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Distinguishing between the bi-stripe and Wigner-crystal model: A crystallographic study
of charge-ordered La0.33Ca0.67MnO3
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and Department of Physics, Wuhan University, Wuhan 430 072, China

Yimei Zhu* and A. R. Moodenbaugh
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~Received 24 November 1999!

In order to resolve discrepancies in the charge-ordered structure between the Wigner-crystal and bi-stripe
models, La0.33Ca0.67MnO3 was studied using quantitative electron diffraction and high-resolution imaging.
Image simulations based on dynamic electron-diffraction theory suggest that the apparent difference in spacing
between the Mn31-Mn31 and Mn31-Mn41 stripes, which is the basis of the bi-stripe model, can vary signifi-
cantly with imaging conditions and may not directly represent the difference in actual spacing of atomic planes.
Electron-diffraction study of crystal regions far away from defects, using parallel and convergent beams, reveal
the existence ofa@0 0 1# glide planes andn@1 0 0# diagonal glide planes that are incompatible with the large
longitudinal displacement of the bi-stripe model. Although our study supports the Wigner-crystal model,
detailed analysis suggests that, in our samples, the incommensurate charge modulation in the material has an
average wave vectorq5(0.284, 0,j) with uju50.010. The symmetry breaking associated with the small
componentj along thec axis has not been previously observed by high-resolution x-ray or neutron powder
diffraction.
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I. INTRODUCTION

Charge ordering in La12xCaxMnO3 has recently attracted
much attention,1–8 largely because these oxides have excit
potential practical applications due to their colossal mag
toresistance effects. Furthermore, interesting issues in p
ics stem from the interplay between charge ordering, orb
ordering, magnetic ordering, and transport properties.
charge-ordered state of the manganites depends delicate
the valence and local environment of the Mn cations. Si
Mn31 and Mn41 differ significantly in size, altering their
occupation sites changes the Mn-O-Mn bonding length
angle and thus the tilt of the MnO6 octahedra.

The average crystal structure of the perovsk
La12xCaxMnO3 at room temperature~RT! has an orthorhom-
bic symmetry with a space group ofPnma. When the tem-
perature is lowered through a transition temperatureTCO,
charge and orbital ordering occur. The crystallographic
perstructure associated with the charge and orbital orde
in La0.5Ca0.5MnO3 was observed by Chen and Cheong us
transmission electron microscopy~TEM!.1 Subsequently, a
quantitative analysis was made by Radaelliet al. using syn-
chrotron x-ray and neutron powder diffraction.3 In later stud-
ies of superlattice reflections in the La12xCaxMnO3 family
with x50.67, 0.75, Chen, Cheong, and Hwang4 found a lin-
ear dependencem512x ~m being the magnitude of the
modulation wave vector along thea axis!. The detailed crys-
tal and magnetic structure of the material withx50.67 was
subsequently resolved by Fernandez-Diazet al.7 and
Radaelli et al.8 All these studies demonstrated charge,
bital, and magnetic ordering in the low-temperatu
La12xCaxMnO3 homologous series.
PRB 610163-1829/2000/61~18!/11946~10!/$15.00
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Knowledge of the structure of the charge-ordered phas
crucial to understanding the physical properties of th
technologically important manganese perovskites. Howe
the discrepancy in the crystallographic superstructure
charge-ordered La0.33Ca0.67MnO3 derived from recent studie
is striking. While Chen, Cheong, and Hwang,4 Fernandez-
Diaz et al.,7 and Radaelliet al.8 proposed a Wigner-crystal
like arrangement of the Mn31 and Mn41 cations with the
Mn31 stripes in theaCO-cCO plane arranged as far apart a
possible@Fig. 1~a!# to minimize the Coulomb repulsion en
ergy, Mori et al.5,6 suggested a bi-stripe model, in whic
opposite orbital-ordered Mn31 cations form a narrow pair o
distorted Mn31O6 stripes ~bi-stripes!, separated by widely
spaced nonpaired stripes of undistorted Mn41O6 octahedra
@Fig. 1~b!# for each modulation period, irrespective of pe
odicity. Furthermore, Radaelli and co-workers2,3,8 proposed
that charge-ordering modulation is along only theaO direc-

tion with a modulation wave vectorq5( 1
3 0 0)O ~subcell set-

ting, denoted by subscriptO!, Chen and co-workers1,4 and
Fernandez-Diazet al.7 suggested the modulation can b
along both theaO and cO direction in a twinning-related
arrangement. The displacement of the MnO6 octahedra in the
models proposed by Fernandez-Diazet al.7 and Radaelli and
co-workers3,8 is predominantly transverse, while that in th
model proposed by Moriet al.5,6 is longitudinal.

Resolving these discrepancies is of the utmost imp
tance. It is essential to be able to determine the validity of
model: Wigner-crystal or bi-stripe. Further, the apparen
contradictory evidence from TEM and x-ray diffractio
needs to be explained. This is important not only for man
nites, but also for a wide range of transition-metal oxid
such as the nickelates and the cuprate superconductors.
11 946 ©2000 The American Physical Society
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tifying the building blocks for the charge-ordered structure
essential in understanding the fundamental physics of th
materials. Recently, we took advantage of the small pr
size in TEM using electron diffraction and imaging to r
trieve structural information from areas far away from d
fects in polycrystalline La0.33Ca0.67MnO3. Since
La0.33Ca0.67MnO3 is heavily twinned with six orientationa
twinning variants, and has various structural defects suc
grain-, twin-, and charge-ordered domain boundar
volume-averaged structural information from x rays can
ambiguous in addressing the structure of perfect, or id
single crystals. Here, we report our studies on evaluating
Wigner-crystal and the bi-stripe models in La0.33Ca0.67MnO3
by comparing our experimental observations with calcu
tions based on the two models. We combined quantita
electron diffraction with high-resolution electron microsco
~HREM! to examine the crystal symmetry of the charg
ordered phase and the stripe spacing of Mn31O6 and Mn41O6
octahedra associated with the longitudinal and transverse
placements. Kinematical and dynamic simulations of b
diffraction and images based on the two models were a
performed to be compared to the experimental observati
We conclude that the Wigner-crystal model best explains
TEM results.

II. EXPERIMENT

Polycrystalline La0.33Ca0.67MnO3 samples were synthe
sized by a solid-state reaction. The starting materials
La2O3, CaCO3, and Mn3O4 were mixed in stoichiometric
proportions and heated in air at 1375 °C for 11 h, after th

FIG. 1. Schematic projections along theb axis depicting super-
structures of the charge-ordered La0.33Ca0.67MnO3. Mn31 and Mn41

ions are shown as circles with and without orbitals, respectiv
The distorted squares represent the MnO6 octahedra, and La and C
cations are omitted.~a! The Wigner-crystal model with symmetr
elementsn@1 0 0#, m@0 1 0#, and a@0 0 1#. ~b! The bi-stripe
model which does not have glide symmetries ofn@1 0 0# and
a@0 0 1#.
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ough calcination and intermediate grindings. High-resolut
synchrotron powder x-ray-diffraction data were obtained
BNL National Synchrotron Light Source beamline X7A. Th
powdered sample was pressed onto a greased flat co
block which was then mounted in a continuously operat
closed cycle helium cryostat. The diffraction setup utilized
double Si~111! monochromator with a Ge analyzing crysta
The x-ray wavelength wasl50.07 988 nm. A segment o
the diffraction scan of the sample at a temperatureT585 K
~Fig. 2! shows charge-ordering peaks very similar to tho
observed by Radaelliet al.8

TEM specimens were prepared by a standard procedur
mechanical polishing, dimpling, and ion milling. TEM ex
periments were conducted with a JEOL 3000F field-emiss
electron microscope operated at 300 kV. Thein situ cooling
experiments were carried out using a liquid-He2 /N2 low-
temperature stage. Utilizing liquid nitrogen, the lowest nom
nal temperature of the sample area is 85 K. Electr
diffraction patterns and HREM images were recorded
film negatives as well as on image plates and a cha
coupled device~CCD! camera. The latter two have a linea
intensity response, and a much larger dynamic range t
film negatives. For quantitative analysis, some diffracti
patterns and images were energy filtered using the G
Imaging Filter. Calculations and simulations of HREM im
ages and diffraction were carried out with modified M
Tempas software and our own computer codes.

III. RESULTS

A. Crystal symmetry of the charge-ordered phase

We started with conventional selected area diffract
~SAD! using a parallel electron beam to examination of cr
tal symmetry. At room temperature, La0.33Ca0.67MnO3 is
orthorhombic and has a lattice parameteraO>cO>&aP ,
bO>2aP , where aO50.53 812 nm,bO50.75 687 nm, and
cO50.53 864 nm, are the edge length for the orthorhom
cell and aP for the primitive perovskite cubic cell. When
temperatureT,TCO, a charge-ordered phase forms due
the selective occupation of Mn13 and Mn14 on specific sites.
The charge-ordered structure has an expanded unit cell
aCO53aO , bCO5bO , andcCO5cO .

The structures of the two models are sketched in Fig
The major difference between the structures is the cha
and orbital ordering of the Mn31 and Mn41 octahedron and
the associated superlattice symmetry. In Fig. 1~a!, we depict

.

FIG. 2. High-resolution x-ray-diffraction scan at 85 K o
La0.33Ca0.67MnO3 illustrating charge-ordering peaks, identified wi
arrows, similar to those observed by Radaelliet al.8 Peak marked
with asterisk is due to the copper sample holder.
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the major symmetry elements ofn@1 0 0#, m@0 1 0#, and
a@0 0 1# for the space groupPmna, taken from theInterna-
tional Tables for Crystallography.9 For the Wigner-crystal
model, the glidea@0 0 1# operation, for example, transform
the Mn31 octahedron marked as ‘‘1’’ into the Mn31 octahe-
dron ‘‘2,’’ while the diagonal glide planen@1 0 0# trans-
forms the Mn31 octahedron ‘‘1’’ into the equivalent Mn31

octahedron ‘‘2’’ but shifted1
2 unit cell up or below along the

b axis, or along the projection. For the bi-stripe model, th
are no such symmetrical operations. For example, the g
a@0 0 1# would transform the Mn31 octahedra 1 and 2 into
the Mn41 octahedra 4 and 3, respectively, while the diago
glide n@1 0 0# operation would transform the Mn31 octahe-
dra 1 and 2 into the equivalent Mn41 octahedra 3 and 4
respectively. Therefore the bi-stripe model does not h
n@1 0 0# and a@0 0 1# operations although the mirror sym
metry m@0 1 0# perpendicular to theb axis is retained. It is
evident that the superstructure of the bi-stripe model does
belong to thePnmaspace group, but has a much lower cry
tal symmetry with a space group ofPm.

Selected area diffraction~SAD!, using a parallel electron
beam combined within situ cooling, was used to examin
the change of crystal symmetry and the existence of the
agonal gliden@1 0 0# and glidea@0 0 1# symmetry opera-
tions in La0.33Ca0.67MnO3, taken from areas of a fewmm2.
Figure 3 shows diffraction patterns of the@0 0 1#O and
@0 0 1#CO zone of La0.33Ca0.67MnO3 recorded at room tem
perature~RT! and at low temperature~LT, 85 K!. Note that
the subscriptsO and CO refer to the index of subcell settin
~RT phase! and supercell setting~charge-ordered phase!, re-
spectively. Figure 3~a!, taken at RT, features an edge-leng
ratio of 2A2 along thea andb axis. When the temperatur
falls below TCO, sharp weak superlattice reflections with

modulation wave vectorq5( 1
3 0 0) appear@Fig. 3~b!#, in-

dicative of the tripling of thea lattice and the charge-ordere

FIG. 3. Selected area diffraction patterns of~001!* zone~a! and
~b! and ~100!* zone ~c! and ~d! at RT and 85 K in
La0.33Ca0.67MnO3. ~a!, RT, and~b! 85 K, the extinction conditions
suggest both have an a@0 0 1# glide plane.~c! RT, and~d! 85 K, the
extinction conditions suggest both have an@1 0 0# diagonal glide
plane. The bracket above the transmitted spot in the figure indic
the zone axis.~a! and~c! are in subcell settings denoted by subscr
O, and~b! and~d! are in supercell settings denoted by subscript C
Note, the modulation only occurs along thea axis.
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state. In contrast, the SAD pattern of the@100# zone, which is
a face-centered rectangle, does not change with tempera
as shown in Figs. 3~c! and~d! for RT and 85 K, respectively
No super-reflections were observed belowTCO, even at 85
K, suggesting no charge modulation along thec axis. We
studied nearly two dozen@011#p orientated grains. Although
each of them often contains more than 20 orientational
mains, including twinning domains, the probability of o
serving the charge ordering in a@011#p orientation of the
parent phase is only16. In all cases, we found that the supe
reflections only appear along thea* axis. Thus we conclude
that the charge-ordering modulation propagates only al
the aO , not thecO , direction.

Despite the enlarged unit cell of the charge-ordered str
ture, the extinction conditions for the@001# zone pattern at
RT and LT are the same, withh52n allowed for ~h k 0!
reflections. That is, the reflections, such as (100)O , (110)O ,
(120)O are extinct, as clearly seen in Figs. 3~a! and ~b!. For
(0 k 0) reflections,k52n are allowed. The weak spots o
(0 k 0) with k561,3 in Figs. 3~a! and ~b! are due to the
multiple scattering of the electron beam along the low-ind
zone. When we probed a thin area, and/or tilted the sam
away from the low-index zone to minimize multiple scatte
ing, the (0k 0) (k52n11) reflections disappeared. The fo
bidden rule for (0k 0) reflections can be further confirme
from Figs. 3~c! and ~d! where the intensity of these reflec
tions is zero. Thus, the observed extinction conditions
consistent with the presence of ana@0 0 1# glide plane for
the orthorhombic phase both at RT and in the charge-orde
state. Similarly, for the@100# zone pattern at RT and LT, fo
reflections (0k 1), k1152n are allowed; these result from
the existence of a diagonal glide planen@1 0 0#. The SAD
experiments, including observations along other major z
axes, revealed that both RT and charge-orde
La0.33Ca0.67MnO3 have symmetry operationsa@0 0 1#,
m@0 1 0#, andn@1 0 0#, and three 21 screw axes parallel to
the a, b, andc axis, respectively. The symmetry agrees w
the space group ofPnmaand is consistent with the Wigner
crystal model.

The overall periodicity of the modulation of the sampl
was measured from SAD patterns. We most frequently
servedaCO53aO , suggesting a commensurate modulati
with a tripled unit cell. In the region where the modulation
not commensurate, we found its periodicity can vary fro
area to area on a nanometer scale. Figure 4 is a HR
image, viewing along the@010# axis of the charge-ordere
La0.33Ca0.67MnO3. The dark fringes marked by arrow head
indicate the period of the superlattice with mixed periodic
of 3aO and 4aO . Figure 5 shows the corresponding SA
pattern from the same region, but a larger area. The su
reflection spots along thea* axis suggests an incommens
rate modulation with a superlattice ofaCO53.5aO , due to
the mixed spacings of 3a0 and 4a0 . Measurements of more
than a dozen@010# diffraction patterns revealed that the a
eraged periodicity of the incommensurate charge-orde
La0.33Ca0.67MnO3 is of aCO53.54aO .

It is interesting to note that, in the samples we studi
careful analysis of the@010# zone diffraction patterns, espe
cially those recorded on image plates, repeatedly showed
the incommensurate modulation has a small compon
along thec axis with a wave vectorq5(m, 0, 01j). A ver-
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tical shift of the neighboring super-reflections along thecO*
direction is evident. For example, Fig. 5 shows the sup
reflection pairs of (11m, 0, 01j) and (222 m, 0,22j),
and (212m, 0, 2j) and~3-m, 0, 2j!, as marked by the two
pairs of arrows. Measurements revealm50.287 andj5
20.015, implying that the modulation wave vector is rotat
2.0° away from theaO* direction. This suggests a loss o
mirror symmetry perpendicular to thec axis. The incommen-
surate modulation we observe has an average wave ve
q50.284a* 60.010c* in the subcell setting.

B. Longitudinal and transverse displacement associated with
the charge modulation

Another important approach to verify the bi-stripe mod
is to test the longitudinal displacement along the direction
the modulation wave vector, i.e., thea axis, for the charge-
ordered La0.33Ca0.67MnO3. For comparison with our experi
ments, we first conducted intensity calculations of (h 0 0)

FIG. 4. HREM image of La0.33Ca0.67MnO3 at 85 K viewed along
the @0 1 0# axis, showing the superlattice~black fringes pointed by
arrowheads! with mixed 3aO and 4aO spacings.

FIG. 5. @0 1 0# zone diffraction pattern at 85 K from an are
including that shown in Fig. 4, revealing an incommensurate mo
lation with a wave vectorq5(0.284, 0,20.010). Note the modu-
lation component along thecO direction. The average periodicity o
the modulation isaCO53.54aO .
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reflections, based on kinematical electron-diffraction theo
We emphasized high-order reflections because they can
ally be treated kinematically.10 More importantly, they are
sensitive to atomic position. A small displacementdaCO can
alter the intensity distribution significantly for high-order r
flectionsh due to the large valuehd and the increasing role
of the additional phase term 2phd in the structure factors o
the higher-order reflections. We considered one set of lat
planes, (h 0 0), with a displacementd parallel to the lattice
plane normal. The unit cell consists of six atomic planes
Mn31, Mn41, and La/Ca ions, as shown in Fig. 1~b!. We set
the origin at the center of the unit cell, and then added
longitudinal displacement2d/2 and1d/2 for the Mn41 lat-
tice planes, marked as ‘‘3’’ and ‘‘4’’ in Fig. 1~b!, respec-
tively, and2d and1d for the Mn31 lattice planes, marked
as ‘‘1’’ and ‘‘2,’’ respectively. Using the designation for th
atomic scattering amplitudef Mn31

for Mn31, La/Ca lattice
planes andf Mn41

for Mn41, La/Ca lattice planes, the struc
ture factor of the (h 0 0) reflectionFh00 can then be ex-
pressed as

Fh005 f Mn41
12 f Mn41

cosF2phS 1

6
1

d

2D G
12 f Mn31

cosF2phS 2

6
1d D G1 f Mn41

cosph.

For fundamental reflectionshCO56n with n being an inte-
ger, the structure factorFh00 is reduced to

Fh0052 f Mn41
12 f Mn41

cos~pdh!12 f Mn31
cos~2pdh!;

similarly, for fundamental reflectionsh56n13,

Fh00522 f Mn41
cos~pdh!12 f Mn31

cos~2pdh!.

For super-reflectionsh56n61, the structure factor is

Fh0052 f Mn41
cosS ~372!p

3
1pdhD

12 f Mn31
cosS ~371!p

3
12pdhD ;

for super-reflectionsh56n62,

Fh0052 f Mn41
12 f Mn41

cosS ~371!p

3
1pdhD

12 f Mn31
cosS ~361!p

3
12pdhD .

Using these equations, envelopes of the absolute valu
(h 0 0) structure factors for both fundamental (h56n, 6n
13) and super-reflections (h56n61,2) were plotted
againsthd in Fig. 6, whereh is the index of the reflections
andd the displacement in the unit ofaCO. We neglected the
minor difference in form factors between Mn31 and Mn41.
In order to avoid the overall falloff of the scattering pow
with scattering angle, for display purpose, we normalized
structure factorFh00 with a constantf. Figure 6 demonstrate
remarkable change in position as well as in intensity of
reflections, compared to the calculations without the d
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11 950 PRB 61WANG, GUI, ZHU, AND MOODENBAUGH
placement. In the case ofn54;5, i.e., for reflection
~2400!–~3000!, it shows that whend50.024 as the case fo
the bi-stripe model, only the super-reflection~2800! is very
strong, whereas all other reflections including fundamen
reflection ~2400! and ~2700! are very weak, some almos
vanishing due to the phase shift induced by the large lon
tudinal displacement. The calculations suggest a longitud
displacement with any noticeable amplitude will signi
cantly alter the intensity distribution among the reflectio
resulting in intensities of some super-reflections being hig
than those of some fundamental reflections.

To experimentally determine the intensity distribution
the charge-ordered phase, we conducted quantitative la
angle convergent electron-beam diffraction~CBED! experi-
ments at 85 K. The advantage of CBED is that a small be
can be applied to probe a region of perfect crystal, to wh
perfect-crystal diffraction theory can be applied. This is p
ticularly important for La0.33Ca0.67MnO3 since the materia
has a high density of defects. We focused on high-order
flections in regions where the thickness of the crystal is l
than half the extinction lengths of all reflections at the Bra
position. Thus forI 1.I 2 we haveuF1u.uF2u and a qualita-
tive comparison of intensity should be feasible. To rigo
ously compare our experimental observations with kinem
cal calculations, the Gatan imaging filter attached to
microscope was used. A 10-eV energy-filtering slit w
placed around the zero-loss peak of the incident beam
remove the contribution from inelastically scattered el
trons, which form a background due to plasmon and ot
loss processes. Figure 7 is an energy-filtered CBED patt
where we observe lines of Bragg reflections@instead of
spotty pattern in SAD, Fig. 7~b!#. Off-zone-axis systematic
conditions were used to minimize multiple scattering, and
collect diffraction intensities for reflections o
(600)O– (1200)O ~subcell setting!, or (1800)CO– (3600)CO
~supercell setting!. Figure 7~c! shows the line scan of th
intensity profile across the (h 0 0) systematic row. The in
tensity of the fundamental reflections followsI 600.I 800
.I 1000.I 1200, partly attributable to the nonlinear decrea
of atomic scattering power with the increase in scatter

FIG. 6. Calculated intensityuF/ f u of the (h 0 0) reflections (h
56n, 6n61, 6n62, 6n13, wheren is an integer! as a function of
a hypothetical longitudinal displacementd, as suggested by the b
stripe model.
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angle. The super-reflections between the fundamental re
tions were almost too weak to observe in the CBED patte
Their weak intensities were reduced by the angular sprea
the intensity at the Bragg position perpendicular to the c
responding reciprocal-lattice vector. However, the sh
super-reflection spots acquired from the same area along
systematic rows of (h14) and (h1̄4̄) in the SAD pattern
@Fig. 7~b!# confirmed that the area under investigation w
indeed in a charge-ordered state. The intensities of the
damental reflections (600)O– (1200)O were measured afte
background subtraction and are listed in Table I. They
ambiguously indicated that in the reflection range we m
sured, all super-reflections were far weaker than the fun
mental reflections. The observation contradicts
calculations~Fig. 6! based on the bi-stripe model that th
intensity of a (h 0 0) super-reflection should be higher tha
its fundamental reflection.

To further compare our experimental observations w
the bi-stripe model and Wigner-crystal model for longitud
nal and transversal displacement of the MnO6 octahedra, we
calculated two-dimensional SAD patterns of the~010! zone,
and the structure factors of all reflections. The form fact
for Ca, La, and O ions as well as for Mn31 and Mn41 ions
were obtained from Ref. 11, atomic coordinates and De
Waller factors from Ref. 8. We used the atomic coordina
given by Radaelliet al.8 for the transverse displacement. F
the atomic coordinates of the longitudinal bi-stripe mod
@Fig. 1~b!#, we started from those given by Radaelliet al.,8

and then added a longitudinal wave with a displacementDx
onto thex coordinates of all ions. The values of thex andDx
associated with Mn and O shown in Fig. 1~b! are listed in
Table II.

Figure 8 shows the experimental SAD pattern of the~010!
zone@Fig. 8~a!#, along with the calculated pattern based
the Wigner-crystal model@Fig. 8~b!# and the bi-stripe mode

FIG. 7. ~a! Off-zone-axis large-angle CBED pattern using zer
energy-loss electrons at 85 K showing lines of Bragg reflect
(6 0 0)O– (12 0 0)O ~subcell setting!; ~b! SAD pattern from the
same area as~a! showing strong super reflections in the systema
rows of (h14) and (h1̄4̄) associated with the charge ordering;~c!
intensity profile corresponding to the reflections above, in~a!.
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PRB 61 11 951DISTINGUISHING BETWEEN THE BI-STRIPE AND . . .
in Fig. 8~c!. We note the intensity of the reflections in
low-index zone @Fig. 8~a!# is unsuitable for quantitative
analysis due to the strong multiple-scattering effects alon
low-index zone axis. The advantage of such a pattern is
presence, due to the short wavelength of the electron be
of a large number of reflections whose position can be ea
identified and whose intensity can be roughly estimated.
diffraction patterns in Fig. 8~subcell setting! consist of three
types of reflections:~i! Strong fundamental spots with ver
high intensities forming a square network with indic
(h 0 l )O satisfying the diffraction conditionsh52n and l
52n with n being the integer. They are major primitive pe
ovskite reflections with an in-phase contribution of~La, Ca!
and Mn; ~ii ! weak fundamental spots of medium intens
with indices (h 0 l )O satisfying the conditionh52n11, or
l 52n11, and~iii ! superlattice diffraction spots of weak in
tensity withh indices satisfying the conditionh5n6 1

3 . The
strong superlattice spots usually appear as satellites of
strong fundamental spots, but are always less intense
their fundamentals. Figure 8~b! shows, based on the Wigne
crystal model, a reasonably good match with the experim
tal observation@Fig. 8~a!#, with the exception that some o
the fundamental and super-reflections in the experime
@Fig. 8~a!# were enhanced by the multiple scattering. In co
trast, the calculated pattern shown in Fig. 8~c!, based on the
longitudinal bi-stripe model, is incompatible with the expe
ment. The calculated intensities of many fundamental refl

TABLE I. Comparison of the experimental intensities of th
(h 0 0) reflections with corresponding calculated structure fac
based on the Wigner-crystal and bi-stripe models.

(h 0 01)O (h 0 0)CO I exp uFwu ~Wigner crystal! uFbu ~bi-stripe!

6 0 0 18 0 0 85 39 1.9
19 0 0 6.0
20 0 0 1.2 7.2
21 0 0 8.8
22 0 0 0.7 27
23 0 0 11.8

8 0 0 24 0 0 50 29 ,0.5
25 0 0 1.0
26 0 0 0.7 ,0.5
27 0 0 1.4
28 0 0 1.5 19
29 0 0 2.0

10 0 0 30 0 0 23 15 0.5
31 0 0 ,0.5
32 0 0 0.7 0.6
33 0 0 2.5
34 0 0 ,0.3 7.2
35 0 0 2.5

12 0 0 36 0 0 5.6 5.3 2.6
a
e

m,
ly
e

he
an

n-

ts
-

c-

tions such as those with indicesh54,6,8,10~marked by ar-
rowheads! are much too weak compared to their satellite
while some of the satellites are much too strong. Table I l
the calculated structure factors for (600)O– (1200)O ~subcell
setting!, or (1800)CO– (3600)CO ~supercell setting! reflec-
tions. The calculated intensity of the fundamental reflect
from the Wigner-crystal model~the reflection intensityI is
proportional to the square of the corresponding structure
tor F! agrees well with the experimental measurements,
example: I 1800:I 2400:I 3000:I 360051.7:1.0:0.46:0.11, while
uF1800

w u2:uF2400
w u2:uF3000

w u2:uF3600
w u251.8:1.0:0.29:0.33. On

the other hand, for the bi-stripe model, we haveI 1800/I 2400

ÞuF1800
b u2/uF2400

b u2 and I 2400@I 2200, but uF2400
b u2!uF2200

b u2.
We thus conclude that the experimental results from b
CBED and SAD patterns are consistent with the Wign
crystal model with transverse displacement, and do not ag
with the bi-stripe model with the longitudinal displacemen
We will further discuss the transverse displacement in S
IV.

C. Stripe spacing of the Mn3¿O6-Mn3¿O6

and Mn3¿O6-Mn4¿O6 octahedra

The key TEM evidence upon which the longitudinal b
stripe model was based is the difference of spacings betw
the stripe pairs of MnO6 octahedra along thea axis measured
in TEM lattice images. Moriet al.5,6 reported that the narrow
spaced fringes, which they believe correspond to stripe
tance of Mn31-Mn31, marked asd1 in Fig. 9, is;0.45 nm,
or 16%, narrower than the average lattice spacing ofaCO/3,
and is 36% smaller than the spacing of the neighbor
fringes that correspond to the in-phase Mn31-Mn41 stripes,
d2;0.65 nm in Fig. 9. Their intensity profiles measure
from the one-dimensional lattice images seemed quite c
vincing, although unknown crystal tilt from their images ca
make interpretation very difficult. If the observed variation
spacing by Moriet al. reflects the real charge-ordered stru
ture of the material, how could such a large longitudin
displacement not be detected in high-resolution x-r
diffraction experiments, since the polycrystalline samp
studied by the two groups were from the same source. P
vious arguments about the cause of the discrepancy foc
on ~i! the distinct nature of electrons and x rays in th
interactions with charge-ordered crystals;12 and~ii ! strains in
the crystals originating from structural defects,8,12 such as
grain boundaries, since TEM probes only local areas with
single grain while x ray probes a large volume includi
numerous grains and their interfaces. Nevertheless,
electron-diffraction experiments are consistent with t
x-ray-diffraction observations, thus ruling out both sugges
causes.

Our initial examination of the charge-ordere
La0.33Ca0.67MnO3 in HREM mode, also revealed a distinc
variation of the superlattice spacing, as reported by M

s

.91
2

TABLE II.

Mn41 O Mn31 O Mn41 O Mn41 O Mn41 O Mn31 O

X 0 0.09 0.17 0.25 0.33 0.41 0.5 0.59 0.67 0.75 0.83 0
DX 0 2.012 2.024 2.018 2.012 2.006 0 .006 .012 .018 .024 .01
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FIG. 8. Comparison between the experimental~a! and calculated@~b! and ~c!# ~010! diffraction patterns for charge-ordere
La0.33Ca0.67MnO3 ~subcell setting!, based on~b! the Wigner-crystal model and~c! bi-stripe model. In~c!, note the weak calculated intensitie
of many of the fundamental reflections forh>4. These reduced intensities are a consequence of the predicted large longitudinal di
ments of the bi-stripe model. See the text for details.
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et al. One example is shown on the top image in Fig. 9~a!.
The difference in spacings between the black atom row
white atom row is apparent in the image and was confirm
by the line profile of the intensity shown in the row below
Fig. 9~a!. The difference in spacing between the neighbor
atomic rows measured by the intensity valleys sometim
reaches 35%, and the spacing ratio of the dark pairs
white pairs of the lattice fringes can reach 15%. Such la
longitudinal displacements were not observed in electr
diffraction analysis from the same area. The discrepancy
tween electron diffraction and HREM motivated us to co
duct extensive HREM study, mainly along the@010# zone
axis with known crystal tilt and imaging conditions, of th
charge-ordered La0.33Ca0.67MnO3 phase at 85 K.

We examined several dozen areas in exact or near@010#
zone orientation and acquired hundreds of HREM ima
using film negatives, image plates and CCD camera with
without energy filtering. In several cases, we systematic
examined the same area but made small changes in ima
conditions, e.g., beam tilting and objective lens defocusi
The details will be reported in a separate paper. In brief,
found that the superlattice images corresponding to
charge ordering usually have strong contrast in thick regi
and are highly visible when the (h 0 0) planes are edge on
The spacing of the superlattice, whose contrast often c
petes with that of the sublattice, can vary from area to a
even within the same orientation variant, or twinning d
main. Such variation in the images can be due to a lo
change of the ordered structure, but can also be due to a
change of crystal thickness and/or orientation. The supe
tice spacing in images also change with imaging conditi
due to microscopy aberrations, such as two-and three
astigmatism, coma, beam alignment, and anisotropic in
mation limit. There were many types of lattice images. W
note that very different superlattice images can be obse
even in neighboring areas. Very often, the details betw
superlattice fringes, say the Mn31 and Mn41 atom columns,
are not well defined in the images, such as those show
the top row of Fig. 9~b!–~d!. This is in part due to the sma
mechanical vibration associated with the cold stage at 85
although their atomic spacings can be measured through
age simulations. In some areas, moving through a distanc
d
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a few nm, we observe black lattice pairs gradually becom
white lattice pairs, or vice versa, indicative of an antipha
boundary. In our study, the lattice spacing of the images w
measured by the directional averaged intensity profile,
shown in the middle row of Fig. 9. Among these four typ
of images shown on the top row of Fig. 9, only~a! shows
significant difference in spacing between the black and wh
atomic column rows. Such images are similar to those
served by Moriet al., except Mori’s are one dimensional an
do not resolve atom columns. When we selectively ch
images similar to Fig. 9~a! and plotted the spacing distribu
tion as a histogram, we saw two discrete peaks in the sp
ing, positioned atd150.49 nm andd250.59 nm, as shown
in Fig. 10~a! for 86 observations. However, plotting all th
spacings~191 observations! measured from all types of im
ages, including the other three types on the top row in F
9~b!–~d! which were not reported by Moriet al., we gener-
ated a different histogram with a single broad peak in sp
ing @Fig. 10~b!#, the average value of the spacingd5aCO/3
'0.54 nm.

To understand the origin of the variation of the image
we conducted HREM image calculations using the multisl
approach based on many-beam dynamic diffraction the
We modified the Mac Tempas computer codes taking i
account the scattering amplitude of charged atoms. The e
tron scattering factor for Mn31 and Mn41 were converted
from the x-ray scattering factor using the Mott formula. W
carried out HREM simulations with the Wigner-cryst
model only, systematically varying parameters, one at a ti
by minor changes in crystal thickness, crystal orientati
defocus, beam tilt, beam divergence, centers of objective
erture, and sample drift caused by temperature fluctuat
and mechanical vibration to fit experimental images. T
simulation results in two unexpected findings which are c
sistent with experiments. First, in thin areas when the cry
was viewed in an exact@010# orientation, no superlattice
with a 3a0 period can be observed. Only when the crys
was thick, or was tilted away from the zone axis, was
3a0 superlattice visible. The extinction of the 3a0 lattice in
the exact zone axis in thin crystals is apparently due to a1
screw axis present along thea axis. Second, under certai
imaging conditions, the intensity peak of a lattice image c
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deviate far away from its actual atomic position, as indica
by the calculated image shown at the bottom of Fig. 9~a!. In
other words, an equally spaced periodical lattice poten
can give rise to unequal spacing in lattice fringes. ForaCO
53a051.62 nm superlattice structure from the Wigne
crystal model, we can observe a superlattice with a frin
period ofaCO/250.81 nm, which corresponds to the spaci
of Mn31O6 stripes, and even a period of sublatticea0
50.54 nm with invisible superlattice fringes, especia
when the Laue center is off the origin. At present, we can
single out any one parameter that dominates the chang
the fringe spacing in lattice images. It is a combined effe
Since most of the parameters are correlated, image sim
tion is invaluable in interpreting such HREM images. T

FIG. 9. Top row:four typical HREM images observed in charg
ordered La0.33Ca0.67MnO3 at 85 K; middle row: the correspondin
intensity profiles from the images in the row above; bottom ro
calculated images corresponding to the images in the top row u
the Wigner-crystal model. Note the experimental image on the
of ~a! is similar to that observed by Mori, Chen, and Cheong5 show-
ing narrow spacingd1 , and wide spacingd2 . A good match with
the calculated image, bottom of~a! based on the Wigner-crysta
model, suggests the observed variation in spacing does not requ
longitudinal displacement in the structure. Parameters used in
simulation: ~a! t530 nm, D f 5240 nm, crystal tilt:h510 mrad,
l 53.5 mrad; ~b! t510 nm, D f 5240 nm, crystal tilt: h
510 mrad, l 57 mrad; ~c! t570 nm, D f 52160 nm, crystal tilt:
h510 mrad, l 57 mrad, ~d! t520 nm, D f 52200 nm, crystal tilt:
h510 mrad,l 57 mrad. In all the simulations, an objective apertu
radius 0.7 Å21 centered ath5 l 50 was used.
d

al

e

t
of

t.
la-

four images of the bottom row in Fig. 9, which correspond
the experimental images and line scans in the rows ab
are all calculated ones using the Wigner-crystal model.
conclude that even without longitudinal displacement, i
ages with narrow and wide spaced fringes, suggested by
bi-stripe model, can also be obtained.

IV. DISCUSSION

Simulations of HREM images suggest that the appar
lattice spacing of the superlattice of charge-orde
La0.33Ca0.67MnO3 is very sensitive to crystal thickness, or
entation, and other imaging conditions. Thus a small mis
entation of the crystal foil may cause an extra intens
modulation in HREM image of polytypes.13 It was also dem-
onstrated experimentally and theoretically that even crys
lographically forbidden lattice fringes, such as those cor
sponding to ~010! reflections in La12xCaxMnO3, can be
easily obtained in HREM images,14 due to broken symmetry
in the diffraction process~mainly crystal tilt!, or in the non-
linear imaging process. Thus, without knowing crystal
and the experimental imaging conditions and without ima
simulations, it is difficult, if not impossible, to derive a

-

:
ng
p

e a
he

FIG. 10. Histograms of the fringe spacings, measured fr
HREM images of the charge-ordered phase.~a! plotted using only
the type of images shown in Fig. 9~a!; ~b! plotted using all types of
images.
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atomic structure, including coordinates, from an HREM i
age for a complicated materials such as charge-ord
La12xCaxMnO3. Measuring lattice spacing is more straigh
forward in reciprocal space. However, electron diffraction
prone to multiple scattering and other dynamic effects,
care should be taken in interpreting the observations. O
zone-axis electron diffraction in thin areas can minim
multiscattering; combining experimental data with simu
tions therefore is recommended. In contrast, interpre
x-ray diffraction is less complicated due to the negligib
dynamic effects and multiple scattering. However, beca
of its large probe size, x-ray diffraction often retriev
volume-averaged structural information, and thus may m
diagnose crystal symmetry on a submicrometer scale. S
x-ray and electron diffraction are complementary techniqu
the combined use of the two can usually eliminate their
spective ambiguities.

It should be noted that the superlattice reflections of
ordered La12xCaxMnO3 at low temperature observed wit
high-resolution x-ray and electron diffraction is not dire
evidence to the charge ordering, but evidence for the e
tence of displacement that may be associated with
charge. The difference in form factor alone between Mn31

and Mn41 is not sufficient to result in superlattice reflection
To explain the structural modulation, a transverse displa
ment associated with Mn31 and Mn4 ordering was imple-
mented in the Wigner-crystal model. Although our TE
study rejects the longitudinal displacement in the bi-str
mode, a transverse displacement can still exist. In Fig. 7~b!,
we clearly observe that the super-reflections withh85h6 2

3

~subcell setting! for l 564 are much stronger than the supe
reflections with the sameh8-indices forl 50, suggesting the
existence of a displacement along thec axis. To quantify
such a displacement for the bi-stripe model, we added a
wave as the transverse displacement along thec axis into the
model with Dz5Aisin(2px) ( i 5La/Ca, Mn, Op, and Oa
with Ai being largest for Op and smallest for Mn!. We then
compared the calculations with experiments. However,
observations were inconclusive for two reasons.~i! The pos-
sible displacement along thec axis is very small. Since the
bi-stripe mode did not provide atomic coordinates, we u
the atomic coordinates given by Radaelliet al.8 By compar-
ing the atomic position at 160 K for the averaged struct
and charge-ordered structure we found the maximum am
tude of the transverse displacement is more than ten ti
smaller than the longitudinal displacement proposed by
bi-stripe model.~ii ! The sensitivity in detecting the displace
ment along thec axis is low. The transverse displaceme
changes the intensity and position of the~001! reflections.
However, due to the lack of superlattice reflections along
c* axis, the widely spaced~001! reflections do not respon
sensitively to a small displacement. Further study is nee
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to address the transverse displacement of the charge-ord
phase.

On the other hand, the observation of incommensur
modulation with the small componentj along thec axis in
local areas is very interesting, particularly as it has not b
observed by x-ray diffraction. It likely reflects the charg
ordered structure at submicrometer scale. The intensity
position, including the sign of thej component, of the supe
reflections associated with the incommensurate modula
can change with temperature, suggesting their configura
may be metastable. Duringin situ heating, we found the
shape of the superreflections also changes, from strong s
spots at well belowTCO(;260 K), to weak diffused streak
along thea* axis at Tc , and disappear at aboveTCO. In
regions about 0.2mm in diameter defined by the size of SA
aperture, where thej component is clearly visible, we ob
serve high density of antiphase domain boundaries. The
tiphase boundaries have a very broad width as those
served for Bi2Sr2CaCu2O81d superconductors.15 Dark-field
images using the superlattice reflections show that the su
lattices often take a wavy form when they cross the dom
boundaries. The antiphase domain has an average size
nm. The shift of 0.54 nm of thea lattice across the bound
aries and the domain size of 16 nm observed in HREM
consistent with the;2° tilt away from theaO axis, observed
in diffraction. Thej component can take either sign, and
magnitude varies with location of the samples, ranging fr
uju50;0.015. Thus, for a large area, the size of hundreds
mm, the contribution of thec componentj to x-ray diffrac-
tion may cancel out. A similar small component resulting
broken modulation symmetry observed in electron diffra
tion but not in high-resolution synchrotron x ray was r
ported by a Houston group for Bi2Sr2CaCu2O81d .16

In conclusion, we studied charge-ordere
La0.33Ca0.67MnO3 using TEM to retrieve single-crystal-like
structural information from small areas, rather than volum
averaged structural information as by x-ray diffraction. Tw
conflicting structural models, the Wigner-crystal and b
stripe models, were tested by experimental and calcula
electron diffraction patterns, as well as by HREM imag
Our observations are not consistent with the bi-stripe mo
and support the Wigner-crystal model. Detailed TEM ana
sis suggests that the charge modulation on a submicron s
may have a small component along thec axis, which may
not be revealed by x-ray and neutron diffraction.
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