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The crystallographi¢charge-ordergdand magnetic superstructures ofykgCa ¢6MNO; were studied by
high-resolution synchrotron x-ray and neutron powder diffraction. In the antiferromagnetic structure, which
was refined using a noncollinear model, thiattice parameter itripled and thec lattice parameter idoubled
with respect to the average crystallographic unit ¢@imasetting. The crystallographic structure below the
charge-ordering temperaturé {5~ 260 K) is characterized by ordering of thg: orbitals of the Jahn-Teller-
distorted M O octahedra in the orthorhombéc plane, and the appearance of superlattice peaks in the x-ray
patterns corresponding totdpling of the a axis lattice parameter. The intensities of the superlattice peaks can
be accounted for satisfactorily in terms of ordering of the*Mpations in sites as far apart as possible in the
ac plane(“Wigner-crystal” mode) and transverse displacements of the*MBg octahedra in the direction.

These results are not consistent with a recently proposed model based on transmission electron microscopy
(TEM) data in which the M#"Og octahedra are arranged in a bi-stripe pati¢hi-stripe” model). In par-

ticular, the large longitudinal stripe modulation revealed by TEM is not observed, suggesting that the TEM
data may not be representative of the bulk sample. Within the framework of the Wigner-crystal model, the
magnetic structure at 1.5 K and the charge-ordered superstructures at 160 and 1.5 K were refined from the
neutron dataS0163-1829)04421-5

I. INTRODUCTION the most intriguing manifestations of these effects in these
compounds. Below a certain temperaturgy, electronic
Manganese  perovskites with general formulacarriers become localized onto specific sites, which display
A A'\MnO; (A=La, rare earth A’=Ca, Sr, Ba,..) long-range order throughout the crystal structiatearge or-
were first discovered in the 195Bsand, soon after, their dering. Moreover, the filled MA* gy Orbitals (H,2) and the
properties were extensively studied. The early studies oassociated lattice distortionglongated Mn-O bondsalso
these compounds® already established the extreme com-develop long-range ordeforbital ordering. Finally, the
plexity of their structural, magnetic, and transport phase diamagnetic exchange interactions between neighboring Mn
grams as a function of the formal Mhcontentx (electronic  ions, mediated by oxygen ions, become strongly anisotropic
doping, averageA-site cation size(r,), and temperature. at the local level, since Mn-O-Mn superexchange interac-
One of the most interesting aspects of the physics of mangdions areferromagneticthrough a filled and an emptyd3:
nese perovskites is the unusually strong interaction betweeorbital, butantiferromagnetichrough two empty @2 orbit-
charge carriers and lattice degrees of freedom, due to the sizds. This, in turn, gives rise to complexagnetic orderingn
difference between M and Mr?*, and to the tendency of the structures. Historically, magnetic ordering was the first to
the latter to lower the octahedral symmetry of its coordina-be investigated; for example, in the classic 1955 work by
tion shell, thereby lowering the energy of igg electron  Wollan and Kohelef,the magnetic structures of a series of
(Jahn-Teller effegt This strong ‘“electron-phonon” cou- manganese perovskites with general formula L&aMnO;
pling, which can be tuned by varying the electronic doping,(0<x=<1) were studied using neutron powder diffraction.
electronic bandwidth, and disorder, gives rise to a complexmmediately afterwards, Goodenouginterpreted the large
phenomenology in which crystallographic structure, mag-antiferromagnetic superstructur€{g) found for the com-
netic structure, and transport properties are intimately reposition Lg sCa, sMnO5 as evidence of charge ordering, and
lated. The so-called charge-ordered phases represent onelgfpothesized a possible orbital-ordering pattern associated
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with it. It was not until recently, however, that the crystallo-
graphic superstructure of LglasMnO; arising from
charge and orbital ordering was observed by electron
diffraction* (ED), and subsequently solved by synchrotron
x-ray and neutron powder diffracticriMore recently, a simi-

lar pattern of charge, orbital, and magnetic ordering was de-
tected for the composition PfCa ;MNO;, indicating that
charge ordering is not limited to the=0.5 doping levef. In

“Wigner-crystal” model “Bi-stripe” model

Pry Ca sMnO3, and, more generally, for all charge-ordered 2 axis a)
phases withx<<0.5, the sizes of the crystallographic and _ R
magnetic supercells remain the same as foysCa, MnOg, poﬂ oo ¥ Fndon —— ™
. . . . O Mot T T AFM
since a fraction of the MH sites are believed to be ran-
domly occupied by the excess Khions, with the 31,2 or- FIG. 1. Schematic representations of the Wigner-crygaand

bital pointing out of thea-c plane where orbital ordering bi-stripe(b) models for the magnetic-, charge-, and orbital-ordered
occurs. This mechanism, however, is not available or superstructures. Mii and MrP* are shown, respectively, as plain
>0.5, and charge ordering in this composition range is likelycircles and circles with “orbitals.” Pluses+) and minuses—)
to result in even larger and more complex superstructures. ndicate the direction of the largest component of the sfafsng

By employing the same ED and transmission electron mi_the orthorhombi@ axis). The actual magnetic structure is noncol-

. linear, with a smaller component along tbexis (shown in Fig. 4,
croscopy(TEM) techniques used for k3Ce sMnO;, Chen see below. Solid and dotted lines indicate ferromagnetic and anti-

and co-worker§® have studied a number of other compoundsferromagnetic interactions, respectively. Wavy lines indicate frus-
in the Lag_,CaMnO; series (Laga3La g6MNO3, trated ferromagnetic interactions, which are expected to be antifer-
Lagy »:Ca 79MN0O;3), and evidenced the presence of superlattomagnetic based on orbital ordering. The magnetic coupling along
tice reflections, indicative of large charge-ordered supercellshe b axis (perpendicular to the plane of the shestantiferromag-

In particular, the ED pattern of Las{a gMNO; was  netic for all atoms.

found to be consistent with a superctlpled along one of

the in-plane crystallographic axé3axbXxc or axXbXx3c). position. In the bi-stripe model, foc>0.5 andr integer, the

In the real-space images, these superstructures generateTEBM contrast would be associated with a specific topologi-
very peculiar, stripelike contrast. In the original model for cal arrangement in bi-stripes of the MiMn*# cations in

the superstructure proposed by Chen, Cheong, and Hvanghe lattice. However, fox=0.5, there is a perfect topological
the M?* ions were hypothesized to be located as far apart asymmetry between bi-stripe and background, and an addi-
possible in order to minimize the Coulomb repulsion energytional (spontaneoyssymmetry-breaking mechanism would
[Fig. 1(@]. This is reminiscent of the well-known Wigner- be required to explain the formation of contrast, which is
crystal arrangement of charges in low-carrier-densitypresent at this composition as well. On the contrary, for the
metals® Clearly, the present case is different from the oneWigner-crystal model, there is no obvious topological cause
proposed by Wigner, first of all because the carrier density iso explain the TEM contrast, but neither is there a topologi-
quite high, and then because the electron-electron interactiagal “anomaly” atx=0.5. In this scenario, the TEM contrast
is only one of the factors, the lattice energy being at least agt all compositions is likely to be explained by a single
important. For instance, the stacking of equal charges alongiechanism, whatever this might be.

the b axis, which is common to all models examined herein, A careful analysis of the TEM imag&suggests that bi-
clearly arises from the need to minimize the lattice strainstripe and background regions may have different lattice
associated with orbital ordering. Nevertheless, we will adopkpacings, indicative of a possible longitudinal modulation

the designation “Wigner crystal” for models where teg  addition to the transverse modulation found in
electrons are located as far apart as possibilein thea-c  La, «Ca, sMnO3). This is a further argument in favor of the
plane. The original model for La ,CaMnOj;, based on the bi-stripe model, since bi-stripe and background regions are
Wigner crystal, was subsequently revised by Mori Chen, anéxpected to have different lattice spacings, due to the differ-
Cheond In the revised modelFig. 1(b)], Mn®*" ions are  ent sizes of the MH and Mrf* ions. Nevertheless, the mag-
concentrated in 8.25-A-wide “bi-stripes,” which would nitude of the longitudinal modulatio®.9 A) is far too large,
have the compositioflLa, Ca;Mn,>"Mn** Qg and the same and is completely incompatible with the average crystallo-
orbital-ordered arrangement asgls&asMnOs. In order to  graphic structur@ almost certainly suggesting some kind of
yield the overall stoichiometry, these Mnrich regions aberration in the TEM images.

would alternate with MA"-depleted “background” regions, Distinguishing between the Wigner-crystal and the bi-
with composition (2—1)(La,CaMn*"O;, r being the stripe models is of the utmost importance, not only for man-
Mn**/Mn3t  ratio: r=x/(1-x). In the case of ganese perovskites, but also in the context of the broader
Lag 33L& 66MNO;5, (2r—1)=3, and the two regiongbi-  subject of the physics of transition-metal oxides. In fact,
stripe and backgroundaontain the same number of unit for- stripelike structural features appear to play a role in deter-
mulas[see Fig. 1b)]. It is noteworthy that, within the frame- mining the physical properties of nickel oxid@snd copper
work of this classification scheme, the Wigner-crystal andoxides™ as well.

bi-stripe models are indistinguishable for .&&, sMnOs;, In the present paper, we focus attention on the crystallo-
since they yield the same charge-ordered arrangement. Thigaphic and magnetic superstructures of 4-4C& geMNO;,
observation raises an important issue aboutxth®.5 com-  which we have investigated by means of neutron and x-ray
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powder diffraction, with the aim of distinguishing between T
the Wigner-crystal and the bi-stripe models. The antiferro- 5.55 . *

magnetic structure of lgs{La g MNO; as determined M 1219
from neutron powder diffraction data at 1.5 K, is consistent 5.50 1 * N

with atripling of one of the in-plane lattice parametéasor < 1218

¢, using the orthorhombiPnmaspace-group settingnd the 8 °*r &
doubling of the other. The overall arrangement of the spins g sa0 b i 1 o/ 187§
can be interpreted as arising from either a Wigner-crystal or § e R 3
a bi-stripe arrangement of the Mn ions. However, the besté 1216 =
fit to the neutron-diffraction data is obtained using a non- 3

I
I I
5 r_/ﬁ_/{(_(/
I
. . . b/~2
collinear model, which can be most naturally interpreted 530 [ 212 . — | 1215
I

in the framework of the Wigner-crystal model because of ‘ ta , Ca  MnO,

H 5 H L L L L L S i} L 214
the need.to reduce spin frustratlon. Concerning the cryst- 8 e e s 250 300 350
allographic superstructure, the simultaneous analysis of TK)

x-ray and neutron-diffraction data clearly indicates the pres-
ence of atransversemodulation, with propagation vector x
Lag 33La 66MNO;. Filled and open symbols are used for neutron-

1 . o .
(27Tla) (_5'0’0)’_ the fundamenta_l unit cell be'mpl_ed in the powder-diffraction datgmeasurement owarming and synchro-
a direction. This result contradicts the TEM evidence for atron x-ray diffraction datameasurement onooling), respectively.
large longitudinal modulation, but, in itself, does not rule out\when not shown, error bars are smaller than the symbols.

a bi-stripe-like arrangement of the Mn ions, albeit with a

different displacement pattern. However, a quantitative comgyavelength of 0.6941 A. In both cases, a multiwire propor-
parison between the two models (_:Iear_lylndlcates that,_W|th|qiona| linear position-sensitive detector, operating with a
the limits of the sets of constraints imposed, the Wignergpos-xe/10%-CQgas mixture at 4 bars was used. The struc-
crystal model provides a much more satisfactory fit to bothyre refinements were carried out by the Rietveld method

neutron and x-ray powder diffraction data. Furthermore, thesing thecsas (Ref. 13 and FULLPROF (Ref. 14 programs.
coordination of the Mn species, as determined from Rietveld

refinements based on the Wigner-crystal model, is consistent
with the sign of the interactions in the magnetic structure. Il. AVERAGE CRYSTAL STRUCTURE
We therefore conclude that the present data provide strong
evidence for a Wigner-crystal-like arrangement of the>Mn A first indication of the presence of orbital ordering can
and Mrf* ions in L&, 338 6eMNOs. be gathered from the temperature dependence of the lattice
parametergFig. 2). As in the case of LgCa sMnO;, the
b-axis rapidly decreases below the charge-ordering tempera-
ture, whereas tha and c axes increase. This is consistent
with the long Mn-O bonds, associated with filled #n3d,2

The La 33La 6sMNO; powder sample was synthesized orbitals, becoming predominantly oriented in ties plane.
by a solid-state reaction. Starting materials of@g CaCQ  This is confirmed by refinements of the average crystallo-
and MnG were mixed in stoichiometric proportions, and graphic structure(Table ), based on neutron-powder-
heated in air at 1250—1400 °C for 3 days, with intermediatdiffraction data at 300 and 160 K, with “average’nma
grindings. The antiferromagnetic transition temperature waspace-group symmetra~c~v2a,; b~2a,, wherea, is
determined from magnetization data, as described in Ref. 12he primitive cubic perovskite lattice parameteRelevant
and later confirmed by neutron powder diffraction. Neutron-bond lengths and angles are listed in Table II. As in the case
powder-diffraction data were collected on the high-Of LaysCa sMnO;, the Mn-O bond lengths at low tempera-
resolution instrument D2B at the Institut Laue Langevin intures are indicative of an appareetverseJahn-Teller distor-
Grenoble, France. Data were collected warming at 1.5, tion (with four long and two short bongsThis distortion is
160, 220, 260, and 300 K, using a wavelengih much smaller at room temperature, and, as we shall see,
=1.594 A, and at 1.5, 220, and 300 K using a higher-results from an averaging out of the true orbital-ordering
resolution configuration and a wavelength=2.400A. The pattern in thea-c plane. The analysis of the anisotropic
higher-resolution, long-wavelength data were used to indeRtomic displacement parametdi@DP), or Debye-Waller
the complex magnetic superstructure, the data at both wavéhermal factor$ u;;, clearly indicates that, at 160 K, the
lengths were employed to refine the lattice parameters, ani@rgest atomic displacements with respect to the average
the final structural refinements were carried out based on th&tomic positions occur along theaxis, us; being as much as
1.594-A data alone. X-ray powder diffraction data were col-three times larger than the other diagonal elements of the
lected on the X7A beamline at the National Synchrotrontensor. Below Tco=260K, additional intensity appears,
Light Source at Brookhaven National Laboratory. A first se-mainly at a high angle, indicative of the presence of charge
ries of data between 300 and 50 K was collectectonling  ordering(see below.
using a flat-plate configuration and a wavelength of 1.1418
A. These data were used to determine the Iat_tice parameters IV. MAGNETIC STRUCTURE
and the temperature evolution of the superlattice peaks. Sub-
sequently, data were collected at 100, 200, and 260 K using Below the Nel temperature Ty=140K), a series of
a Debye-Scherrer configuratiof®.3-mm capillary and a  strong additional Bragg peaks, occurring mainly at low

FIG. 2. Lattice parameters as a function of temperature for

Il. EXPERIMENT
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TABLE |. Average lg33£Ca 66MNO; structural parameters at indices: (1) (hk,l), with k even and h+I=o0dd; (Il)
300 and 160 K, above and below the charge-ordering transition(h/g,k,uz) with k andl odd; (Ill) (0k,1/2), with k andl odd.

respectively. The parameters were refined using the progsng

A direct comparison with other samples having the same

based on neutron-powder-diffrgction data at‘ a single Wa‘/e|engt'&0mposition shows that the relative intensities of grélip
(1.594 34 A. The space group Bnma(No. 62 in both cases, and and group(lll) peaks is constant, whereas gro{ip com-
the structural model has 27 independent internal atomic parametefﬁising only two peaks above background, shows significant

(coordinates antl;;’s). The atomic sites are La/Caii, 3,z]; Mn
4a[3,0,0]; O, 4c[x,7,2]; O, 8d[x,y,z]. In order to simplify the
notation here and in Table V, the symbolg @pica) and Q, (pla-
nan are used instead of (@) and Q2), as in Ref. 5. The fractional

variations with respect to the other two. This strongly sug-
gests that groufl) peaks actually belong to a separate mag-
netic phase, possibly associated with a slightly different
chemical composition. In fact, these reflections correspond to

occupancies were fixed at the nominal stoichiometric values and n&v2a,Xv2a,X a, magnetic unit cell, whera, is the primi-
refined. Numbers in parentheses are statistical errors with respect ti/e cubic perovskite lattice parameter, consistent with the

the last significant digit.

so-called “type€” AFM structure, which is quite ubiqui-
tous at slightly higher doping levels. We have chosen to

Parameter T=300K T=160K index these reflections on the same unit cell as the crystal
a(A) 5.38121) 5.39621) structure, but, _due to the limited inten_sity and numb_er of t_he
b (A) 7.56871) 7.49881) C-type peaks in the sample, our cho_lce of orientation with
cd) 5.38641) 5.40811) respect to the cry;stal_lographm axes is rather arbitrary, and
V (A2 219.3849) 218.8479) needs further ve_rlflcatlon on a putetype sample. The latter
La Ca « 0.02163) 0.02233) two groups, which account for almost all of the observed
' ' ' magnetic superstructure lines, are consistent with a supercell
z A2 ~0.00375) ~0.00314) tripled in one of the in-plane directioria or ¢) and doubled
U ( 2) 0.01083) 0.00888) in the other (3axXbX2c or 2axbXx3c). This evidence
Uz (AZ) 0.0103 0.00615) strongly suggests a close link between magnetic ordering and
Uss (22) (2.010@ 0.016Q9) charge ordering, since it is perfectly consistent with the su-
Mn 313 EAZ; 00 00313) 8'882?? perlattice modulation vector ¢2/a)(3,0,0) that has been re-
U” A2 0.003F _0'00117) cently observed by Chen and Cheong by TEM.
U22 A2 0.003F 0'00&1) It is interesting to note that, to the best of our knowledge,
33 A2 Oa' _0'002 9 the only previous observation of a similar superstructure was
Uiz ( 2) o -00289) reported by Jiraket al. in the compound RrCa MnO;
Uss (AZ) Oa —0.00083) (Ref. 15. Jiraket al. observed two sets of lines, of which the
Uzs (A9 0 —0.00146) first is consistent with our grou@) lines (although the inter-
Oa X 0.49215) 0.493G4) pretation offered by these the authors is not@htype struc-
z 0.05953) 0.06313) ture but a more complex noncollinear arrangemertte sec-
Uy (A% 0.0171) 0.00598) ond set, h+5,k,1); Pnma setting, with 5=0.154, was
Up, (A? 0.00817) 0.00325) interpreted in terms of an incommensurate “spiral” phase
Uss (A?) 0.012798) 0.01598) with wave vector parallel to thEd 0 1] direction, and coin-
Uz (A?) —0.00319) 0.00298) cides with group(Il). However, the presence of gropl)
0, X 0.27883) 0.27582) reflections indicates that their model is not completely cor-
y 0.03141) 0.03251) rect in this case, since it yields vanishing intensities for this
z 0.72313) 0.72514) set of peaks. Nevertheless, some of the features of the model
Uy (A2 0.01047) 0.00686) of Jiraket al, such as the periodicity and the noncollinearity,
U,, (A2 0.00764) 0.00594) are confirmed by our final refinements.
Uss (A) 0.01218) 0.02218) The intensity of the magnetic reflections for grouply
U, (R) —0.00317) 0.000G6) and (lll) can be _roughly accognte_d for by a coIIin_ear spin
Uys (A —0.00424) 0.000G5) arrangement, which is shown in Fig. 1, ywth the spins lying
Uss (A2) ~0.00349) 0.00357) in the a-c plane, and directed predominantly along the
Rup (%) 5.38 5.00 axis. Algo shown in Fig. 1 are the proposed chgrge—ordered
R(F2) (%) 3.43 3.14 and orblta_llly _ordered arrangements for the ngn_er-crystal
V2 (%) 3.95 554 and the bi-stripe modelg-igs. Xa) and Xb), respectively.

In antiferromagnetic manganese perovskites, a correlation is

3For the 300-K data, the atomic displacement parameters for La an@Xpected between the sign of the super-exchange interaction

Mn were refined isotropically.

between adjacent Mn ions and the occupation of the orbitals
that make up the superexchange path through a single oxy-

angles, give a clear indication of the presence of antiferrogen ion. The interaction is expected to fleeromagnetidf a
magnetic (AFM) ordering (Fig. 3). In fact, broad diffuse filled d,2 orbital is involved, andantiferromagneticother-
humps near the AFM Bragg peak positions are alreadyvise. This correlation was first proposed by Goodendlgh,
present at 160 Kjust aboveTy=140K), due to magnetic and is verified completely in the case of Jl&a gMnOs.
critical scattering. All the magnetic peaks can be indexedHowever, in the present case, the comparison between
using commensurate propagation vectors, and can be classharge, orbital, and magnetic ordering clearly indicates that
fied as belonging to three groups, with the following Miller in neither case can the aforementioned correlation be satis-
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TABLE Il. Selected bond lengths and angles fop kgaCa, 66MnNO3 at 300 and 160 K, as calculated from
the average structure model from Table I. The multiplicities of the bonds associated with each Mn species are
listed in the second column.

Parameter Multiplicity T=300K T=160K
Mn-O, (A) X2 1.91963) 1.906%3)
Mn-O, (A) X2 1.9362) 1.9382)
X2 1.9232) 1.9332)
0O,-Mn-0O, (deg X1 180 180
Op-Mn-O,, (deg X2 180 180
Mn-O,-Mn (deg X2 160.61) 159.059)
Mn-O,-Mn (deg X4 (Mn*); X2 (Mn®") 161.136) 161.485)

fied without some degree of magnetic frustration. In othediffraction data, based on this magnetic model and an uncon-
words, some of the bond@dicated with a wavy line in the strained refinement of the crystallographic superstructure, is
figure) have a magnetic interaction of apposite sigrwith shown in Fig. 3. The canted antiferromagnetic structure is
respect to the sign predicted on the basis of the orbital occushown in Fig. 4. Although we cannot claim that this model is
pation. The number of frustrated bonds is the same for botlnique, it is interesting to examine the physical implications
models(four in each magnetic unit cgllbut their topology is  of the canting for the charge-ordered models. Within the
different, with the bi-stripe model having a higher degree offramework of the “Wigner-crystal model,” the interpreta-
frustration associated with the Mhions in the regions be- tion of the canted structure is quite straightforward. The
tween the bi-stripes. main effect of the canting is to remove part of the frustration
With the collinear model, the agreement between calcuen the Mi#™-O-Mn*" ferromagnetidfrustrated interaction,
lated and observed pattern is quite good. Nevertheless, th®y tilting the angle between the two spins 56° away from
presence of some systematic errors suggests that the true sgpiilinearity. This is accomplished at the expense of the ad-
arrangement is not collinear, and some noncollinear modelgcent Mri*-O-Mn** antiferromagnetic(norma) interac-
yield marked improvements in the fits. The refined values otion, where the angle is tilted away from 180° to 124°. On
the magnetic moments for the best noncollinear model, based
on thePmspace-group symmetry, are listed in Table Ill, and

- . . TABLE Ill. Refined magnetic moments for the antiferromag-
the Rietveld refinement profile of the 1.5-K neutron powder g g

netic structure of Lgy3LCa 66MNO; at 1.5 K. The fractional atomic
coordinates are based on thea¢8b X 2c) magnetic supercell. The

8000 la _Ca _MnO * ‘ ) coupling along théb andc axes is antiferromagnetic for all atoms.
0333~ " 0.667 3 ™ Following the usual conventions for the choice of origin of fra
6000 [T=15K 2 i space group, used for the magnetic structure, the coordinates of the
= g " Mn ions are shifted by%,%,o] with respect to those in Tables | and
g £ V.
Q4000 | g o
g i i
2 Specie$ Sites M g) o g)
] L R
g ™ e e Mn®* 0101033  +2218  +062)
O e et s et o (233243 —2.279) +0.62)
w [0,7,3][0,3,0] —2.278) -0.62)
20 40 60 80 100 120 140 160 (333333 +2.278) —0.6(2)
26 (Degrees)
Mn** [33.01[3.3.2 ~1.886) +1.646)
FIG. 3. Rietveld plot of Lgz3La ¢ MNO5; neutron-powder- [%%0][3 ‘31% +1.896) —1.646)
diffraction data at 1.5 K (¥1.5943 A), fitted using the magnetic
structure described in the tetdee also Table Ijland the Wigner- [6aalle a3 —1.886) —1.64(6)
crystal structural mode{see below. The experimental points are 5111533
indicated as crossés-). The continuous line is the calculated fit to (62353 +1.886) +1.646)
the pattern. A difference curve is plotted at the bottom. The tick (333520 +1.896) —1.646)
marks indicate Bragg reflections for the following phaégarting 911193
from the top: main crystallographic phasePima 3axbxc); (52211520l —1.886) +1.646)
main magnetic structur@ax b x 2c, fitted in thePmspace group 11377131
associated with grougll) and (1ll) peaks; “impurity’” magnetic [622lleaa +1.886) +1.646)
structure[group (I) peakd. The inset shows an enlargement of the 233331 —1.896) —1.646)

low-angle portion of the profile, with some of the more intense
magnetic peaks labeled as described in the text. Nuclear reflectioi$he species assignment and the final constraints on the magnetic
are marked with an N.” moments are based on the Wigner-crystal model.
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FIG. 4. Canted antiferromagnetic ~ structure of

FIG. 5. Integrated intensity of tr{e§,2,3] superlattice peak as a
unction of temperature, from synchrotron x-ray diffraction data

data. The values of the magnetic moments are reported in Table Il easured osooling The appearance of the peak near 160 K marks
The arrows indicate the direction of the magnetic moments, Whilﬁhe onset of the charge orderingo)

the other symbols are as in Fig. 1. Wavy lines are used for the
“canted” AFM interaction(see texk

Lag 33L& 66MNO3 as refined from neutron-powder-diffraction

atic analysis of the intensities of the superlattice reflections

. . . .and/or from a full refinement of the superstructures.
the other hand, no such simple interpretation appears to exist o particularly elegant way of distinguishing between

for the bi-stripe model. This observation may in itself be any,q y4 models is based on Fourier analysis. In the top pan-
indication that the underlying charge-ordered structure is bety g ¢ Fig. 6, the Fourier components associated with the

ter represented by the Wigner-crystal model. displacements of the MiiOg octahedra are shown. Even
from direct inspection of the two displacement patterns, it is
V. CRYSTALLOGRAPHIC SUPERSTRUCTURE clear that the Wigner-crystal model is essentially a sine-wave
. . . . modulation with the periodicity of the unit cell, whereas the
A series of superlattice reflections are present in all theoi-stripe model contains a significant componéapproxi-
x-ray and neutron data beloWgo=260K. The x-ray data 1ately 1) having one-half the periodicity. We believe that
are more suitable for indexing these additional peaks, due tqis feature is not due to the particular displacement pattern
the better resolution and to '_the fact that they are observab\gle assumed, but rather to the intrinsic topology of the two
also at low angles. The positions of these extra reflections are, Jyals. For small displacive modulations, it is well known
consistent with dripling of the a (not ¢) lattice parameter . the intensity of theth-order satellite reflection around a
[propagation vector: (/a)(3,0,0)]. As an example, the given main Bragg peak is proportional to thguareof the
temperature dependence of the integrated intensity of theorresponding Fourier componéfitConsequently, for the
[£.2,3] satellite reflections, as measured by x-ray powder dif\wigner-crystal model, we expect to observe only first-order
fraction, is shown in Fig. 5. As in the case of satellites, whereas, for the bi-stripe model, second-order sat-
Lag sCa sMnOs, the strongest superlattice peaks appear aellites with an intensity of roughlys that of the first-order
satellitesof intense primitive perovskite peaks, with in-phaseones should be present. Since some of the first-order satel-
La and Mn contribution and nonzero 1 Miller ind€g.g., lites are relatively strong in the x-ray diffraction patterns,
(52,1, [32,1, [3,0,2], [£,0,2], [5,2,3], [3.2,3], etc). These  some of these higher harmonic peaks should also be observ-
observations, and theaxis orientation of the principal axes able.
of the atomic displacement ellipsoids in the average structure In order to verify this concept, we set out to make a quan-
(determined from the neutron datare a sufficiently clear titative comparison between the Wigner-crystal and the bi-
indication that the extra reflections originate from a predomi-stripe models. The strategy adopted was to obtain the best
nantlytransversemodulation. Clearly, this is in contrast with possible refinement of each model from the neutron data.
the recent TEM results on the same compouhabjch were  Subsequently, we calculated the x-ray diffraction patterns
interpreted in terms of a lardengitudinal modulation. Nev-  based on these models, and compared them directly with the
ertheless, the presence of a transverse modulation does notdgrperimental data, in order to check for systematic absences
itself rule out a bi-stripelike arrangement of the MfMn**  and for the possible presence of higher-order reflections.
cations. Two plausible models for the displacement pattern$his is not so easily done with the present neutron data,
associated with the transverse modulation are shown in Figsince, as already mentioned, only partially overlapped, high-
6(a) and Gb), for a Wigner-crystal and bi-stripe arrangement angle superlattice peaks are observable. In practice, however,
of the Mn ions, respectively. The two models were con-an additional difficulty arises, due to the very different sym-
structed in such a way as to preserve reasonable bond lengthgetries of the two models. For the Wigner-crystal model, a
around each of the two Mn species, and also to comply witharge number of symmetry operators of the origifPama
the aforementioned selection rules for superlattice peakspace-group symmetry are preserved, yielding a superstruc-
Nevertheless, unlike the magnetic structures, the displaceure with the same nominal space gragmma and only 11
ment patterns of the two models are clearly different, and iatoms in the asymmetric unit cell. For this model, it is pos-
mustbe possible to distinguish between them from a systemsible to refine all the unconstrained atomic positions, based
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FIG. 6. Displacement patterns for the Wigner-crystal and bi-stripe mdbetsom and their Fourier transforrtop), evidencing the
presence of a significant second-harmonic component for the bi-stripe model. The Wigner-crystal model is essentially a pure sine modula-
tion. Arrows represent displacements from the average structure of theibtrs (small open circlesand of theA-site cationglarge shaded
circles.

on neutron diffraction data. Reasonable constraints areach refinement cycle with the single modulation parameter,
needed only for the isotropic thermal parameteee beloyw.  the average structure was once again refined until global con-
In contrast, the symmetry of the bi-stripe model is very lowvergence was achieved. The average structure determined
(Pm), and only the mirror plane perpendicular to thexis is  through this procedure was found to be essentially identical
preserved. As a consequence, the bi-stripe model comprisés the one listed in Table |, except for the planar oxygen
42 independent atoms, and an unconstrained refinement &oms, which are slightly displaced. The relevant parameters
not possible based on the present data. For the purpose of this comparison are listed in Table IV. It is clearly seen
comparing the two models, we therefore chose to allow onlythat the constrained Wigner-crystal model yields a very sig-
a single atomic shift along theaxis in both cases, as shown nificant improvement over the average structure model with
in Fig. 6. In both cases, the starting model was the previouslanisotropic thermal parameters, while having considerably
refined average crystal structure, and the additional displacdéewer refineable parameters. The bi-stripe model also yields
ments were refined based on neutron data at 160 K, using theprovedR factors, albeit not as good as the Wigner-crystal
programrULLPROF, which is better suited tha@sasto im-  model. However, the difference between the two models
pose complex, symmetry-unrelated sets of constraints. Aftetlearly emerges in the comparison of the measured and cal-

TABLE IV. Comparison between average structure, Wigner-crystal and bi-stripe models for
Lag 33L& 66MNO;3 at 160 K. In the present comparison, all the refinements were performed using the
programruLLPROF, which is better suited to handle the complex constraints of the bi-stripe model. In the
average structure models, isotropic and anisotropic atomic displacement para@Bieyswere used, re-
spectively. In the two constrained models, in addition to the isotropic ADP, only a single displacement
parameter along the axis was refined, as in Fig. 6. The other atomic coordinates were fixed at the values of
the average structure.

Average Average Unconstrained
structure structure Constrained Constrained Wigner-
(Isotropic  (Anisotropic Wigner- bi-stripe crystal model
ADP) ADP) crystal model model (Table Vi)
No. of fitted parameters 29 45 23 23 46
No. of atomic parameters 11 27 5 5 28
Ruyp (%0) 7.69 6.85 6.08 6.04 5.58
R(F?) (%) 7.42 5.72 4.89 5.00 4.29

X2 (%) 13.2 10.7 8.20 8.56 7.01
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TABLE V. Lag 33L& 66MNO; structural parameters at 160 and

g Ea 1.5 K, as refined using the Wigner-crystal model. The program
1201 N i GsAswas used to refined the parameters, based on neutron-powder-
g‘ gz v | diffraction data at a single wavelengti.5% 34 A). The space
D yoob e OF b group isPnma(No. 62, and the model has 28 independent internal
% c atomic parameter¢coordinates andJ;,,'s). The atomic sites are
§ 0 o La/Ca 4[x,%,z]; Mn* 8d[xy,z]; Mn® 4a[300]; O,
2 ' A i 1323 * 4c[x,%,z]; Op 8d[x,y,z]. The fractional occupancies were fixed at
& b - et the nominal stoichiometric values and not refined. Numbers in pa-
g 60 s | Mttt G L rentheses are statistical errors with respect to the last significant
- ! ; digit. The refinement of the 1.5 K data also includes the antiferro-
0 a il magnetic structur¢see Table ).
: ‘ ‘ ‘ ‘ ‘ Parameter T=160K T=15K
22 225 23 235 24 245 25 255
26 (Degrees) a(A) 16.18695) 16.18474)
200 b (&) 7.49872) 7.488%1)
cA) 5.408@2) 5.40751)
= : Vv (A% 656.424) 655.382)
g 150 P& 2 La/Cal X 0.00814) 0.010@4)
g z —0.0011) —0.0051)
3 Uiso (A2 0.00743) 0.005@3)
9; 100 2 La/Ca2 X 0.34034) 0.340%4)
= z 0.01068) 0.01539)
8 L Uiso (A2)2 0.00743) 0.005@3)
£ 50 i ] La/Ca3 X 0.67384) 0.67244)
z —0.021610) —0.0241)
Uiso (A?? 0.00743) 0.005@3)
o ‘ ‘ ‘ , ar
20 22 24 26 28 30 Mn ; géggi? 838(511)7 )
20 (Degrees ’ ’
(Deg ) z 0.0081) 0.0121)
FIG. 7. Selected portion of the x-ray powder diffraction pattern Uieo (A?)2 0.00343) 0.00264)
for Lag 338Ca 6sMNO; (A=0.6941 A), enlarged to show some of Mn3* Uy, (A2)2 0.00343) 0.00264)
the more intense superlattice reflectigimsdicated by arrows and X 0.16394) 0.16375)

dotted lineg. The three panels show the same experimental data at®

. . . .07 .0791
100 K, (shown as plusgsand different calculated profilesolid z 2a 0.07819) 0.0791)
. . . . Uiso (A% 0.00583) 0.005%3)
lines), as calculated from best fits to neutron-powder-dlffractlonO 2 0.50 0.50
data at 160 K, using different structural model§a) Average a X -50154) -50124)
structure Pnma axXbXxc). The superlattice peaks are clearly not z 2a 0.05979) 0.0621)
accounted for. (b) Bi-stripe model Pm, 3axXbXc): calculated Uiso (A%) 0.00583) 0.00513)
superlattice peaks are present, but show relatively poor intensit{?a3 X 0.826Q4) 0.82685)
agreement. More importantly, some unobserved second-order re- z 0.04929) 0.0471)
flections[e.g., the doublet (2 2q,0,2)+(1-2q,2,3), marked with Uiso (R?? 0.00583) 0.00513)
an asterisk have significant intensities but are not observéml. Opl X 0.09193) 0.09384)
Wigner-crystal model Pnmag 3axbxc): all the observed satel- y 0.031@7) 0.02937)
lite reflections are in good agreement with the calculated peaks, and z 0.74258) 0.74418)
no second-order peaks are present. The inset shows data obtained in Uieo (A2 0.00732) 0.006G3)
the region of the §,0,2)+(3,2,3) doublet with longer acquisition 0,2 X 0.07523) 0.07594)
times (the background was subtracted in this gase y —0.03497) —0.03577)
. . . . z 0.23298 0.23279
culated x-ray diffraction patterngFig. 7). In addition to U, (A2)2 000732; 0006363;
yielding a generally poorer agreement for the first-order sus o 0'23933) 0'24123)
perlattice reflections, the bi-stripe model generates a few” ' '
y —0.03126) —0.03267)
second-order peaks, as expected, but these are not observed. . 0.30275) 0.30336)
This was verified by obtaining data with longer acquisition 2a ' '
. . . . Uiso (A?) 0.00732) 0.006@3)
times in the regions where second-order reflections were exs %) 433 541
pected. In particular, the second-order doublet-¢2),0,2) i > ' '
R(F?) (%) 2.71 3.12

+(1-29,2,3)[i.e., (¢,0,2)+(%,2,3)], shown in the inset to (%) 414 322
Fig. 7, is well separated from adjacent reflections and has a
significant combined integrated intensity of 84 counts, while®The isotropic atomic displacement parametéts, were con-

the observed intensity is(®). Note that the two peaks are strained to be equal for atoms that are equivalent in the average
only accidentally degenerate, and there is not reason whytructure(La/Ca, Mn, Q, O,).
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TABLE VI. Selected bond lengths and angles forybaCa; ¢6MNO; at 160 and 1.5 K, as calculated
using the Wigner-crystal model from Table V. The multiplicities of the bonds associated with each Mn
species are listed in the second column.

Parameter Multiplicity T=160K T=15K
Mn3*-0,2 (A) X2 1.90248) 1.9021)
Mn®*-0,1 (A) X2 1.9975) 2.0245)
Mn®*-0,2 (A) X2 1.9075) 1.9166)
Mn*t-0,1 (A) x1 1.90@8) 1.9048)
Mn*t-0,3 (A) x1 1.9178) 1.9078)
Mn**-0,1 (A) x1 1.8839) 1.871)
Mn**-0,2 (A) X1 1.931) 1.891)
Mn**-0,3 (A) X1 1.90Q9) 1.901)
Mn**-0,3 (A) x1 2.0077) 2.01Q9)
0,1-Mn*"-0,3 (deg X1 176.46) 176.88)
Op-Mn**-0,3 (deg x1 177.15) 179.2918)
0p2-Mn**-0,3 (deg X1 176.25) 177.26)
0,2-Mn*"-0,2 (deg X1 180 180
Op1-Mn**-O,1 (deg X1 180 180
0,p2-Mn**-0,2 (deg X1 180 180
Mn**-0,1-Mn** (deg x1 157.@5) 158.15)
Mn**-0,3-Mn** (deg X1 159.75) 158.95)
Mn3*-0,2-Mn®*" (deg X2 160.43) 159.43)
Mn**-0,1-Mn** (deg X1 (Mn**); X2 (Mn®") 164.04) 163.54)
Mn**-0,2-Mn** (deg X1 (Mn*"); X2 (Mn®") 160.94) 160.84)
Mn**-0,3-Mn** (deg X2 158.23) 159.13)

they should be absent at the same time. Likewise, there is ne-2.0 A) Mn**-O distance. Given the poor resolution of the

trace of (5,2,3 nor (3,2,3. On the contrary, the Wigner- satellites in the neutron data, the quantitative significance of
crystal model generates all the observed satellites and n@is result needs to be checked with more accutptefer-
others, the intensity agreement being quite good. On the bawly single-crystaldata. However, it is noteworthy that the
sis of this comparison, we conclude that the charge-orderegingle long Mri*-O bond corresponds to the position of the
arrangement of Mt and MffH.iO“S in Lay 338Ca 66MNO;  frustrated Mn-O-Mn interaction, and it is not unreasonable
is very likely to be that of a Wigner crystal. that part of this frustration is relieved by a bond length in-
With this fundamental feature established to the best otrease. This correspondence is further evidence for the topo-

our abilities, given the quality of the present data, we prodogical correctness of the Wigner-crystal model.
ceeded to obtain the best possible refinement of the Wigner-

crystal model. UsingruLLPROF, and allowing all the atomic
coordinates to vary, consistently witnmasymmetry, the La éa M no
improvement over the constrained model is rather modesit 12000 | 0333770667 "3
(Table 1V), confirming that the displacements are predomi- T=160K
nantly along thec axis. A significantly betteR,,, can be
obtained usingsAs which, we believe, is mainly due to the
better modeling of the diffuse background. The structural
parameters at 160 and 1.5 K, as obtained from the latter fits
are listed in Table V. At 1.5 K, the previously described
antiferromagnetic structure was also incorporated in the 2000 |
model (see Table lll. Relevant bond lengths and angles are ]
listed in Table VI, the refined neutron powder diffraction bt 11 0 i
pattern at 160 K is shown in Fig. 8, and the superstructure is Al ‘ ‘ ‘ ‘ ‘
depicted in |:|g 9. 20 40 60 80 100 120 140 160
Based on the present model, it is interesting to consider in 26 (Degrees)
more detail the coordination of t_he two Mn _species, with FIG. 8. Rietveld plot of LgssCayeeMnO; neutron-powder-
particular reference to the pr(_ewously descnbed_ magnetigitraction data at 160 K X=1.5943A), fitted using the Wigner-
structural model. The M cations have a classic Jahn- crystal structural model. The notation is as in Fig. 3, but a single set
Teller—distorted coordination with the neighboring oxygenof tick marks is used, representing the position of the Bragg peaks
atoms, with two long(~2.0 A) and four short(~1.9 A)  for the main crystallographic phas@gma 3axbx c). Magnetic
distances. The coordination shell around“¥ris more un- diffuse scattering is present at low angles, indicating the incipient
usual, with five short bond$~1.9 A) and a single long antiferromagnetic-ordering transition.
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degenerate with the Wigner-crystal arrangement. Further-
more, the absence of a longitudinal component has been re-
cently confirmed by very precise synchrotron x-ray diffrac-
tion measurements made at the European Synchrotron
Radiation Facility in Grenobl&’ It is almost certain that dy-
namic and multiple-scattering effects have significantly en-
hanced the longitudinal modulation associated with the
stripelike TEM contrast. However, in our opinion, the longi-
tudinal nature of the TEM modulation is unlikely to be a
complete artifact of the imaging technique. A useful indica-
tion in this context is the fact that, with TEM, modulation
wave vectors oriented alorpth in-plane directionga and

c) are observed with roughly equal probability within the
same orthorhombic grair. This observation cannot be an
artifact, and is in contradiction with our data, which clearly

show a single modulation wave vector, (2/a)(3,0,0).
Therefore, a more likely possibility is that a bi-stripe-type of
charge-ordering pattern may occasionally occur in some
crystallites, perhaps due to high strains or grain-boundary
effects. However, these regions would not be representative
of the bulk, but only account for a minute volume fraction of
the entire sample. Nevertheless, we suggest that the struc-
tural models described in the present paper and in Ref. 5 for
Lag 33L& 66MNO; and Lg Ca gMnO; should be used as

FIG. 9. Wigner-crystal superstructure of 3£ 6MnOs.  pases for detailed TEM image simulations, in an attempt to
The projection shows tha-c plane. Mn and La atoms are labeled, yeproduce the observed stripelike contrast. In fact, if the
while oxygen atoms are shown in a darker shade of gray. Somgg\ images were representative of the bulk, the same struc-
relevant bond lengths in A are shown. tural model must be able to account for both the TEM and
the diffraction observations.

Note addedAfter the submission of the present paper, we

The present work, based on the analysis of the crystal andlecame aware of another neutron-diffraction study on the
magnetic structures, establishes with a good degree of comrystallographic and magnetic structure of;k@aysMnO;
fidence that the ordering of the Mhand Mrf" cations in by Fernadez-Daz etal’® In their excellent work,
Lag 33Ca 6eMNO; corresponds to the Wigner-crystal ar- Fernandez-Dazet al. analyze in detail the possible magnetic
rangement, shown in Fig. 9. Although the data do not allowsymmetry of Lg;Ca,MnO; using the Bertaut method.
us to preclude the transverse bi-stripe modulation entirelyThey conclude that the magnetic structure is essentially iden-
we do not believe that the evidence supports this model. Ifical to the one discussed herein. However, the direction of
confirmed, the Wigner-crystal model would remove thethe crystallographic modulation wave vector, and, as a con-
problem of the topological anomaly at=0.5, as explained sequence, the whole superstructure refinement, are incorrect,
in the Introduction, but would totally fail to explain the due to the insufficient resolution of the neutron data.
stripelike TEM contrast observed by Moei al® Alterna-
tive]y, fo.r L%_33§%_66Mn03,_it ig highly unlikely but not ACKNOWLEDGMENTS
entirely impossible that a bi-stripelike arrangement of the
Mn ions is associated with another type of transverse dis- Work at Brookhaven was supported under Contract No.
placement pattern, which we might have overlooked, and foDE-AC02-76CH00016, Division of Materials Sciences, U.S.
which all the second-order satellites that we measured arBepartment of Energy. The National Synchrotron Light
accidentally extinct. We note, however, that this explanatiorSource is supported by the U.S. Department of Energy, Di-
could not apply to LgsCa sMnOs, for in this case, as al- vision of Materials Sciences and Division of Chemical Sci-
ready mentioned, the only possible transverse modulation iences.
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