in this samp
The data were obtained using a displex at low temperatu
and an oven at high temperature. The data sets were
scaled to be equal at 300 K. As may be seen from the fig
the Pr-resonant intensities are approximately constant o
the entire range accessible between 10 and 900 K. In c
trast, the temperature dependence of the orbital scatterin
measured at the MnK edge is approximately constant b
tween 10 and 200 K, and then decreases between 200
400 K with a long tail extending up to about 850 K. High
momentum transfer resolution measurements made at
the PrLII and the MnK absorption edges show that the pe
widths of the Pr and Mn scattering remain approximat
constant below 900 K, corresponding to correlation leng
of ;1000 Å or greater in each case@see Fig. 8~b!#. It is
natural to associate the decrease of the resonant orbital
tering between 200 and 400 K with the orthorhombic stru

g
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M. v. ZIMMERMANN et al. PHYSICAL REVIEW B 64 064411
tural transition reported by Jiraket al.35 at about 400 K. The
data also suggest a small decrease in width for tempera
greater than;400 K. Unfortunately, the high-temperatu
limit of our oven prevented exploring the possible loss
octahedral tilt ordering above 900 K in this sample.

Similar studies of the orbital and tilt scattering were c
ried out in Pr0.6Ca0.4MnO3 at selected temperatures betwe
200 and 300 K. There is a discontinuous change in the lat
constants associated with the loss of orbital ordering atTco
5245 K, but neither a decrease in intensity nor a broad
ing of the resonant peaks associated with the tilt order
was observed. As with PCMO (x50.25), we were not able
to reach the octahedral tilt ordering transition at high te
peratures, and are again unable to make quantitative c
parisons with LaMnO3. Additional experiments on these an
other samples will clearly be required before these intrigu
results can be understood, especially at elevated temp
tures.

IV. CONCLUSIONS

We have presented a detailed study of the x-ray reso
scattering present at the octahedral tilting wave vector
Pr12xCaxMnO3 for x50.25 and 0.4 and of LaMnO3 for in-
cident x-ray energies tuned to the Pr and LaLI , LII , andLIII
absorption edges, respectively. We show first that it is p
sible to characterize the structure and temperature de
dence of octahedral tilt ordering in manganites using x-
resonant techniques, analogously to recent studies of Mn
bital ordering. The energy dependence of the line shape
characterized by a main resonant peak near the inflec
point of the fluorescence in each case, consistent with dip
excitations. Specifically, these are 2p3/2→5d5/2,3/2, 2p1/2

FIG. 8. ~a! Temperature dependence of the resonant scatte
obtained at the~0,1,0! wave vector of Pr0.75Ca0.25MnO3 at the PrLII

~open symbols! and Mn K ~solid symbols! absorption edges.~b!
Corresponding plot of the half width at half maxima.
06441
res

f

-

e

n-
g

-
m-

g
ra-

nt
f

s-
n-
y
r-
is
n
le

→5d3/2, and 2s→6p for the LIII , LII , and LI absorption
edges, respectively. In addition, theLII - andLIII -edge spec-
tra exhibit fine structure peaks about 30 eV higher in ene
The polarization dependence of the resonant tilt scatterin
found to be (s-p) to within the accuracy of our measure
ments, while the azimuthal dependence exhibits a s
squared variation. Both are consistent with the expectati
of Templeton scattering at this wave vector and for this sp
group. We interpret these results in terms of a simplifi
model of the resonant cross section in which the resonad
andp states are split by the local crystal field in analogy to
model proposed for Mn orbital ordering. More accura
band-structure calculations of the cross section of reson
scattering from octahedral tilt ordering by Benedettiet al.16

reproduce qualitative features of the experimental results
cluding the main dipole resonance and fine structure,
gether with the polarization and azimuthal dependen
However, we are not able to observe any modification of
line shape upon orbital ordering, in contrast to theoreti
predictions.

On the basis of our temperature-dependent studies, it
possible to associate the disappearance of the orbital an
scattering at higher temperatures with known structural tr
sitions. Intriguingly, we find that the octahedral tilting i
LaMnO3 is resolution limited~corresponding to domains in
excess of 1000 Å! in the presence of orbital ordering, bu
gradually disorders beginning at temperatures about 70
above the orbital order transition, until octahedral tilt order
lost at 1000 K. Similar behavior was not observed in t
Pr-based materials, at least over the limited range of te
perature available with the present apparatus. Further stu
at higher temperatures nearer the octahedral tilt order tra
tion are required before direct comparisons with LaMnO3 are
possible. Taken together these results show that it is poss
to study octahedral tilt ordering in perovskites using x-r
resonant scattering techniques, and they raise the questio
the nature of the coupling between tilt and orbital orderin
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