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We present the results of a systematic x-ray scattering study of the charge and orbital ordering in the
manganite series Pr,CaMnO; with x=0.25, 0.4, and 0.5. The temperature dependence of the scattering at
the charge and orbital wavevectors, and of the lattice constants, was characterized throughout the ordered phase
of each sample. It was found that the charge- and orbital-order wavevectors are commensurate with the lattice,
in striking contrast to the results of electron and neutron diffraction studies of samples=@t5. High-
momentum-transfer resolution studies of ttre 0.4 and 0.5 samples further revealed that while long-range
charge order is present, long-range orbital order is never established. Above the charge and orbital ordering
temperatureTy, the charge-order fluctuations are more highly correlated than the orbital fluctuations. This
suggests that charge order drives orbital order in these samples. In addition, a longitudinal modulation of the
lattice with the same periodicity as the charge and orbital ordering was discovered x+thd and 0.5
samples. For=0.25, only long-range orbital order was observed with no indication of charge ordering, nor of
an additional lattice modulation. We also report the results of a preliminary investigation of the loss of charge
and orbital ordering in thex=0.4 sample by application of a magnetic field. Finally, the polarization and
azimuthal dependence of the charge and orbital ordering in these compounds are characterized both in the
resonant and nonresonant limits, and compared with the predictions of current theories. The results are quali-
tatively consistent with both cluster and local density approximatidh calculations of the electronic struc-
ture.
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[. INTRODUCTION lowing the detection of orbital order by resonant x-ray scat-
tering technique$-* Specifically, it has been found that the

Interest in the origins of high-temperature superconducsensitivity of x-ray scattering to these structures can be sig-
tivity and colossal magnetoresistance in the transition metatificantly enhanced by tuning the incident x-ray energy to
oxides has driven much of the activity currently at the centethe transition metak absorption edge. Thus, it appears pos-
of condensed matter physics. An important aspect of thesgible to characterize the orbital and charge ordering on a
strongly correlated electron systems is that no single degre®icroscopic scale, and to study their response to changes of
of freedom dominates their response. Rather, the groun&mperature or to an applied magnetic field. Insofar as we are
state properties are thought to reflect a balance among seaware, resonant x-ray scattering studies of these materials
eral correlated interactions, including orbital and charge orhave now been extended to include k8r, MNO,,’
dering, magnetism, and coupling to the lattice. LaMnO,; 2 La,_Sr,Mn0O;, > Pr,_ ,CaMnO;,* V,0,,°

The perovskite manganites provide an especially illumi-YTiO3,'" LaTiOs;,*®* LaSpMn,0;,*° DyB,C,,°* and
nating example of the interplay among these interactionsNd, sSt, sMnO3,%2?3and this list continues to grow. There is,
since in these materials the balance may be convenientiyn addition, an ongoing discussion of whether it is more ap-
altered, for example, by doping or through an applied magpropriate to treat the resonant cross section within an ex-
netic field! As a result, much work has been done to undertended, band structure description of the electronic structure,
stand their magnetic ground states and lattice distortions, daor instead with a more localized, atomic descripttoft2>13
ing back to the seminal experiments of Wollan and Koehler. A related question concerns how to write the resonant cross
Less is known about the roles of charge and orbital order irsection explicitly in terms of the order parameters for orbital
these materials. The classic work of Goodenduggs nev- and charge ordering.
ertheless served as a guide to their ordered arrangements, asin this paper, we present x-ray scattering studies of
supplemented, for example, by detailed measurements of ther; ,CaMnO; with x=0.25, 0.4, and 0.5. Detailed studies
crystal structure and of the temperature dependence of tHeave been made of the temperature dependence of the orbital
lattice constant¢see Refs. 5and 6, for example and charge order scattering of all three samples, including

This situation has changed during the last three years foleharacterization of the intensities, wavevectors, correlation
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lengths, and lattice constants. Below a doping-dependent obasic transport properties of these crystals have been de-
dering temperaturd,, it is found that the charge- and/or scribed in detail elsewheré-3*
orbital-order wavevectors are commensurate with the lattice Most of the x-ray scattering experiments were carried out
at all temperatures. This contrasts with the results of otheat the National Synchrotron Light Source on beam lines
studies where a significant variation of these wavevectorX22C, X22B, and X21. The X22C beam line is equipped
was reported nedf, (seeNote added in prooind Refs. 3, with a bent, toroidal focusing mirror and a @G&1) double
26, 27. Surprisingly, our high-momentum-transfer resolution crystal monochromator arranged in a vertical scattering ge-
studies reveal that long-range orbital order is never estatemetry. This gives an incident linear polarization of 958 (
lished in thex=0.4 and 0.5 samples, although long-rangeand an incident energy resolution of about 5 eV at thekin
charge order is observed in both. Further, for temperaturesdge (6.545 ke\j. Three different detector configurations
above Ty, the charge order fluctuations are longer rangedvere used. Low-momentum-transfer resolution scans em-
than the orbital fluctuations, suggesting that the charge ordeployed slits before the detector, and provided a longitudinal
ing drives the orbital ordering in these systems. Recent Lanresolution of 0.0021 A! [half width at half maximum
dau theories of the phase transition are consistent with thitHWHM)] at the (010 reflections of each sample. High-
picture?® In contrast, fox=0.25 we observe long-range or- resolution scans employed a standard1G# crystal, and
bital order, with no indication of any charge ordering. We gave a longitudinal resolution of 45104 A~1 (HWHM)
have also monitored the destruction of charge and orbitaht the respectivé010 reflections. The third configuration
ordering after the application of a magnetic field in the provided linear polarization analysis of the scattered beam
=0.4 sample. A similar phenomenology is found for increas-via rotation of a C(220) crystal about the scattered beam
ing magnetic field as occurs for increasing temperature.  direction® It gave longitudinal resolutions of 0.0069 A
Finally, detailed measurements of the polarization andand 0.0052 A* (HWHM) in the o— o and o— 7 geom-
azimuthal dependence of the charge and orbital orderingtries, respectively. For an incident photon energy set at the
have been carried out in both the resonant and nonresonakin K absorption edge, the @20 scattering angle is 95.6°.
limits. In the c— 7 channel at the orbital wavevector of all This leads to a 5-10% uncertainty in the polarization-
three samples, we find that the resonant cross section @ependent intensities due to incomplete suppression of the
qualitatively consistent with the results obtained edilfer ~ unselected component of the scattered beam and the small
LaMnO; and with the predictions of both the localized and component of the incident beam.
band-structure descriptions of the electronic structure. Magnetic field experiments were performed at the Na-
Likewise, we have found that the resonant scattering at théonal Synchrotron Light Sourcé€NSLS beam line X22B,
charge order wavevector is consistent with earlier results obwhich supports a bent, toroidal mirror and a single crystal
tained for Lg sSr sMnO,.” We have, in addition, discovered Ge111) analyzer-monochromator combination. These ex-
scattering in thec— o channel at the charge and orbital periments were carried out in the nonresonant limit, with an
wavevectors of thec=0.4 and 0.5 samples. On the basis ofincident photon energy of 8 keV. The sample was mounted in
its polarization andQ dependence, we have deduced that ita 13 T superconducting magnet oriented in a horizontal scat-
originates from a longitudinal lattice modulation. Earlier tering geometry. In addition, two series of experiments were
studies of Lg sCa, sMnO; had previously found a transverse performed on the NSLS wiggler beam line X21, which was
modulation®?°31 and a similar modulation had been as- equipped with a four-bounce (820 monochromator and a
sumed in Py_,CaMnO;. A summary of the present work focusing mirror, leading to an extremely good incident en-
was published earliér ergy resolution of 0.25 eV. Finally, one set of experiments
The organization of this paper is as follows. The experi-was carried out on undulator beam line 9ID at the Advanced
mental setup is described immediately below, followed by aPhoton Source. The optics for beam line 91D were comprised
brief description of charge and orbital ordering in of a double crystal $111) monochromator and a flat har-
Pr;_,CaMnOj;. A simple model of the resonant orbital cross monic rejection mirror.
section is given in Sec. IV. Our main results and discussion

follow in Sec. V. A brief summary is given at the end. Il PROPOSED ORBITAL- AND CHARGE-ORDERED

STRUCTURES

ll. EXPERIMENT
At room temperature, the crystal structure of

The single crystals used in the present experiments werer, ,CaMnO; is orthorhombic Pbmn), as illustrated in
grown by float zone techniques at the Joint Research Centéiig. 1. Characteristic of the perovskite manganites, each Mn
for Atom Technology(JRCAT). (0,1,0 surfaces were cut atom lies at the center of the octahedron defined by the oxy-
from cylinders of radius 3 mm, and polished with fine emerygen atoms at the corners. Single layers of Pr atoms lie be-
paper and diamond paste. The mosaic widths of the sampléseen the layers of octahedra. Depending on the temperature,
as characterized at th@,2,0 bulk Bragg reflections(iin  there may be distortions of the octahedra and tilts as is also
orthorhombic notationwere 0.1°, 0.25°, and 0.25ffull illustrated in Fig. 1. The solid line in the figure outlines the
width at half maximum(FWHM)], for thex=0.25, 0.4, and orthorhombic unit cell.

0.5 samples, respectively. These values varied by small A schematic phase diagram for,PtCaMnO; versus Ca
amounts as the beam was moved across each sample surfacencentration and temperatfé is shown in Fig. 2. For
reflecting its mosaic distribution. The growth techniques andsmall x (0.15<x<0.3) and at low temperatures,
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FIG. 1. Schematic structure of Pr,CaMnO;. Small spheres
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correspond to oxygen, and large spheres to Pr or Ca. The Mn atoms
are at the center of the octahedra. Solid lines show the orthorhombic

unit cell used in this paper.

Pr,_,CaMnO; is a ferromagnetic insulator, and is believed

to exhibit an orbitally ordered ground state analogous to that

observed in LaMn@ The electronic configuration of the
Mn3* (d*) ions is (54, e5) with thet,q electrons localized
at the Mn sites. Theey electrons are hybridized with the
oxygen 2 orbitals, and believed to participate in a coopera-
tive Jahn-Teller distortion of the Mn@bctahedra. This leads
to a (X?—r?)-(3y*~r?)-type of orbital order of thee,
electrons in theab plane with the oxygens displaced along
the direction of extension of they orbitals. A schematic
illustration of this orbitally ordered state fax=0.25 is
shown in Fig. 3a),> with the orbital unit cell marked by the
solid line. The excess Mt ions in this material are believed

c)

FIG. 3. Schematic of the charge, orbital, and magnetic order in
Pr,_,CaMnOs. Filled circles represent M ions, shaded figure-
8's represent Mfi" ions, and the arrows indicate the in-plane com-
ponents of the magnetic ordering. Solid lines show the orbital-order
unit cell; dashed lines show the charge-order unit ¢ajlProposed

to be disordered, though recently, other proposals have beenbital ordering forx=0.25, (b,0 Charge and orbital order for

Pr,_CaMnO,
1000 . . . ;
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=0.4 and 0.5, withc) showing an orbital antiphase domain wall.

put forward®®~38 |t is noteworthy that the orbital period is
twice that of the fundamental Mn spacing, so that orbital
scattering appears at structurally forbidden reflections. In
orthorhombic notation, for which the fundamental Bragg
peaks occur at (0K20), the orbital scattering then occurs at
(0k,0).

Recently, the possibility of the existence of both charge
and orbital ordering ax=0.25 has been suggested by vari-
ous theoretical approach&s:3 Mizokawaet al® studied a
related material, La ,Sr,MnO5, and found an ordered ar-
rangement of (82—r?)-(3y>—r?)- and (32—r?)-type or-
bitals surrounding the M sites atx=0.25. While this
structure is inconsistent with the magnetic structure in

0.7

AF| i ins.

0.1

- I insulator (AFI)
L

Pry.7:Ca »9MN0Og, it first raised the possibility of structures

other than those proposed by Jirakal® As discussed be-

low, however, we have found no evidence for this type of
ofcharge ordering.

03 05
X

FIG. 2. Composition-temperature phase diagram
Pr,_,CaMnO; in zero magnetic fieldfollowing Ref. 5. The full For Ca concentrations 0sX=<0.7, P§_,CaMnO; be-
lines indicate the charge/orbital transition temperatufgdco);  COmes an antiferromagnetic insulator at low temperatures
antiferromagnetic transitionsT() are marked with dashed lines (see Fig. 2, and exhibits colossal magnetoresistance in ap-
and ferromagnetic transitiond ¢) with dotted lines. plied magnetic fields, with the metal-insulator transition oc-
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curring between 5 and 8. These effects result from charge Q
ordering among the Mt and Mrf* ions, which occurs in
addition to orbital ordering. The large conductivity is enabled k3

through the hopping o&, electrons among Mn sites. The
fraction of Mn ions in the MA™ state is determined largely
by the concentration of Ca ions. Thus, by varying the Ca
concentration, it is possible to alter the balance between
charge and orbital ordering. The proposed ground %tate

n=+1

both thex=0.4 andx=0.5 concentrations is shown in Fig. y
3(b). The small filled circles represent the Kinions, with 5 35

one fewer electron than is localized at the Nirsites. The =

solid line indicates the unit cell for orbital ordering, while the X

dashed line gives that for charge ordering. It is interesting

that the proposed structures for 0.4 and 0.5 are identical Px Py
and commensurate with the lattice, independent of concen- 2A 2A
tration. Clearly, at least fox=0.4, this picture cannot be

____________ 0) RN (R —
strictly correct. Jiraket al. proposed that the extra electrons I A 0 I A
present ak=0.4 could be accommodated in such a structure ——— Py ——— Pxz
by a partial occupancy of thez83—r? orbitals of the nominal n=-1 n=+1

Mn“" sites. Other possibilities include small Rinrich re-
gions, high(_ar-order structures, or small regions of prbital dis- lane of the LaMn@. Lower panel: Schematic energy level dia-
Ord,er' As d's_cussed below, our. da,ta reveal that, in fact, th ram of Mn 4p, , , in the orbitally ordered state, for the two orbital
orbital order is not long-ranged in either of these compoundsgyjattices.

although the charge order is.

In the orthorhombic notation, the_ charge order re.flectlonqs designed to capture the essence of the problem, but not the
occur at (O,R+1,0) and the orbital order reflections at yetails of the interactions for which a more sophisticated
(0k+1/2,0). Note that the orbital period<2b) in the X haory s required. For example, recent local spin density
=_O.4, 0.5 compounds differs from that occurring in samples(LSDA) +U calculationd! suggest that theptbands are not
with x<0.3 (=b), as a result of the presence of charge or-gpjit per se but rather experience changes in the weight of

dering. the density of states in the ordered phase. Nevertheless, our

The magnetic structure of these compounds at low doping,qqe| is conceptually simple, and reproduces most of the
(0.15=x=<0.3) is ferromagnetic withTo~140 K. Com- systematics of the data.

pounds with higher doping (08x<0.75) are CE-type an- For a difference reflection, the resonant scattered intensity
tiferromagnets withly=170 K for x between 0.4 and 05. may be writtef
The in-plane components of the magnetic structures are also

illustrated in Fig. 3. (S|P prm){(Pm| P#|s)
> n €' %€l

FIG. 4. Upper panel: Schematic view of the orbital in #nb

, (€
xy,zn=*1  o—wy— Swy+il'/2
IV. RESONANT CROSS SECTION

FOR ORBITAL ORDERING: A SIMPLE MODEL where the coordinate system has been chosen sa Hraty

The present experiments were carried out using x-rafre aI_ong the dir(_ection of extension of the or_deegabrbitals
resonant scattering techniques. As shown in a series of receffid  is perpendicular to the-y plane(see Fig. 4. [s) and
paperd1422-25the sensitivity of x-ray scattering to orbital |P) are the wave functions of the Mnsland 4p orbitals,
ordering in the transition metal oxides is enhanced when théespectively.P* is the « component of the dipole operator
incident x-ray energy is tuned near teabsorption edge. In  (@=X,Y,2), o is the incident photon energy, and}, is the
the resonant process, a core level electron is promoted to #ergy of the unperturbegl,, levels. The incidentfinal) po-
intermediate excited state, which subsequently decays. Thlgrization of the photons ig (e') andn==1 labels the
can lead to new scattering mechanisms, such as resonapiital sublatticel is the lifetime of the excited state. Note,
magnetic scattering. In that case, the excited electron is prdPm|P¢|S)=Adm,, WhereA is a constant. As illustrated in
moted to a partially occupied orbital and the sensitivity to thethe figure, Sw;,=—A for n=+1, m=x,z; dwn,=2A for
magnetic polarization arises through the exchange=+1, m=y; and so on.
interaction®>4°In the present case, we consider a dipole pro- The origin of the splitting\ is not specified in our model.
cess involving a Mn § to 4p transition. To understand the Two mechanismgboth consistent with the measuremgnts
origin of the sensitivity to orbital order, we consider a simplehave been discussed, and indeed, the discussion has sparked
model in which it is assumed that theg, , states are ini- some controversy.**?>~2>*1%0ne possible origin involves
tially unoccupied, but split in the orbitally ordered stésee the Coulomb coupling of the Mnd®and 4p levels, either
Fig. 4). This gives rise to a nonzero resonant scattered interdirectly or indirectly through the hybridization of the
sity at reflections sensitive to the difference between the twdin(3d)-O(2p) and O(%)-Mn(4p) states® The latter ef-
orbitally ordered sublattices. This model, summarized belowfect has the same sign as the direct Coulomb interaction, but
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is expected to be smallét.n this picture, the Coulomb cou- Pr,_.CaMnO,
pling raises the g, levels lying parallel to the direction of o ‘ ‘ ‘ 1 ‘
extension of the orbitalby 2A in our model and lowers 1001 a x=0.25 i
those lying perpendiculdby A) as shown in Fig. 4. Detailed 10° - i
calculations using atomic orbitals by Ishishara and :
Maekawd® have found qualitative consistency with all of the 10° ¢
known experimental results for La,Sr.,MnO,,’
LaMnOs,2 Pr;_,CaMn0Os,*° and La _,Sr,Mn0O5.12 Alterna-
tively, the motion of the oxygen atoms away from regions of
high charge density through the Jahn-Teller interaction low-
ers the energy of thep}, levels lying parallel to the direction
of the extension of the orbital, and raises those lying perpen-
dicular. This effect thus has the opposite sign to that of the , : i i { /
3d-4p Coulomb interaction discussed above, and in fact 10 l"-—-—""=-~.u"x__j \ : : __'J i
these mechanisms compete with each other. Several groups ;40 ‘ ; ; W i ‘
have argued that the oxygen motion is the dominant effect 1 1.5 2 2.5 3 3.5 4
leading to resonant scattering at the orbital K (rlu)
wavevector:1324414%Ca|culations of the resonant cross sec- FIG. 5. Upper: Scan along a0) of thex=0.25 sample &F
gzgctr)i?)‘:‘iiisogfst%zh paSELZ?[;hgfs 's,;rt]gsuité“ilgsﬂr?;?v(\j/hsict;rrl]mturg 300 K at the resonance energ£6.547 keV). Lower: Scan
. . . . along (0k,0) for thex=0.4 sample aT =30 K (E=8 keV).
show changes in weight, rather than a simple splijtimigo
reproduce the main experimental facts and further, make de-
tailed predictions about the resonant fine structure measured res ()=
in x-ray scattering experiments!® Insofar as we are aware, e
the experimental data obtained to date do not distinguish o .
either theoretical approach conclusively, and this remains a¥herex= (@ —wo). This simple model thus predicts that the

open question. For the purpose of calculating the resonaricattering is all of ther—a type and that it has a twofold
cross section of our simplified model, however, all that is@Zimuthal symmetry, with zeros coming when the incident
required is thath 0. polarization is parallel to the axis. The azimuthal angle

We stress that regardless of which of the two microscopicCharaCter'zeS rotations of the sample about the scattering

. ) : . avevector, and is defined to be zero when thaxis is
mechanisms is the dominant one, the resonant scattering wi ; . .
reflect the symmetry of the orbital ordering through the per_perp_endmular 0 the scattering plgl(iag. 4. Although a
. . ; detailed analysis of the data requires a more sophisticated
tubgtlon O,f t.he local electronic states.at thealVIrslteg. We treatment, this model captures many of the essential elements
_beheve this is true even though tttenrbnals are not directly of the experimental results, as will be shown below.
mvo_lved as intermediate states in the resonant process. In It is worth adding that there should also be nonresonant
particular, in terms of the Jahn-Teller distortion CO”S'deredscattering from an orbitally ordered material. However, for
above, the orientation of they orbitals and the oxygen mo- the structures shown in Fig. 3, and thek(0) reflections, the
tion reflect the same order parameter. It follows that the pealgharge density is arranged Syrnrnetrica”y' and the Scattering
positions and widths determined in the x-ray experimentss zero. It is nevertheless still possible that nonresonant
measure the orbital periodicity and correlation lengths, recharge scattering can arise at the orbital wavevector from
spectively. However, it still remains to interpret the x-ray lattice modulations accompanying the orbital ordering, and
peak intensities on an absolute scale in terms of the ordesuch a modulation has been observed in REaMnO; (see,
parameter for orbital ordering, which will require additional e.g., Refs. 5, 43, and #4nd in Lg cCa Mn05.52%31|n
calculations. From this perspective, we think of the resonanfact, one result of the present work is the observation of a
scattering as Templeton scattering arising from the anisoongitudinal component of this modulation for the=0.4
tropic charge distribution induced by orbital ordering. Its ba-and 0.5 samples, which we will also discuss below.
sic properties, for example the polarization and azimuthal
dependence, are then determined by the anisotropy of the V. RESULTS
susceptibility tensor, which in the dipole approximation is a
second rank tensor.
Working in a linear polarization basis, with polarization Scans of the resonant scattering intensity versus momen-
perpendicular to the scattering plane angarallel, it is easy tum transfer along the (K,0) direction are shown for the
to show that for ar incident beam, the resonant cross section=0.25 andx=0.4 samples, respectively, in Figs@band
for an orbital reflection of the type considered here, does nob(b). Results for thex=0.5 sample are similar to those
give rise to ac’ polarized scattered beam. That is, for anyshown for x=0.4, and are not shown. In each case, the
azimuthal angles, |,_,,=0. In the rotatedr’ channel, it samples were cooled below their ordering temperatures, to
may be further shown that T=300 K andT=30 K for the x=0.25 and thex=0.4

Intensity (counts/sec.)

A*AZsirty
[T2+4(2A—X)?[T2+4(A+X%)?]’

@

A. Diffraction pattern
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samples, respectively. The intensities are plotted veksgns (100)  Pry;Ca,,;MnO,
counts per second and shown on a logarithmic scale. Twin- ' '
ning within theab plane was observed in all three samples.
It is visible as a peak splitting in low-momentum-transfer 20000 - 4000
resolution scans, such as shown in Figg)3or the x=0.25
sample. This splitting is not observed in high-resolution
scans, for which the resolution volume never overlaps the
second peakFig. 5b)].

The large peaks falling &=2,4 in both scans in Fig. 5
correspond to bulk allowed Bragg reflections expressed in
orthorhombic units. Their intensities were obtained using Al
absorbers, and should be considered qualitative. Referring to
the x=0.25 sampldFig. 5a)], the peaks ak=1,3 corre-
spond to orbital ordering with the periodicity defined in Fig. 0
3(a). Count rates of 400/sec were obtained at (B, re- 65 6.55 6.6 6.65 6.7
flection on the NSLS X21 wiggler beam line. For the Energy (keV)
=0.4 sample, the peakslat 0.5, 1.5, and 2.5 correspond to
orbital Ordering’ while those &= 1’3 Correspond to Charge FIG. 6. Intensity pIOtted versus incident photon energy of the
ordering, both with the periodicities defined in FigbB c_)rbital (010 reflection of thex=0.25 sample near the Mn White_
Typical count rates for this sample obtained at the NSLgine at 6.547 keV. _These data were taken at APS beam line 9ID with
bending magnet beam line X22C reached 1500/sec at i energy resolution of 1.5 eV. Inset: Closeup of the preedge feature
(010) reflection and 3000/sec at tk@,1.5,0 reflection. Con- &t 6-535 keV.
sidering the many differences between the two beam line
and th?e geometr>i/es employed, we have not attempted %on plane,.qr. It. should be added that all of the dat.a shown
make quantitative comparisons of the intensities. The origin§€"®’ and in Figs. 7, 1‘0' and 11 b?IOW' were obtained at an
of the peaks ak~0.65 and 1.4 are unknown. Both peaks azimuthal angle,//= 90 . As a function of azimuthal angle,
persisted in the diffraction pattern above the charge- and'€ résonantintensity observed for the 0.25 sample takes

orbital-ordering temperatures, however, and were not studieffiaxima atyy=90° and 270°, and minima at 0° and 180°.
further. All these results are all similar to those obtained previously

It is clear from the figure that the wavevectors for chargedt the orbital wavevector of LaMnQ including the four-
and orbital ordering in all three samples are simply commenP€2aked fine structure in the energy dependence, an identical
surate with the lattice, and independent of concentrationP@lrization and azimuthal dependence, and the absence of
Further, the measured peak positions are all consistent witonresonant scattering away from the edife.
the periodicities proposed in Fig. 3 for the different orbital F|gu-res 78 and b) show the energy dependence of the
and charge ordered structures. The temperature dependerGattering at th€o,1.5,0 and(0,2.5,0 orbital wavevectors of

of the charge and orbital order wavevectors will be discussel® X=0-4 sample, again as the incident x-ray energy is
further in Sec. V C below. tuned through the MiK absorption edge. These data were

2000

10000 |

0 . . .
6525 6.53 6.535 654 6.545

Intensity (counts/sec.)

orbital

B. Resonant scattering
100 - a) (01.50)

Figure 6 shows the energy dependence of the scattering at —oon
the (100 orbital wavevector of thex=0.25 sample as the 50 |
incident x-ray energy is tuned through the Mnabsorption
edge(6.539 keV). These data were obtained with g19i1)
analyzer on the CMC-CAT undulator beam line 9ID at the
Advanced Photon Sourd@PS). A large resonant signal is
visible at Aw=6.547 keV, reaching more than 20000
counts per second near the edge. In addition, there are two
smaller peaks at higher energids«{=6.56 and 6.575 ke\
and one belowat #w=6.534 keV). The inset shows the
lower-energy peak in more detail. No signal was observed at 200 ¢ 1
energies 100 eV above or below the absorption edge, imply- N
ing that only pure resonant scattering was present in this Ot i
sample. Polarization analydiserformed on bending magnet
beam line X22C at the NSDSsuggests that the scattered
signal is predominantlyr polarized, consistent with a rota- FIG. 7. Polarization-resolved scans of intensity plotted versus
tion of the incident linear polarization from being perpen-incident photon energy of the orbité,1.5,0 and(0,2.5,0 reflec-
dicular to the diffraction planear, to lying within the diffrac-  tions of thex=0.4 sample near the MK absorption edge.

1. Orbital reflections
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FIG. 8. Intensity plotted versus incident photon energy of the FIG. 9. Azimuthal dependence of the charge and orbital order-
charge(0,3,0 and orbital(0,2.5,0 reflections of thex=0.4 sample  ing intensities both on and off the MK-edge resonance, as ob-
for three different values of the azimuthal angle. The featurg at tained for thex=0.4 sample.
=6.62 keV andy=0 in the charge order scattering is attributed to

multiple scattering. It is clear from Fig. 8 that except for a variation of the

overall intensity, no new features are introduced as a function

obtained on the X22C bending magnet beam line at thef azimuthal angle. A quantitative study of the azimuthal
NSLS, and explicitly resolve the polarization. The closeddependence of the orbital scattering(@2.5,0 is shown in
circles show ther— 7 scattering, and the open circles show Fig. 9, in which the maximum resonant intensity in the
the o— o scattering. Although the fine structure in Fiday ~ — geometry was recorded versus azimuthal angle for rota-
is not as clearly resolved as in the=0.25 sample, the main tions over 180°(open circles The data have been normal-
features of ther— = scattering are similar, including a pro- ized by the average intensity of t@,2,0 and(0,4,0 fun-
nounced resonance peak at 6.547 keV and a weaker peakdamental Bragg reflections to correct for small variations due
6.57 keV. In contrast to the— 7 scattering, ther— o scat-  to sample shape. Agaig;=0 corresponds to a configuration
tering shows a double-peaked structure with a pronounceith which thec axis is perpendicular to the diffraction plane.
dip at the absorption edge. This is strongly reminiscent of thén contrast to a normal charge reflection, for which the in-
behavior of charge scattering, and suggests the presence ofensity is independent of the azimuthal angle, the resonant
lattice modulation with the orbital wavevector. The fact thatscattering exhibits a characteristic oscillation with a twofold
the o— o intensity does not fall off at lower x-ray energy, symmetry. The intensity approaches zero when0° and
but instead continues above background, is further evidenck80°, consistent with the— = polarized component of the
of a significant nonresonant signal as would be produced byesonant scattering in the=0.25 sample. The solid line in
such a modulation. Lattice modulations associated with th&ig. 9 is a fit to the formA sirfy, as predicted in Eq2).
CE-type structure have been observed before in To summarize: In all three samples, we find a pure reso-
Pr,_,CaMnO;, e.g., Refs. 5, 27, 43, and 44, and also innant signal in theo— 7 channel at the appropriate orbital
Lag <Cay sMn03.52123|n the latter compound, the structure wavevector with the dominant peak located near the Kin
was solved, and the modulation found to be purely transabsorption edge. Additional fine structure is observed both
verse. Such a modulation, however, is inconsistent with thebove and below the absorption edge. Fheesonant scat-
present results. We will return to this point below. tering has the characteristic azimuthal dependence, varying

A broader-ranged energy scan of tii@2.5,0 orbital as sify, wherey is the azimuthal angle. These results are
wavevector is shown for the=0.4 sample in Fig. 8. These identical to what has been observed previously in LaMnO
data were taken with a GEL1) analyzer, and are plotted (Ref. 8 and Lg <Sr, MnO,.” In thex=0.4 and 0.5 samples,
versus energy for several different azimuthal angles. The usthere is in addition ar— o component of the scattering at
of a Ge analyzer implies that both— o ando— 7 compo-  the orbital wavevector with both resonant and nonresonant
nents are detected, and that their intensities add. Referring fmarts. The nonresonant component lacks any azimuthal de-
the scan fory=85°, the basic features shown in Figbfare = pendence and is consistent with normal chamyerhomson
reproduced, although the— o scattering clearly dominates scattering. Thex=0.25 sample lacks a— o component to
the signal. Below the Mn absorption edge, the observed scatvithin the detection limits of the experiment, as was also the
tering is approximately constant until it reaches thelLRr case in LaMnQ.
absorption edge energy at 6.43 keV. There the intensity again We associate the dominant, resonant peak, which occurs
shows a dip, primarily as a result of the increase in the abin the o— 7 channel of all three samples with the electric
sorption. Qualitatively similar results were obtained for thedipole transition coupling 4 and 4p states, as discussed in
x=0.5 sample. Sec. IV. Recall that the sensitivity to orbital ordering may be
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thought of, qualitatively, as arising from a splitting of the Mn  We note, in passing, that in,@; the resonant ion is not
3d states, either through the Jahn-Teller distortion of thein a center of inversion symmetry and that, therefore, dipole
oxygen atoms or through a Coulomb interaction. In eitheitransitions are allowed directly into tlteband of that mate-
case, the existence of a dipole resonance irvtherr chan-  rial. This gives rise to a large preedge feature that has also
nel, and the observed azimuthal dependence, are consistdien used to study orbital orde® by resonant x-ray scat-
with theoretical predictions. We therefore interpret the ob-tering techniques.

served resonant scattering as Templeton scattering induced We now turn to the lattice modulation observed at the
by the orbital ordering, just as previously concluded fororbital wavevector in ther— o channel. Such modulations
LaMnO; and LasSr; MnO,.”® To explain the additional have been observed before in CE-type structures, and in par-
fine structure both above and below the main peak, howeveficular in Py_,CaMnO; by neutrof>*"**and nonresonant
requires a more sophisticated treatment. Elfinetpal. 2t in  x-ray scattering** Similar results have also been obtained
particular, have performed band-structure calculations foin LagsCa sMnO; (Ref. 6 at (h,k/2—¢€,2n), whereh#0
LaMnO; with a LSDA+U-type approach, and shown that ande, the incommensurability, is weakve have converted
the fine structure above the absorption edge reflects the 4to Pbnm settings to be consistent with the present paper
density of states after hybridization of the central Mm@nd  The latter structure was solved by x-ray powder diffraction
surrounding O P states. They show further that the higher- and a purely transverse modulation of the Wirsites was
energy peaks originate predominantly from the Jahn-Tellefleduced, wherein the M# sites are displaced along tlae
distortion of the oxygens, and not from direct Coulomb in-direction with a periodicity equal to the orbital periodicity.
teractions. In contrast, the small peak about 13 eV below théll of the orbital superlattice peaks observed to date in the
white line is associated with the intersit-8d hybridiza- Pr—xCaMnO; system have also had a significamiaxis
tion of the central and neighboring Mn ions via the interven-component and a similar distortion has been assutiéd.

ing O 2p states. Although quantitative comparisons remain In the present case, the— o scattering observed at
to be made, the qualitative agreement between these predidk+3,0) requires a longitudinab-axis component of the
tions and the observed spectra is good, and offers a naturaiodulation. This follows from the small-displacement limit
description of the exper.imental results. In this regard, itof the x-ray intensity, which varies dé. ('§|2 to leading or-
should be added that Ishihara and Maek&\have also car-  ger for displacements of the fordisin(+-R). Recently, we

ried out cluster calculations of the resonant cross section if5ye performed scans of th@,1/2,0 reflection of thex
LaSpMn,0;, assuming an intrasited34p Coulomb origin - _ g 4 sample, and found significant nonresonant scattering at
of the 4p splitting. By mc;ludmg ba.nd. eﬁepts, they also were 59 k [~10000/sec with a $111) analyzet. This is con-
able to produce a qualitatively similar fine structure abovegisient with a large transverse displacement and a small lon-

the MnK edge. Thus, we are not able to distinguish & posy;itdinal modulation. Similar results have also been found in
sible Coulomb origin of the resonant peak from a Jahn-Tellef ; recent studies of an=0.3 samplé® We will return to

origin on the basis of our experiments—however, the addiyne gpject of this lattice modulation again shortly.
tional fine structure at hlgher photon energies appears to re- |1 is also worth commenting on the differences between
sult from band effects in both approaches. the LaCaMnO; structure and the present case. In

It is worth noting that the energy of the preedge featurg 5 -5’ MnO,, a temperature-dependent incommensurabil-
(see |n|set, Fig. )Ecorreshpondshto that of the Mnd3states. i \yas observed at the orbital wavevect8fwhereas in the
Several groups have shown that this feature is highly sensfsresent case the scattering appears strictly commensurate.
tive to the 31 orbital occupancy,****“but not to the Jahn- T source of the incommensurability in the former material
TeII.er distortion (oxygen motion—in contrast _W|th the s pelieved to be an ordered array of domain walls—
main-edge feature. In fact, states of bothandp-like sym-  giscommensurations—separating regions of commensurate
metry (with respect to the central iorexist at the preedge oger As is discussed below, we observe domain walls at a
energy, with significantly more weight in thiklike states, similar spacing in Ry-Ca, MnOs. Thus, the main difference

suggesting that both dipole and quadrupole processes shoyldyyeen the two structures appears to be that the domain
contribute. Takahashet al. estimate that the total intensity, walls are ordered in LaCa,sMnO,, but disordered in

enhanced by interference with the main-edge processes, | -4 m ; ; ; : .
. . ) ' P nO,. It is an interesting question as to why this is
about 1% of the main edge. In our experiment, we find thago1 x-ANMNDs gq y

the preedge intensity is about 5% of the main-edge intensity.
However, the absorption correction has not been included.
The latter would reduce the intensity ratio towards 1%. In
addition, Takahashét al*” predict two distinct features in ~ Figures 10a) and 1@b) show the energy dependence of
the energy dependence of the scattering separated by 3 eV.time scattering at the(0,1,0 and (0,3,0 charge-order
contrast, we observe only a single feature using an energyavevectors of th&=0.4 sample, as the incident x-ray en-
resolution of 1.5 eV. In principle, the preedge feature couldergy is tuned through the MK absorption edge. These data
exhibit different azimuth&l and temperature dependenceswere obtained at the NSLS beam line X22C and are polar-
from those of the main-edge feature. In our studies of thézation resolved. The open circles show thes o scattering
azimuthal and temperature dependence however, we fourahd the closed circles the— 7 scattering. No signal was
no difference between the preedge and main-edge behaviom@htained in ther— 7 channel, to within the detection limits
to within errors. of the experiment. In the— o channel, th€0,1,0 reflection

2. Charge-order reflections
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charge —ar component. The line shape is nearly identical to that
‘ ' obtained for thex=0.4 sample at the same reflection.

A series of broader ranged energy scans of (h&,0
reflection taken at various azimuthal angles for ¥w0.4
sample is shown in Fig. 8. The basic features noted in Fig. 10
are reproduced there. In addition, there is a dip in the scat-
tering at 6.44 keV, which reflects the By absorption edge.

We believe that the peak at 6.64 keV in the scan/atO
arises from multiple scattering and can be ignored. Except
for a decrease of the resonant intensities, very little else
changes in these spectra as a function of azimuthal angle, as
was also observed for the orbital-ordering reflection.

A quantitative study of the dependence of the charge-
order scattering on the azimuthal angle, at (0,0 reflec-
tion is shown in Fig. 9. The filled squares record the behavior
of the maximum resonant intensity obtained at 6.546 keV,
while the open squares give the intensity measured off reso-
nance at 6.47 keV. As before, these data have been normal-

FIG. 10. Polarization-resolved scans of the intensity plotted verized by the average of th€020) and (040 fundamental
sus incident photon energy of the chaf@el,0 and(0,3,0 reflec-  Bragg intensities. In contrast to the nonresonant charge-order
tions of thex=0.4 sample near the MK absorption edge. scattering, which is flat as expected, the resonant charge-

order scattering exhibits a pronounced azimuthal depen-
has a shoulder at lower energy that rises to a resonant peak@gnce, with the same sine-squared behavior as observed
6.544 keV. This is followed by a dip and another smallerabove for the resonant orbital scattering.
peak centered near 6.58 keV. The profile of {6e3,0 re- A possible explanation of the azimuthal dependence fol-
flection shows a resonant peak at slightly higher energyows simply from the Mn contribution to the structure factor
(6.546 keV relative to the(0,1,0 reflection, and the addi- of (0,k,0) charge-type peaks:
tional structure appears inverted. This is a clear signature of Ne1 . ene 1
an interference process, involving the resonant and nonreso- f(0k=0dd, Q=13 "+f3  "—2f,. . ()
nant contributions to the_chafge_ order scattering. The nonfgil(n:—l) are the atomic form factors for the Nif ions on
resonant scattering may, in principle, result from the valencey. two orbital sublattices, where=1,— 1 is defined in Fig.
modulation itselfiwhich is weay, or from an accompanying 4 as emphasized above, these quantities are second rank

lattice modulation, or both. The resonant scattering ariseg, sors near resonance. We tdke to be spherically sym-
from the anomalous parts of the Rthand Mrf* scattering metric and write

factors, which are distinct.

1000 -
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6.51 6.55 6.59
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For comparison, the energy dependence of the scattering a 0 o0 b 0 0
at the charge order wavevect@®10) of thex=0.5 sample is n--1_[0 b 0 m=1_{0 a 0 4
shown in Fig. 11. The data were obtained without an ana- 3+ oo T . @

lyzer, and so include both the— o component and any 0 0 b 0 0 b
where f§7 "1 and f37* have the symmetriesx8—r? and

Pr,5CayMnO, 3y?—r?, respectively. Calculating the polarization and azi-

8000 == ' ' muthal dependence of the scattering,

010)
charge

I =€ Foro(#) - &, (5

we find a twofold azimuthal dependence in e+ o chan-
nel, with zeros aty=0 and 180°, as observed. In addition,
] Eq. (5) predicts ao— 7 component with a fourfold symme-
try (with zeros at 0°, 90°, 180°, 270°) although with a
significantly smaller intensitywhich we were unable to ob-
] servg. We remark that it is the anisotropy of the structure
factor f(0Ok=o0dd,0) that gives rise to the observed azi-
muthal dependence. In this sense, the “charge-order” reflec-
tion has some orbital character.
In order to model the energy dependence of the charge-
order scattering, we write the structure factor as a sum of the
FIG. 11. Intensity plotted versus incident photon energy of thescattering factors of the Mii and Mrf* ions within the unit
charge(0,1,0 reflection of thex=0.5 sample, near the MK ab-  cell, including both resonant and nonresonant terms for
sorption edge. each®® Here, for simplicity, we neglect the tensor character
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2000 |
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discussed above, and treat the form factor&amplex sca-
lars. Figure 12a) shows schematic forms of the real and
imaginary parts of the Mt scattering factor, plotted versus
incident photon energy. As our intention in the following was
simply to gain a qualitative understanding of the energy line
shape we have chosen functional forms for the real anc
imaginary parts of the Mn scattering factor that model the
energy dependence in a generic way. Thus, the imaginar
part approximates a step function and the real part contains
dip at the edge. Oscillations were added to both component
above the edge. These forfisig. 12a)] resemble experi-
mental resultssee, for example, Ref. 5lbut are not in-
tended to correspond to the actual properties of Mn. None o
the conclusions drawn from this model depend on the detail:
of the functional forms used. The Mh scattering factor was
obtained from that of M#" by shifting the curve by 4 eV,
following Murakamiet al.” (see also Ref. 52Assuming that
the Mn displacement8 are along thé» axis with modulation
wavevector (&,0) in thex=0.4 and 0.5 samples, the struc-
ture factor for the scattering from the Mn may be written:

f(0Ok=o0dd,0=f, ™0 —f, e i7"k (6)

20}

where§ is a displacement paramei@n units ofb, the lattice
constank This reduces to the simple fornfi, —f,,) when
6=0, as expected. In addition, a constant term representin
the longitudinal oxygen motion has been included.

2
[7]
c
<)
-
[=

Plots of the energy dependence of the intensity predictec

by this model for6=0 and including the nonresonant scat-
tering arising from oxygen motion are shown in Fig.(i)2
for the (0,1,0 and (0,3,0 reflections. They reproduce the
basic features of the line shapes in Fig. 10, including the
interference and the phase shift observed in the oscillation

observed above the edge. The line shapes also resemkt »

those generated by Murakai al.” for Lag sSr, MNO,, us-
ing a more quantitative model. If the manganese atoms ar
then allowed to move §+0), the small shift of the peak
maximum of the(0,1,0 reflection relative to th€0,3,0 re-
flection is also described, as illustrated in Fig(cd)2

We emphasize that although this model captures qualita

tive features of the line shape of the charge-order scatteringz |

a quantitative analysis is required before it can be considere%
as definitive. We note in this regard that there are otheiE
points of view. In particular, x-ray absorption near-edge
spectroscopyXANES) measurements of La,CaMnO; by
Booth et al>? have been interpreted in terms of a mixed va-
lence description of the electronic structure, explicitly ruling
out the Mn charge modulation assumed here. In such a sce¢
nario, our experimental results imply the existence of two

Mn sites that are distinguishable by the anisotropy of their 500

environments, but not by their valence. Our results further
imply that this anisotropy is ordered, which leads to reso-
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FIG. 12. (a) Real and imaginary parts of a generic scattering

nant, structural harmonics at the charge and orbital wavevegactor for Mr?* plotted near th& edge. These are shifted by 4 eV
tors. Such a model correctly describes the polarization ang obtain the corresponding scattering factor for’¥n(b) Intensity
azimuthal dependence of the resonant scattering, but mugfotted versus incident photon energy including a longitudinal dis-
still explain its temperature dependence, including the variatortion of the oxygen positions and using the scattering factors
tion of the peak widths above and below the charge- andhown in(a). (c) Same as ir(b), but with the addition of a longi-

orbital-ordering temperatur@escribed beloyy and the dif-

tudinal Mn displacement.
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FIG. 13. Temperature dependence of the scattering at the orbital
(0,3,0 reflection of thex=0.25 sample. Open circles represent data
taken on beam line X22C, open squares taken at beam line X21. 0 y : : - e
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ference in thek odd-integer and half-integer order reflec-  FIG. 14. Upper: Temperature dependence of the scattering at the
tions. It must also account for the existence of lattice modu<harge(0,3,0 reflection of thex=0.4 sample. Open circles were
lations at the charge and orbital wavevectors, as well as fopbtained on resonance and closed circles off resonance. Lower:
the complex, and temperature-dependent, magnetic strudemperature dependence of the scattering at the ortfltal5,0
tures. and (0,2.5,0 reflections of thex=0.4 sample. The data at the

It is finally worth noting that a simple transverse displace-(ov1-5vo reflectiqn(open circleswere obtaineq on resonance at the
ment cannot explain the nonresonant x-ray results for thn K edge, while those at th@,2.5,0 reflection(closed circlek
charge ordering, just as was noted earlier for the modulatio¥ere obtained off-resonance. Note that resonant scattering at the
accompanying the orbital ordering. On the basis of thesé0’1:5’0 reflection is dominated 'by the orbit.aiarr contribution
results, we conclude that the=0.4 and 0.5 samples exhibit "™ Fi9- 7> and not that of the lattice modulation.

lattice modulations with displacements along théirection, A
and produce scattering at both the charge and orbitatfehd betweden l? an.d. 300 Kin tl): Igs. (31)4 ang 14b). f1l— he
wavevectors. A fuller understanding of the lattice distortionsﬁoﬁr%%}?]r zﬁrrlensigzlrt:s: \GVSLZ Oa tggﬁ aﬁgfyi,roar: d e(;:f—r_
observed in these materials will require further exPenmentSr’esonance at 6.6 keV. The latter employed a220) ana-
lyzer. The orbital intensities were obtained at resonance at
the (0,1.5,0 reflection, where the resonaat— 7 scattering
dominates the signal and off-resonance at (®2.5,0 re-
flection, with an incident photon energy of 6.47 keV. Both
The temperature dependence of the orbital-ordering interdata sets for the orbital ordering were obtained using a
sity between 10 and~850 K is shown for thex=0.25 Geg(111) analyzer.
sample in Fig. 13. Each point represents the peak intensity Referring to the figure, the orbital and charge intensities
obtained from &k scan of the(0,1,0 reflection, such as is are approximately constant between 10 and 130 K, but begin
shown in Fig. %a). Circles and squares represent the result$o decrease above'130 K. They drop abruptly at 245 K,
of two different runs, one taken at high temperatures with theeonsistent with a first-order, or nearly-first-order, transition.
sample heated in an oven and the other at low temperaturdsis clear from the figure that the temperature dependences
with the sample cooled in a cryostat. The two data sets weref the resonant and nonresonant intensities are identical for
then scaled to be equal at 300 K. Referring to Fig. 13, thehe charge and orbital ordering, respectively, at least to
orbital intensity is approximately constafio within 3¢) within the present counting statistics. This suggests that the
between 10 and 200 K, and decreases gradually with a lonigttice modulation accompanying the charge and orbital or-
tail until about 850 K—a surprising result. High-momentum- dering reflects the same order parameter. The temperature
transfer resolution scans showed further that the orbital peattependences of the charge and orbital ordering in xXhe
widths were independent of temperature and resolution=0.4 sample are also very similar, as shown directly in an
limited throughout the ordered phase. Thus, the intensitiesarlier publicationt® There we speculated that the charge and
shown in Fig. 13 may be regarded as integrated intensitiesrbital ordering might be linearly coupled. More recently,
The resolution-limited behavior also implies that the corre-Zhang and Wang have argued on the basis of a Landau
sponding orbital correlation lengths were at least 2000 Atheory that the charge and orbital ordering in RCaMnO,
along theb direction. are quadratically coupled, but that the coupling is suffi-
The temperature dependences of the integrated chargeiently strong that they have very similar temperature depen-
and orbital-ordering intensities of thke= 0.4 sample are plot- dences over the range considered here.

C. Temperature dependence

1. Intensities
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FIG. 15. Upper: Temperature dependence of the scattering at the

orbital (0,1.5,0 reflection of thex=0.5 sample. Circles and squares
were obtained with a G&11) analyzer, triangles with a Q220
analyzer. Lower: Temperature dependence of the scattering at the
charge(0,1,0 reflection obtained with a G#11) analyzer. FIG. 16. Upper: Longitudinal scans of the Brag®2,0, the
charge(0,1,0, and the orbital(0,2.5,0 reflections of thex=0.4
The temperature dependences of the orbital- and chargeample afT=8 K. Lower: The same for th&=0.5 sample. Data
order intensities of th&=0.5 sample between 10 and 300 K have been normalized to the same peak intensity to facilitate com-
are shown in Figs. 18) and 15b). The orbital ordering in-  parison.
tensities were again obtained froknscans of thg0,1.5,0 ) o
reflection using GEL11) and Cu220) analyzer configura- through the(0,2,0 Bragg peaks; open circles indicate scans
tions, with the latter in ar— 7 geometry. The signal rates in through (0,2.5,0 orbital peaks; and filled circles give the
these experiments were weak {0/sec aff =220 K), mak- results obtained for th€),3,0 and(0,1,0 reflections of the
ing a definitive characterization of the temperature depencharge-ordered peaks of the=0.4 and 0.5 samples, respec-
dence difficult. Charge-order intensities were obtained at thdVely It is clear from the figure that the Bragg and charge-
(0,1,0 reflection using a G&11) analyzer. All of these data _order peaks have similar widths, appro_mmately corres_pond-
were obtained at the MK-edge resonance. ing _to the momentum-_transfer resolution at ed@h This
Referring to Figs. 1) and 15b), the orbital-ordering implies that the correlation lengths of the structure and of the
intensity is approximately constant between 10 and 150 Kcharge order are at least 2000 A in each case. The small
and begins to fall off between 150 and 200 K, reaching zerdlifférences in width probably reflect tt@dependence of the
at about 250 K. The charge-order intensity is also constarfiesolution function. In contrast, the orbital-ordering peaks_ in
between 10 and 150 K, but exhibits a much clearer decread®th samples are significantly broader than the resolution,
near the Nel temperaturd =170 K. A similar decrease at 'MPlying smaller orbital domain sizes.
Ty Was observed for the orbital intensity of LaMg®&where Estimating the correlation lengtig, with £=b/2mwAk,
a correlation was made between the long-range antiferrdN€reb is the lattice constant, antlk the half-width of the
magnetic order and the orbital order. Although this trend iCrPital peaks, we find orbital correlation lengtids=320
suggested in each of the samples studied here, With 10 A and 16@-10 A for the x= 0.4 and 0.5 samples,
=140, 170 and 180 K in the=0.25, 0.4, and 0.5 samples, respectively. We note that in thg anaIyS|s the charg.e—order
respectively, only the data for the charge ordering of the pea}ks were: fitted with Lorentzian _Ime shapes, Whl|e. the
—0.5 sample is convincing. Despite repeated attempts tgrbital-ordering peaks were fitted _Wlth squared I__orent2|ans.
quantify this behavior in the other samples, we still cannot/VN€n necessary for deconvolution, a Lorentzian-squared
claim to have measured a definitive link between the mag[esolutlon function was used, as derived from th_e structural
netic ordering and the charge and orbital ordering in eacfPr2g9 peaks. These line shapes were chosen simply for the
case. quality of the fit, and have not been justified theoretically.
It follows from these correlation lengths that tke=0.4
and 0.5 samples do not exhibit long-range orbital order, but
instead form a domain state with randomly distributed an-
High-momentum-transfer-resolution longitudinal scans oftiphase domain boundaries. A schematic view of such a do-
the Bragg, charge-, and orbital-ordering line shapes of thenain wall is shown in Fig. ). In contrast, the charge or-
x=0.4 and 0.5 samples are superimposed on each other fdering is much more highly correlated.
comparison in Figs. 1@) and 1&b). The data were obtained The presence of an orbital domain state sheds light on
at low temperature$10 K) in the ordered phase using a recent neutron diffraction studies of R€a sMnO; (Refs.
Ge(11)) analyzer. Solid lines indicate the results of scanss3 and 27 and powdered LgCay sMnO; (Ref. 29. In the

-0.008 0 0.008
AK (r.lu.)

2. Correlation lengths
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FIG. 17. Temperature dependence of the half widths at half
maximum of the orbital(0,1,0 reflection of thex=0.25 (dia-
mondsg, x=0.4 (0,1.5,0 (squares andx=0.5 reflection(circles

samples. Note: These widths represent the raw data, i.e., without . . . e
corrections for resolution effects. the orbital lattice and changes the orbital periodi¢itpm-

pare Figs. 8 and 3b)], and it is not clear that the two
§ituations may be directly compared.

FIG. 18. Temperature dependence of iaxis lattice constants
of the x=0.4 (open andx= 0.5 (closed samples.

former it was shown that the magnetic correlation length wa
finite. In Lay s5Ca sMnO3, which also exhibits the CE mag- _
netic structure with orbital and charge orfeseparate mag- 3. Lattice constants and wavevectors
netic correlation lengths were extracted for the 3¥rand The temperature dependence of thexis lattice con-
Mn** magnetic sublattices, with the remarkable result thaktants between 10 and 300 K is shown for #+0.4 and 0.5
they were quite different:£52%=250-450 A and &/%9  samples in Fig. 18. These data were obtained from measure-
=2000 A, respectively. Those authors proposed antiphaseents of thg0,2,0 and(0,4,0 bulk Bragg peaks. As shown
domain walls composed of “misoriented; orbitals to ex- in the figure, there is an abrupt change in lattice parameter of
plain the magnetic disorder of the Mh sublattice. Such both samples at the onset of charge and orbital ordering near
domain walls break the magnetic coherence on thesB8b- 250 K. This is consistent with the formation of both a coop-
lattice only, as long as the charge order is presefed.  erative Jahn-Teller distortion and a longitudinal lattice distor-
3(c)]. Our results strongly suggest that this interpretation igion as discussed in Sec. VB above. In the 0.4 sample,
correct, and that we have observed these antiphase domaitiee lattice constant is approximately constant beldwy
directly in the orbital reflectiorfalthough in a different ma- =245 K, and then decreases slightly at the magnetic order-
terial). These results taken together suggest that such orbitidg temperature Ty=170 K). The lattice constant of the
domain states are common to these systems—at least in this0.5 sample increases slightly beldw, and then levels off
range of doping. Note that these domains are believed to bgelow T . These changes af, and T are greatest for the
static, and do not correspond to tt@ynamio orbital fluc-  x=0.4 sample, which also exhibits the longer-ranged orbital
tuations inferred from magnetic neutron diffraction investi-order. This implies that both the orbital- and magneto-
gations of the ferromagnetic spin fluctuations in striction may be partially compensated at domain bound-
Pr,_,CaMnOj3, which disappear belowy .> aries, which occur more frequently in the= 0.5 sample. The
The temperature dependences of the orbital widths of aliata obtained for thd-axis lattice constant of th&=0.5
three samples are compared between 10 and 300 K in Figample are in quantitative agreement with results of Jatak
17. At 10 K, the(undeconvolvegiwidths of thex=0.25, 0.4,  al.?” on a powdered sample.
and 0.5 samples are about 0.0008, 0.0028, and 0.004 recip- The temperature dependences of the charge and orbital
rocal lattice unitgr.l.u.), respectively, giving the correlation wavevectors are plotted for the=0.25, 0.4 and 0.5 samples
lengths noted above. There is a clear decrease of orbital din Fig. 19. The different symbolédetailed in the caption
main size as the doping increases fram0.25 to 0.5. A represent results obtained by x-ray resonant scattering tech-
possible explanation for difference between #©0.4 and niques at th€0,1,0 and(0,1/2,0 reflections, and by neutron
0.5 samples follows from the fact that tle=0.5 sample is  scattering at thé€2,1/2,0 reflection.(The neutron scattering
closer to being tetragonal than the=0.4 sample. Specifi- experiments were performed at the NIST Center for Neutron
cally, {(x=0.5)=2(a—b)/a+b=1.48<10"2 compared Research, and will be described in detail elsewhek.of
{(x=0.4)=4.23<10 2 at room temperatureln the more the wavevectors remain commensurate with the lattice and
tetragonal sample, the& andb domains are more nearly de- locked either to(0,1,0 or (0,1/2,0 throughout the ordered
generate and the energetic cost of a domain wall is, thereforphase, independent of temperature to within 0.002 r.l.u. This
reduced® With regard to the difference between the is in striking disagreement with the results of electron dif-
x=0.25sample and the=0.4 and 0.5 samples, we empha- fraction studies by Cheat al?® and Jiraket al.?” in which
size that the increased doping introduces charge ordering inthe orbital order wavevectors were found to change by as
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FIG. 19. Temperature dependence of the orbital and charge
wavevectors measured in all three samples, by both x-ray and neu-
tron diffraction. Crosses give the results of electron diffraction stud- FIG. 21. Temperature dependence of the undeconvolved half
ies of a sample witk=0.5 taken from Ref. 26. widths at half maximum of the scattering at the orb{fal.5,0 and

charge(0,1,0 reflections of thex=0.5 sample.

Temperature (K)

much as 30%. Indeed, Jirak al?’ suggest the possibility of

a devil's staircase in the temperature dependence of thyctuations are observed at much higher temperatures above
charge order wavevector. It also differs with very recent 245 K than for orbital fluctuations, with weak charge-order
neutron scattering studies of tli2,1/2,0 reflection by Ka-  scattering still present at 280 K. In contrast, the orbital fluc-
jimoto et al® For comparison, the results of Chehal**are  yations fall off more quickly, and have disappeared by 260
schematically shown by the crosses in Fig. 19. The origin ok, at least to within the present counting statistics. The cor-
the difference between.these results and ours is not Undeﬂ‘esponding peak widths are considerably narrower for the
stood.(SeeNote added in progf charge order than for the orbital ordgfig. 20b)], that is,

the correlation lengths of the charge-order fluctuations are
4. Scattering above the charge- and orbital-ordering temperature significantly longer than those of the orbital-order fluctua-

The behavior of the charge and orbital ordering in thetions at any given temperature aboVg=245 K. In this

vicinity of the phase transition af,=245 K is illustrated ~regard, it is worth noting that the correlation length of the
for the x=0.4 sample in Fig. 20. Longitudinal scans were charge-order must be at least as long as that of the orbital
taken upon warming of thé0,3,0 reflection in ac—o ge-  Order since the orbital unit cell is defined on the charge-order
ometry and of thg0,2.5,0 reflection in ac— 7 geometry.  lattice. _
The peak intensities are plotted on a logarithmic scale be- The picture these data present for the charge and orbital
tween 200 and 280 K in Fig. 28). Measurable charge-order Ordering transition in the=0.4 sample is one in which the

transition proceeds via local charge-order fluctuations that

Pr, ,Ca, MnO, grow as the trgnsition is approached frqm above. Long-range
. - : charge order is nucleated at the transition temperature. Or-
. 0 e L, .. bital fluctuations are induced by the charge-order fluctuations
'§ o L2 ° ar_1d become o_bservable only close to the tr_ansition. The cou-
g ¢ pling mechanism has yet to be fully elucidated, though a
E 1072 > ] quadratic coupling has been suggested by Zhang and
5 -chargec >0 o, Wang?® on the basis of a Landau theory, as noted above.
Z 40° | comitalo->n FeT e The temperature dependences of the charge- and orbital-
; ; order half-widths are plotted between 180 and 300 K for the
IPYYRE. % ] x=0.5 sample in Figs. 24) and 21b). The orbital scattering
3 was characterized in a low-resolution mode with a220)
£ 003 ¢ analyzer in theoc— 7 geometry. The widths show a clear
2 002 | % f increase just below the transition; however, the signal is ex-
% 001 | 2t ] tremely weak and disappears ab&WK above it. The charge-
: LA order scattering was characterized using a higher-resolution
0 : : Ge(111) analyzer. Its width also increases near the transition,

200 220 240 260 280

however, is always smaller than the smallest value exhibited
Temperature (K)

by the orbital scattering in the ordered phase. Thus, the
FIG. 20. (a) Temperature dependence of the peak intensities ofeNgth scale of the charge-order fluctuations exceeds that of

the (0,3,0 charge-order peaKclosed circles and the (0,2.5,0 the orbital fluctuations over the narrow temperature range in

orbital-order peakopen circles of thex= 0.4 sample(b) Tempera-  Which both exist. In this sense the data for #¥0.5 sample

ture dependence of the half widths at half maximum. are consistent with the results for the=0.4 sample, al-
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though they are neither as convincing nor as clean. Definitive Pr,.Ca, ,MnO, T=30K
conclusions will require further experiments at a more in- ‘ ‘
tense beam line. Preliminary results of such experiments sup-
port the suggestions made here. It is worth adding that the
orbital scattering observed in the=0.25 sample was not
observed to broaden, within experimental errors, at any tem-
perature.

Finally, we note that the narrowing of the orbital reflec-
tion in the x=0.5 sample belowl, is consistent with the ] )
behavior previously seen in a number of diverse systems for 0 '_,15 o o015
which disorder prevents the particular order parameter reach- ‘ Ak (rlu.) .
ing its long-range ordered ground state. Examples include 6 6.5 7 7.5
magnetic order in dilute antiferromagnets in applied fields Field (T)

(see, for example Ref. 5%nd doped spin-Peierls systeffis.

In these two examp|esl the common phenomeno|ogy appears FIG. 22. Magnetic field dependence of the charge- and orbital-
to be rapidly increasing time scales as the transition is apordering intensities of th&=0.4 sample obtained at 30 K. Inset:
proached, such that the system is not able to fully relax an&harge- and orbital-order superlattice reflection¥atl98 K and
reach equilibrium. As the temperature is reduced furtherll T-

equilibration times become longer than experimental measur- ) ) ) _

ing times and the system freezes in a metastable glasslilég’ T t_hat it was not possible to obtain reliable values of the
state. It is possible that similar phenomena underlie the behalf-widths.

havior observed here. As noted above, the disorder is greater

in the x=0.5 sample. In this regard, we note that the line VIl. CONCLUSIONS

shape of the orbital reflection, a Lorentzian squared, is the _ _ )
same as that observed in the dilute antiferromagnets. It may ThiS paper describes a systematic study of the charge and

be derived from exponentially decaying real-space correla®rbital ordering in the manganite series BiICaMnO; with
tions. x=0.25, 0.4, and 0.5. The temperature dependence of the

charge and orbital ordering was characterized in each
sample, including the correlation lengths, wavevectors, and
lattice constants. It was found that the charge and orbital
ordering are strictly commensurate with the lattice in all
An intriguing property of the perovskite manganites is thethree samples, although very recent studies ofxhk€.5
existence of colossal magnetic resistance behavior in an agample carried out at 30 keV also reveal an incommensurate
plied magnetic field. The transition to a metallic phase in-phase. We do not understand the origin of these discrepan-
volves the delocalization of the Mgy electrons, which leads cies. HighQ-resolution scans revealed that long-range or-
to the destruction of static charge and orbital ordering. Thabital order is never established in tke 0.4 and 0.5 samples,
this transition can be driven by a magnetic field ina result that makes connections with the observation of finite
Pr,_,CaMnOj; was first demonstrated by Tomiokaal > It Mn®* magnetic domains in neutron diffraction studies of
is an interesting question whether the same phenomenolodr, sCa, gMnO; and La sCa, gMnO;. We suggest that the or-
of the transition discussed above applies when the transitiobital domains observed here represent the antiphase magnetic
is driven at fixed temperature and the fluctuations are actidomain walls responsible for destroying the Mmmagnetic
vated by a magnetic field. We have carried out studies of therder. The observation of such an orbital glasslike state in
transition at two temperature$=30 and 200 K, with criti-  two such materials suggests that such phenomena may be
cal fields ofH,=6.9(1) and 10.4 T, respectivelyThe field common in manganites, at least those with the CE-type
dependence of the charge and orbital intensities ofxthe charge and orbital structure. Above the charge- and orbital-
=0.4 sample taken 8t=30 K are illustrated in Fig. 22. The ordering temperaturd,, we found that the charge-order
intensities of the(0,3,0 and (0,2.5,0 reflections exhibit fluctuations are more highly correlated than the orbital-order
identical field dependences below the transition. Above thdluctuations. This suggests that charge order drives orbital
transition, the charge-order fluctuations are markedly stronerder in these systems. In addition, we reported on the de-
ger than the orbital fluctuations. A similar behavior was alscstruction of charge and orbital ordering in tke 0.4 sample
observed aff=200 K, i.e., charge-order fluctuations were by the application of a magnetic field. A similar phenomenol-
observed at fields for which orbital fluctuations were noogy was found for increasing field as was found for increas-
longer observablésee inset, Fig. 22 From this it appears ing temperature. Finally, the polarization and azimuthal de-
that the disorder transition is driven by charge-order fluctuapendence of the resonant charge and orbital ordering at the
tions for both the temperature- and field-driven cases. W&In K edge is found to be qualitatively consistent with the
note that as a result of experimental constraints it was onlpredictions of a simple model in which th@4evels are split
possible to measure the charge and orbital ordering at a ph@ the orbitally ordered phase. The experiments do not dis-
ton energy of 8 keV in an applied magnetic field. The corre-tinguish among more sophisticated treatments of the elec-
sponding nonresonant intensities are sufficiently weak abovionic structure, whether in atomic or band limits. Of note is

* charge
e  ©orbital
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the x=0.5 sample have revealed incommensurate orderin@MR-9701991. Support from the Ministry of Education,
of the orbital order scattering starting at about 220 K, andScience and Culture, Japan, by the New Energy and Indus-
gualitatively consistent with earlier electron diffraction re- trial Technology Development Organizati@dEDO), and by
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