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In order to resolve discrepancies in the charge-ordered structure between the Wigner-crystal and bi-stripe
models, Lg;La¢MnO; 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 M# -Mn3" and MrP"-Mn** 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 0&[0 0 1] glide planes anda[ 1 0 O] 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 vectog=(0.284,0¢) with |£=0.010. The symmetry breaking associated with the small
component along thec axis has not been previously observed by high-resolution x-ray or neutron powder
diffraction.

[. INTRODUCTION Knowledge of the structure of the charge-ordered phase is
crucial to understanding the physical properties of these
Charge ordering in La ,CaMnO; has recently attracted technologically important manganese perovskites. However,
much attentiort; 8 largely because these oxides have excitingthe discrepancy in the crystallographic superstructure of
potential practical applications due to their colossal magneeharge-ordered Lg{La AMNO; derived from recent studies
toresistance effects. Furthermore, interesting issues in physs striking. While Chen, Cheong, and Hwahdernandez-
ics stem from the interplay between charge ordering, orbitaDiaz et al,” and Radaelliet al® proposed a Wigner-crystal-
ordering, magnetic ordering, and transport properties. Théke arrangement of the M and Mr* cations with the
charge-ordered state of the manganites depends delicately ¢n>* stripes in theaco-Cco plane arranged as far apart as
the valence and local environment of the Mn cations. Sincgossible[Fig. 1(a)] to minimize the Coulomb repulsion en-
Mn®* and Mrf" differ significantly in size, altering their ergy, Mori et al>® suggested a bi-stripe model, in which
occupation sites changes the Mn-O-Mn bonding length andpposite orbital-ordered M cations form a narrow pair of
angle and thus the tilt of the MnQctahedra. distorted Mri* Qg stripes (bi-stripes, separated by widely
The average crystal structure of the perovskitespaced nonpaired stripes of undistorted*Mbg octahedra
La; _,CaMnO; at room temperaturéRT) has an orthorhom- [Fig. 1(b)] for each modulation period, irrespective of peri-
bic symmetry with a space group 8hma When the tem-  odicity. Furthermore, Radaelli and co-worket$ proposed
perature is lowered through a transition temperafligg,  that charge-ordering modulation is along only tgdirec-
charge and orbital ordering occur. The crystallographic sution with a modulation wave vectay= (3 0 0) (subcell set-
perstructure associated with the charge and orbital orderinging, denoted by subscrigh), Chen and co-worket4 and
in Lag sCa sMnO; was observed by Chen and Cheong usingFernandez-Diazet al.” suggested the modulation can be
transmission electron microscogfEM).} Subsequently, a along both theay and ¢y direction in a twinning-related
quantitative analysis was made by Radaetlal. using syn-  arrangement. The displacement of the Mm®tahedra in the
chrotron x-ray and neutron powder diffractidin later stud-  models proposed by Fernandez-Deizl” and Radaelli and
ies of superlattice reflections in the £3CaMnO; family  co-workers$® is predominantly transverse, while that in the
with x=0.67, 0.75, Chen, Cheong, and HwArfigund a lin-  model proposed by Mot al>® is longitudinal.
ear dependencen=1—-x (m being the magnitude of the Resolving these discrepancies is of the utmost impor-
modulation wave vector along tleeaxis). The detailed crys- tance. It is essential to be able to determine the validity of the
tal and magnetic structure of the material witkr0.67 was  model: Wigner-crystal or bi-stripe. Further, the apparently
subsequently resolved by Fernandez-Di&t al” and contradictory evidence from TEM and x-ray diffraction
Radaelliet al® All these studies demonstrated charge, or-needs to be explained. This is important not only for manga-
bital, and magnetic ordering in the low-temperaturenites, but also for a wide range of transition-metal oxides,
La; —,CaMnO; homologous series. such as the nickelates and the cuprate superconductors. Iden-
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FIG. 2. High-resolution x-ray-diffraction scan at 85 K of
Lay 3£Ca& ¢MnO; illustrating charge-ordering peaks, identified with
arrows, similar to those observed by Radaetlial® Peak marked
with asterisk is due to the copper sample holder.

d1 d2 m_1/4

ough calcination and intermediate grindings. High-resolution
synchrotron powder x-ray-diffraction data were obtained at
BNL National Synchrotron Light Source beamline X7A. The
powdered sample was pressed onto a greased flat copper
block which was then mounted in a continuously operating
3+ 4+ closed cycle helium cryostat. The diffraction setup utilized a
Jf Mn O Mn double S{111) monochromator with a Ge analyzing crystal.
The x-ray wavelength was =0.07 988 nm. A segment of
FIG. 1. Schematic projections along theaxis depicting super-  the diffraction scan of the sample at a temperafie85 K

structures of the charge-orderedysgay MnOs. Mn®" and Mrf*  (Fig. 2) shows charge-ordering peaks very similar to those
ions are shown as circles with and without orbitals, respectively ghserved by Radaeltit al®

Thg distorted squares represgnt the MoCtahedra, apd La and Ca TEM specimens were prepared by a standard procedure of
cations are omittedi@ The Wigner-crystal model with symmetry mechanical polishing, dimpling, and ion milling. TEM ex-
elerglelntsr?[i] OdO], m[Ot 1h0], ar:_c:j a[00 1. t(_b) Tr;leob(;-stnp: periments were conducted with a JEOL 3000F field-emission
iT[% gl]w ich does not have glide symmetries g ] an electron microscope operated at 300 kV. Tihesitu cooling

' experiments were carried out using a liquid,id, low-

s - ) ._temperature stage. Utilizing liquid nitrogen, the lowest nomi-
tifying the building blocks for the charge-ordered structure is al temperature of the sample area is 85 K. Electron-

essential in understanding the fundamental physics of the tiraction patterns and HREM im were recorded on
materials. Recently, we took advantage of the small prob action patterns a ' Images were recorded o
iIm negatives as well as on image plates and a charge-

size in TEM using electron diffraction and imaging to re- ; .
trieve structural information from areas far away from de—.COUple.d devicgCCD) camera. The latter two he_lve a linear
intensity response, and a much larger dynamic range than

fects in  polycrystaline  Lgs{a¢MnO3.  Since ; o . . .
' . .o DO . . film negatives. For quantitative analysis, some diffraction
L8o.54C2,6MNO; is heavily twinned with six orientational - 2o oy images were energy filtered using the Gatan

twinning variants, and has various structural defects such Faging Filter. Calculations and simulations of HREM im-

grain-, twin-, and charge-ordered domain boundaries : : . ) o
. . ages and diffraction were carried out with modified Mac
volume-averaged structural information from x rays can b
empas software and our own computer codes.

ambiguous in addressing the structure of perfect, or idea
single crystals. Here, we report our studies on evaluating the
Wigner-crystal and the bi-stripe models ingsaCa ¢ MnO;

by comparing our experimental observations with calcula- Il RESULTS

tIOHS based on the two mOde|S We COmb'ned quant|tat|ve A. Crysta| Symmetry Of the Charge_ordered phase
electron diffraction with high-resolution electron microscopy ) _ . .
(HREM) to examine the crystal symmetry of the charge- We st_arted with conventional selected area diffraction
ordered phase and the stripe spacing of M@ and Mrf* O (SAD) using a parallel electron beam to examination of crys-
octahedra associated with the longitudinal and transverse dil@! Ssymmetry. At room temperature, 4.8C& MnO; is
placements. Kinematical and dynamic simulations of botrPrthorhombic and has a lattice paramesgy=co=v2ap,
diffraction and images based on the two models were als§o=22p, Whereao=0.53812nm,bo=0.75687nm, and
performed to be compared to the experimental observation§o=0-53864nm, are the edge length for the orthorhombic

We conclude that the Wigner-crystal model best explains ouf€!l @nd ap for the primitive perovskite cubic cell. When
TEM results. temperatureT <T¢o, a charge-ordered phase forms due to

the selective occupation of MA and Mri"# on specific sites.
The charge-ordered structure has an expanded unit cell with
aco=3agp, bco=bg, andcco=cg.

Polycrystalline Lgs{a sMnO; samples were synthe- The structures of the two models are sketched in Fig. 1.
sized by a solid-state reaction. The starting materials oThe major difference between the structures is the charge,
La,0;, CaCQ, and MnO, were mixed in stoichiometric and orbital ordering of the Mii and Mrf* octahedron and
proportions and heated in air at 1375 °C for 11 h, after thorthe associated superlattice symmetry. In Fi@),lwe depict

Il. EXPERIMENT
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state. In contrast, the SAD pattern of {i®0] zone, which is

a face-centered rectangle, does not change with temperature,
as shown in Figs. (@) and(d) for RT and 85 K, respectively.
No super-reflections were observed beldy,, even at 85

K, suggesting no charge modulation along thexis. We
studied nearly two dozef011], orientated grains. Although
each of them often contains more than 20 orientational do-
mains, including twinning domains, the probability of ob-
serving the charge ordering in[®11], orientation of the
parent phase is only. In all cases, we found that the super-
reflections only appear along tl axis. Thus we conclude
that the charge-ordering modulation propagates only along
theag, not thecy, direction.

Despite the enlarged unit cell of the charge-ordered struc-
ture, the extinction conditions for tH®01] zone pattern at
RT and LT are the same, with=2n allowed for (h k 0)

FIG. 3. Selected area diffraction patterns@®1)* zone(a) and  reflections. That is, the reflections, such as (}30)110),,

(b) and (100* zone (c) and (d) at RT and 85 K in (120) are extinct, as clearly seen in FiggaBand(b). For

Lag 3:Ca sMnO;. (a), RT, and(b) 85 K, the extinction conditions (0 k Q) reflections,k=2n are allowed. The weak spots of
suggest both have a@0 1] glide plane(c) RT, and(d) 85 K, the (0 k 0) with k==1,3 in Figs. 3a) and (b) are due to the
extinction conditions suggest both havenfdl 0 0] diagonal glide  multiple scattering of the electron beam along the low-index
plane. The bracket above the transmitted spot in the figure indicatespne. When we probed a thin area, and/or tilted the sample
the zone axis(a) and(c) are in subcell settings denoted by subscript away from the low-index zone to minimize multiple scatter-
O, and(b) and(d) are in supercell settings denoted by subscript CO.ing, the (0k 0) (k=2n+1) reflections disappeared. The for-
Note, the modulation only occurs along theaxis. bidden rule for ((k 0) reflections can be further confirmed
from Figs. 3c) and (d) where the intensity of these reflec-
tions is zero. Thus, the observed extinction conditions are
consistent with the presence of ah0 0 1] glide plane for

the orthorhombic phase both at RT and in the charge-ordered
state. Similarly, for th¢100] zone pattern at RT and LT, for
reflections (k 1), k+1=2n are allowed; these result from
the existence of a diagonal glide plangl 0 0]. The SAD

+ LRI H
forms the Mﬁ octahedron “1” into the equivalent M experiments, including observations along other major zone
octahedron “2” but shifteds unit cell up or below along the axes, revealed that both RT and charge-ordered

b axis, or along the projection. For the bi-stripe model, therq_ ;
. ) . Lag3LCaeMNO3; have symmetry operationsa[0 0 1],

are no such symmetrical operatlfms. For example, thg gI|an[031 0],6andnfl 00], and three 2 screw axes parallel to
a[0 0 1] would transform the M#" octahedra 1 and 2 into e 5" 1y andc axis, respectively. The symmetry agrees with
the Mrf* octahedra 4 and 3, respectively, while the diagonal,o space group dPnmaand is consistent with the Wigner-
glide n[1 0 0] operation would transform the Mh octahe- crystal model.
dra 1 and 2 into the equivalent th octahedra 3 and 4,  “yhe gverall periodicity of the modulation of the samples
respectively. Therefore the_b|-str|pe model dogs not have,as measured from SAD patterns. We most frequently ob-
n[100] anda[0 0 1] operations although the mirror sym- e eda.,=3a,, suggesting a commensurate modulation
metrym[0 1 O] perpendicular to the axis is retained. Itis \yith 4 tripled unit cell. In the region where the modulation is
evident that the superstructure of the bi-stripe model does N¢{ot commensurate. we found its periodicity can vary from
belong to thePnmaspace group, but has a much lower crys-gre4 1o area on a nanometer scale. Figure 4 is a HREM
tal symmetry with a space group Bim image, viewing along th¢010] axis of the charge-ordered

Selected area diffractiofSAD), using a parallel electron Lag 3:Ca MnOs. The dark fringes marked by arrow heads

beam combined within situ cooling, was used to examine i qicate the period of the superlattice with mixed periodicity
the change of crystal symmetry and the existence of the dis

) : of 3ap and 4ap. Figure 5 shows the corresponding SAD
agonal gliden[1 0 0] and glidea[0 0 1] symmetry OPETa- pattern from the same region, but a larger area. The super-
tions in L& 5L cMNO;, taken from areas of a fewm”.  efiection spots along tha* axis suggests an incommensu-
Figure 3 shows diffraction patterns of tH®01]o and 516 modulation with a superlattice @f-o=3.5a5, due to
[00 1]cp zone of Lg 34La ¢MnNO; recorded at room tem-

the mixed spacings of&, and 4a,. Measurements of more
perature(RT) and at low temperatur@ T, 85 K). Note that 5 5 dozei010] diffraction patterns revealed that the av-

the subscript®© and CO refer to the index of subcell setting eraged periodicity of the incommensurate charge-ordered
(RT phase and supercell settincharge-ordered phasee- Lag 3:Ca s MnO; is of aco=3.54 .

spectively. Figure @), taken at RT, features an edge-length s interesting to note that, in the samples we studied,
ratio of 2\/2 along thea andb axis. When the temperature careful analysis of thg010] zone diffraction patterns, espe-
falls below Tco, sharp weak superlattice reflections with a cjq|ly those recorded on image plates, repeatedly showed that
modulation wave vectog=(3 0 0) appeafFig. 3b)], in-  the incommensurate modulation has a small component
dicative of the tripling of the lattice and the charge-ordered along thec axis with a wave vectog=(m, 0,0+ §&). A ver-

the major symmetry elements of 1 0 0], m[0 1 0], and
a[0 0 1] for the space groupPmnag taken from thenterna-
tional Tables for Crystallography For the Wigner-crystal
model, the glidea[ 0 O 1] operation, for example, transforms
the Mr®* octahedron marked as “1” into the M# octahe-
dron “2,” while the diagonal glide plane[1 0 0] trans-
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reflections, based on kinematical electron-diffraction theory.
We emphasized high-order reflections because they can usu-
ally be treated kinematicalf?. More importantly, they are

L 4 n’,lndl

s g A g . s sensitive to atomic position. A small displacemeéatg can
’ .y L » . -

»

alter the intensity distribution significantly for high-order re-
flectionsh due to the large valubké and the increasing role
of the additional phase termzh§ in the structure factors of
£ A A A the higher-order reflections. We considered one set of lattice
e e g planes, b0 0), with a displacemend parallel to the lattice
A S A 4 plane normal. The unit cell consists of six atomic planes of
Mn3*, Mn*", and La/Ca ions, as shown in Fighl We set
the origin at the center of the unit cell, and then added the
longitudinal displacement §/2 and+ 6/2 for the Mrf™" lat-
tice planes, marked as “3” and “4” in Fig. (b), respec-
tively, and — & and + & for the Mr?* lattice planes, marked
as “1” and “2,” respectively. Using the designation for the

atomic scattering amplitudé”™”" for Mn®*, La/Ca lattice
4+ .

tical shift of the neighboring super-reflections along te  planes and™"" for Mn**, La/Ca lattice planes, the struc-

direction is evident. For example, Fig. 5 shows the superture factor of the 0 0) reflectionFq, can then be ex-

reflection pairs of (¥ m, 0,0+¢&) and (2-2m, 0,—2¢),  pressed as

and (2+2m, 0, 2¢) and(3-m, 0, —¢), as marked by the two

FIG. 4. HREM image of Lgz{a ¢MnO; at 85 K viewed along
the[0 1 0] axis, showing the superlattidblack fringes pointed by
arrowheadswith mixed 3a5 and 4a5 spacings.

pairs of arrows. Measurements revaalk0.287 andé= Fhoo=f""”4++2f'\"”4+c0ﬁ{2wh 1+_

—0.015, implying that the modulation wave vector is rotated 6 2

2.0° away from theag direction. This suggests a loss of >

mirror symmetry perpendicular to thleaxis. The incommen- +2 f'\"”3+co{27rh ~+58| |+ cosmh.
surate modulation we observe has an average wave vector 6

q=0.284" +0.01@" in the subcell setting. For fundamental reflectionlsc.o=6n with n being an inte-

ger, the structure factd¥,,q is reduced to
B. Longitudinal and transverse displacement associated with

the charge modulation Froo=2 f*" +2 ¥ cogq rh) + 2 £ cog 27 5h):;

Another important approach to verify the bi-stripe m0d6|similarly, for fundamental reflections=6n+ 3,
is to test the longitudinal displacement along the direction of

the modulation wave vector, i.e., tlweqxis, fqr the charge'- Fhoo= — 2 fM“4+cos(775h)+2 fM”3+cos(27r5h).
ordered Lg3La gMNO3. For comparison with our experi- _ _
ments, we first conducted intensity calculations bfo(0)  For super-reflectione=6n=1, the structure factor is

(3%2)7

3 +775h)

F hoo™ 2f Mn4+CO{

+2 f""”3+cos< GFhm

3 +2’n’5h);

for super-reflectionfi=6n=*2,

" n 3¥)w
FhooZZfMn4 +2 fin CO{%%—W&h)

(3+1)m

3+
4 Mn
2f cos( 3

+2775h>.

Using these equations, envelopes of the absolute value of
(h00) structure factors for both fundament&l=6n, 6n
+3) and super-reflections hE6n+1,2) were plotted
againsthé in Fig. 6, whereh is the index of the reflections
and 6 the displacement in the unit @fo. We neglected the
minor difference in form factors between Ffhand Mrf™*.

FIG. 5. [010] zone diffraction pattern at 85 K from an area In order to avoid the overall falloff of the scattering power
including that shown in Fig. 4, revealing an incommensurate moduWith scattering angle, for display purpose, we normalized the
lation with a wave vector=(0.284, 0,—0.010). Note the modu- Structure factofq, with a constant. Figure 6 demonstrates
lation component along the, direction. The average periodicity of remarkable change in position as well as in intensity of the
the modulation isaco=3.5485 . reflections, compared to the calculations without the dis-
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FIG. 6. Calculated intensitjF/f| of the (h 0 0) reflections k
=6n, 6n*t1, 6n*2, 6n+ 3, wheren is an integeras a function of
a hypothetical longitudinal displacemefitas suggested by the bi-
stripe model.

FIG. 7. (a) Off-zone-axis large-angle CBED pattern using zero-
energy-loss electrons at 85 K showing lines of Bragg reflection
placement. In the case ofi=4~5, i.e., for reflection (600)—(1200) (subcell setting (b) SAD pattern from the
(2400—(3000), it shows that whers=0.024 as the case for Same area a&) showing strong super reflections in the systematic
the bi-stripe model, only the super-reflectit®800 is very ~ rows of (h14) and fi14) associated with the charge orderirig)
strong, whereas all other reflections including fundamentaintensity profile corresponding to the reflections aboveain
reflection (2400 and (2700 are very weak, some almost
vanishing due to the phase shift induced by the large |ongie_1ngle. The super-reflections between th_e fundamental reflec-
tudinal displacement. The calculations suggest a longitudindions were almost too weak to observe in the CBED pattern.
displacement with any noticeable amplitude will signifi- Their weak intensities were reduced by the angular spread of
cantly alter the intensity distribution among the reflections the intensity at the Bragg position perpendicular to the cor-
resulting in intensities of some super-reflections being highefesponding reciprocal-lattice vector. However, the sharp
than those of some fundamental reflections. super-reflection spots acquired from the same area along the

To experimentally determine the intensity distribution of systematic rows of i{14) and (14) in the SAD pattern
the charge-ordered phase, we conducted quantitative larggFig. 7(b)] confirmed that the area under investigation was
angle convergent electron-beam diffractidBED) experi- indeed in a charge-ordered state. The intensities of the fun-
ments at 85 K. The advantage of CBED is that a small beardamental reflections (608} (1200, were measured after
can be applied to probe a region of perfect crystal, to whictbackground subtraction and are listed in Table I. They un-
perfect-crystal diffraction theory can be applied. This is par-ambiguously indicated that in the reflection range we mea-
ticularly important for Lg ;{Ca& ¢MnO; since the material sured, all super-reflections were far weaker than the funda-
has a high density of defects. We focused on high-order remental reflections. The observation contradicts the
flections in regions where the thickness of the crystal is lessalculations(Fig. 6) based on the bi-stripe model that the
than half the extinction lengths of all reflections at the Braggintensity of a f 0 0) super-reflection should be higher than
position. Thus forl ;>1, we have|F,|>|F,| and a qualita- its fundamental reflection.
tive comparison of intensity should be feasible. To rigor- To further compare our experimental observations with
ously compare our experimental observations with kinematithe bi-stripe model and Wigner-crystal model for longitudi-
cal calculations, the Gatan imaging filter attached to thenal and transversal displacement of the Mr@tahedra, we
microscope was used. A 10-eV energy-filtering slit wascalculated two-dimensional SAD patterns of {040 zone,
placed around the zero-loss peak of the incident beam tand the structure factors of all reflections. The form factors
remove the contribution from inelastically scattered elecfor Ca, La, and O ions as well as for Mhand Mrf* ions
trons, which form a background due to plasmon and othewere obtained from Ref. 11, atomic coordinates and Debye
loss processes. Figure 7 is an energy-filtered CBED patteriValler factors from Ref. 8. We used the atomic coordinates
where we observe lines of Bragg reflectiofiastead of given by Radaellet al® for the transverse displacement. For
spotty pattern in SAD, Fig. (B)]. Off-zone-axis systematic the atomic coordinates of the longitudinal bi-stripe model
conditions were used to minimize multiple scattering, and tdFig. 1(b)], we started from those given by Radaeitial.®
collect diffraction intensities for reflections of and then added a longitudinal wave with a displacendent
(600)5— (1200}, (subcell setting or (1800)%o—(3600-,  onto thex coordinates of all ions. The values of thandAx
(supercell setting Figure 7c) shows the line scan of the associated with Mn and O shown in Fig(bl are listed in
intensity profile across theh(0 0) systematic row. The in- Table II.
tensity of the fundamental reflections followlggg>1ggg Figure 8 shows the experimental SAD pattern of (B0
>11000> 11200, Partly attributable to the nonlinear decreasezone[Fig. 8@a)], along with the calculated pattern based on
of atomic scattering power with the increase in scatteringhe Wigner-crystal moddlFig. 8(b)] and the bi-stripe model
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TABLE |. Comparison of the experimental intensities of the tions such as those with indicés=4,6,8,10(marked by ar-
(h 0 0) reflections with corresponding calculated structure factors’(owhead$ are much too weak compared to their satellites,
based on the Wigner-crystal and bi-stripe models. while some of the satellites are much too strong. Table | lists
the calculated structure factors for (6@8)(1200), (subcell
(h001)o (h00)co lex |F"| (Wigner crystal |F°| (bi-strip8  setting, or (1800)0—(3600), (supercell setting reflec-

600 1800 85 39 19 tions. The calculated intensity of the fundamental reflection
1900 6.0 from the Wigner-crystal moddlthe reflection intensity is
2000 12 79 proportional to the square of the qorresponding structure fac-
2100 8.8 tor F) agrees well with the experimental measurements, for
2200 0.7 27 ex\?mgle: \INlBO%: I 24\9‘,0: I s;oooi]Nseo%: 1.7:1.0:0.46:0.11, while
2300 118 |FYe0d *: | F5a0d %2 | F300d :|F_360(J. =1.8:1.0:0.29:0.33. On

800 2400 50 29 <05 the other hand, for the bi-stripe model, we hadygyy/l 2400

b b b b
2500 1.0 #|Flgod/[F240d” @nd 1 5406 1 2200, but |F240d*<|F220d”
We thus conclude that the experimental results from both

;?88 07 <f_f CBED and SAD patterns are consistent with the Wigner-
2800 15 19 cr_ystal quel _W|th transverse dlsplacce_ment, anq do not agree
' with the bi-stripe model with the longitudinal displacement.

2900 2.0 We will further discuss the transverse displacement in Sec.
1000 3000 283 15 0.5 V.

3100 <0.5

3200 0.7 0.6 ) . . 2

3300 25 C. Stripe sz.slng of tﬂe Mt Og-Mn3t04

3400 <03 7 and Mn~"OgMn“*TOg4 octahedra

3500 25 The key TEM evidence upon which the longitudinal bi-
1200 3600 5.6 5.3 2.6 stripe model was based is the difference of spacings between

the stripe pairs of Mn@octahedra along the axis measured

in TEM lattice images. Moret al>® reported that the narrow

in Fig. 8c). We note the intensity of the reflections in a spaced fringes, which they believe correspond to stripe dis-
low-index zone[Fig. 8@a)] is unsuitable for quantitative tance of Mi*-Mn3", marked agl; in Fig. 9, is~0.45 nm,
analysis due to the strong multiple-scattering effects along ar 16%, narrower than the average lattice spacing®f3,
low-index zone axis. The advantage of such a pattern is thand is 36% smaller than the spacing of the neighboring
presence, due to the short wavelength of the electron bearfringes that correspond to the in-phase ¥Mn** stripes,

of a large number of reflections whose position can be easild,~0.65 nm inFig. 9. Their intensity profiles measured
identified and whose intensity can be roughly estimated. Thérom the one-dimensional lattice images seemed quite con-
diffraction patterns in Fig. 8subcell settingconsist of three  vincing, although unknown crystal tilt from their images can
types of reflections(i) Strong fundamental spots with very make interpretation very difficult. If the observed variation in
high intensities forming a square network with indicesspacing by Moriet al. reflects the real charge-ordered struc-
(h0l), satisfying the diffraction condition=2n and | ture of the material, how could such a large longitudinal
=2n with n being the integer. They are major primitive per- displacement not be detected in high-resolution x-ray-
ovskite reflections with an in-phase contribution(bf, Ca  diffraction experiments, since the polycrystalline samples
and Mn; (i) weak fundamental spots of medium intensity studied by the two groups were from the same source. Pre-
with indices h 01), satisfying the conditioh=2n+1, or  vious arguments about the cause of the discrepancy focused
I =2n+1, and(iii) superlattice diffraction spots of weak in- on (i) the distinct nature of electrons and x rays in their
tensity withh indices satisfying the condition=n=%. The interactions with charge-ordered crystdsind i) strains in
strong superlattice spots usually appear as satellites of thbe crystals originating from structural defe@t$, such as
strong fundamental spots, but are always less intense tharain boundaries, since TEM probes only local areas within a
their fundamentals. Figurgl® shows, based on the Wigner- single grain while x ray probes a large volume including
crystal model, a reasonably good match with the experimenaumerous grains and their interfaces. Nevertheless, our
tal observatior{Fig. 8@a)], with the exception that some of electron-diffraction experiments are consistent with the
the fundamental and super-reflections in the experiments-ray-diffraction observations, thus ruling out both suggested
[Fig. 8@] were enhanced by the multiple scattering. In con-causes.

trast, the calculated pattern shown in Figc)8based on the Our initial examination of the charge-ordered
longitudinal bi-stripe model, is incompatible with the experi- Lag 3LCa AMNO5; in HREM mode, also revealed a distinct
ment. The calculated intensities of many fundamental reflecvariation of the superlattice spacing, as reported by Mori

TABLE 1.

Mn** 0 Mn3* o) Mn** 0 M O Mn* O Mnt O

X 0 0.09 0.17 0.25 0.33 0.41 05 059 067 075 083 0091
AX 0 —-.012 -.024 -.018 —-.012 -.006 0 .006 .012 .018 .024 .012
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FIG. 8. Comparison between the experimental and calculated[(b) and (c)] (010 diffraction patterns for charge-ordered
Lag 3LCa s MNO; (subcell setting based orib) the Wigner-crystal model an@) bi-stripe model. Inc), note the weak calculated intensities
of many of the fundamental reflections foe4. These reduced intensities are a consequence of the predicted large longitudinal displace-
ments of the bi-stripe model. See the text for details.

et al. One example is shown on the top image in Figg9 a few nm, we observe black lattice pairs gradually becoming
The difference in spacings between the black atom row anwhite lattice pairs, or vice versa, indicative of an antiphase
white atom row is apparent in the image and was confirmedboundary. In our study, the lattice spacing of the images was
by the line profile of the intensity shown in the row below in measured by the directional averaged intensity profile, as
Fig. 9a). The difference in spacing between the neighboringshown in the middle row of Fig. 9. Among these four types
atomic rows measured by the intensity valleys sometimesf images shown on the top row of Fig. 9, orllg) shows
reaches 35%, and the spacing ratio of the dark pairs ansignificant difference in spacing between the black and white
white pairs of the lattice fringes can reach 15%. Such larg@&tomic column rows. Such images are similar to those ob-
longitudinal displacements were not observed in electronserved by Moriet al, except Mori’s are one dimensional and
diffraction analysis from the same area. The discrepancy bedo not resolve atom columns. When we selectively chose
tween electron diffraction and HREM motivated us to con-images similar to Fig. @ and plotted the spacing distribu-
duct extensive HREM study, mainly along th@l10] zone tion as a histogram, we saw two discrete peaks in the spac-
axis with known crystal tilt and imaging conditions, of the ing, positioned at;=0.49 nm andd,=0.59 nm, as shown
charge-ordered lg@g{La ¢MnO; phase at 85 K. in Fig. 1@ for 86 observations. However, plotting all the
We examined several dozen areas in exact or [@H)]  spacings(191 observationsmeasured from all types of im-
zone orientation and acquired hundreds of HREM imagesges, including the other three types on the top row in Figs.
using film negatives, image plates and CCD camera with an8(b)—(d) which were not reported by Mogt al, we gener-
without energy filtering. In several cases, we systematicallyated a different histogram with a single broad peak in spac-
examined the same area but made small changes in imagiiag [Fig. 10b)], the average value of the spacider aco/3
conditions, e.g., beam tilting and objective lens defocusing=0.54 nm.
The details will be reported in a separate paper. In brief, we To understand the origin of the variation of the images,
found that the superlattice images corresponding to th&e conducted HREM image calculations using the multislice
charge ordering usually have strong contrast in thick regiongpproach based on many-beam dynamic diffraction theory.
and are highly visible when then( 0) planes are edge on. We modified the Mac Tempas computer codes taking into
The spacing of the superlattice, whose contrast often comaccount the scattering amplitude of charged atoms. The elec-
petes with that of the sublattice, can vary from area to are#&on scattering factor for Mti and Mrf* were converted
even within the same orientation variant, or twinning do-from the x-ray scattering factor using the Mott formula. We
main. Such variation in the images can be due to a locatarried out HREM simulations with the Wigner-crystal
change of the ordered structure, but can also be due to a localodel only, systematically varying parameters, one at a time,
change of crystal thickness and/or orientation. The superlaby minor changes in crystal thickness, crystal orientation,
tice spacing in images also change with imaging conditionslefocus, beam tilt, beam divergence, centers of objective ap-
due to microscopy aberrations, such as two-and threefoldrture, and sample drift caused by temperature fluctuations
astigmatism, coma, beam alignment, and anisotropic inforand mechanical vibration to fit experimental images. The
mation limit. There were many types of lattice images. Wesimulation results in two unexpected findings which are con-
note that very different superlattice images can be observesistent with experiments. First, in thin areas when the crystal
even in neighboring areas. Very often, the details betweewas viewed in an exadt010] orientation, no superlattice
superlattice fringes, say the Mhand Mrf* atom columns, with a 3a, period can be observed. Only when the crystal
are not well defined in the images, such as those shown iwas thick, or was tilted away from the zone axis, was the
the top row of Fig. ®)—(d). This is in part due to the small 3a, superlattice visible. The extinction of thexg lattice in
mechanical vibration associated with the cold stage at 85 Kithe exact zone axis in thin crystals is apparently due tg a 2
although their atomic spacings can be measured through inscrew axis present along tleeaxis. Second, under certain
age simulations. In some areas, moving through a distance @haging conditions, the intensity peak of a lattice image can
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FIG. 9. Top row:four typical HREM images observed in charge-
ordered LgsLCa sMnO; at 85 K; middle row: the corresponding
intensity profiles from the images in the row above; bottom row:  F|G. 10. Histograms of the fringe spacings, measured from
calculated images corresponding to the images in the top row uUsingREM images of the charge-ordered phag.plotted using only
the Wigner-crystal model. Note the experimental image on the tORhe type of images shown in F|g($ (b) plotted using all types of
of (a) is similar to that observed by Mori, Chen, and Chebsiyow- images.
ing narrow spacingl;, and wide spacingl,. A good match with
the calculated image, bottom ¢&) based on the Wigner-crystal oy images of the bottom row in Fig. 9, which correspond to
model, suggests the observed variation in spacing does not requnre[ﬁe experimental images and line scans in the rows above,
longitudinal displacement in the structure. Parameters used in th§re all calculated ones using the Wigner-crystal model. We
simulation: (8) t=30nm, Af=—40nm, crystal tilt:h=10 mrad, conclude that even without longitudinal displacement, im-

|: 1%;':23?": (7b)mr; d;%gntrT;’?oAnfm, A?irlml’%i%s’tagry;;gi tir|1t: ages.wnh narrow and wide spacgd fringes, suggested by the
h=10mrad,| =7 mrad, (d) t=20 nm, Af=—200 nm, crystal tilt: bi-stripe model, can also be obtained.
h=10mrad,| =7 mrad. In all the simulations, an objective aperture
radius 0.7 A® centered ah=1=0 was used. IV. DISCUSSION

Stripe spacings (4)

deviate far away from its actual atomic position, as indicated Simulations of HREM images suggest that the apparent
by the calculated image shown at the bottom of Fig).9n lattice spacing of the superlattice of charge-ordered
other words, an equally spaced periodical lattice potentiala, ;{Ca, MNO; is very sensitive to crystal thickness, ori-
can give rise to unequal spacing in lattice fringes. Bgp  entation, and other imaging conditions. Thus a small misori-
=3ay=1.62nm superlattice structure from the Wigner-entation of the crystal foil may cause an extra intensity
crystal model, we can observe a superlattice with a fringemodulation in HREM image of polytypée$.It was also dem-
period ofaco/2=0.81 nm, which corresponds to the spacingonstrated experimentally and theoretically that even crystal-
of Mn®"Oq stripes, and even a period of sublattieg lographically forbidden lattice fringes, such as those corre-
=0.54nm with invisible superlattice fringes, especially sponding to(010) reflections in La_,CaMnO; can be
when the Laue center is off the origin. At present, we cannogasily obtained in HREM imagé$ due to broken symmetry
single out any one parameter that dominates the change of the diffraction procesgmainly crystal tily, or in the non-
the fringe spacing in lattice images. It is a combined effectlinear imaging process. Thus, without knowing crystal tilt
Since most of the parameters are correlated, image simuland the experimental imaging conditions and without image
tion is invaluable in interpreting such HREM images. Thesimulations, it is difficult, if not impossible, to derive an
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atomic structure, including coordinates, from an HREM im-to address the transverse displacement of the charge-ordered
age for a complicated materials such as charge-orderegghase.

La, _,CaMnO,. Measuring lattice spacing is more straight- On the other hand, the observation of incommensurate
forward in reciprocal space. However, electron diffraction ismodulation with the small componegtalong thec axis in
prone to multiple scattering and other dynamic effects, sdocal areas is very interesting, particularly as it has not been
care should be taken in interpreting the observations. Offobserved by x-ray diffraction. It likely reflects the charge-
zone-axis electron diffraction in thin areas can minimizeordered structure at submicrometer scale. The intensity and

multiscattering; combining experimental data with simula-POSition, including the sign of thé component, of the super
tions therefore is recommended. In contrast, interpretin eflections associated with the incommensurate modulation

x-ray diffraction is less complicated due to the negligible an change with temperature, suggest_ing their configuration

dynamic effects and multiple scattering. However, becausd!®Y e metastable. During situ heating, we found the

of its large probe size, x-ray diffraction often retrieves Shape of the superreflections also changes,_from strong sharp
P ; -~ spots at well belowl ¢o( ~260K), to weak diffused streaks

volume-averaged structural information, and thus may mis

) : “along thea* axis atT., and disappear at abo . In
diagnose crystal symmetry on a submicrometer scale. Sin g ¢ bp Beo

: . _ gions about 0.2m in diameter defined by the size of SAD
x-ray and electron diffraction are complementary teCh”'queSaperture, where thé component is clearly visible, we ob-

the combined use of the two can usually eliminate their régerye high density of antiphase domain boundaries. The an-
spective ambiguities. . . tiphase boundaries have a very broad width as those ob-
It should be noted that the superlattice reflections of theserved for BjSr,CaCyOs. 5 superconductor®’ Dark-field
ordered La CaMnO; at low temperature observed with images using the superlattice reflections show that the super-
high-resolution x-ray and electron diffraction is not direct |attices often take a wavy form when they cross the domain
evidence to the charge ordering, but evidence for the exissoundaries. The antiphase domain has an average size of 16
tence of displacement that may be associated with them. The shift of 0.54 nm of tha lattice across the bound-
charge. The difference in form factor alone between*Mn aries and the domain size of 16 nm observed in HREM, is
and Mrf" is not sufficient to result in superlattice reflections. consistent with the-2° tilt away from theag axis, observed
To explain the structural modulation, a transverse displacen diffraction. The component can take either sign, and its
ment associated with Mi and Mrf ordering was imple- magnitude varies with location of the samples, ranging from
mented in the Wigner-crystal model. Although our TEM |£=0~0.015. Thus, for a large area, the size of hundreds of
study rejects the longitudinal displacement in the bi-stripem. the contribution of the component to x-ray diffrac-
mode, a transverse displacement can still exist. In Rig, 7 tion may cancel out. A similar small component resulting in
we clearly observe that the super-reflections With=h=+ b_roken modu_latlo_n symmetry observed in electron diffrac-
(subcell settingfor | = + 4 are much stronger than the super- 0N but not in high-resolution synchrotron x Jay was re-
reflections with the samle’-indices forl =0, suggesting the ported by a Houston group for gerCaCL’ZOSW'
existence of a displacement along theaxis. To quantify In  conclusion, ~ we studied  charge-ordered

such a displacement for the bi-stripe model, we added a sink?0.3€&.6MnO; using TEM to retrieve single-crystal-like
wave as the transverse displacement along:theis into the structural information from small areas, rather than volume-

model with Az=Asin(2mX) (i=La/Ca, Mn, ®, and G averaged structural information as by x-ray diffraction. Two
I 1 ’ 3

with A, being largest for @ and smallest for Mp We then co_nflicting structural models, the W_igner—crystal and bi-
compared the calculations with experiments. However, oupllP€ models, were tested by experimental and calculated

observations were inconclusive for two reasdinsThe pos- electron diffrgction patterns, as well as by HREM images.
sible displacement along theaxis is very small. Since the Our observations are not consistent with the bi-stripe model,

bi-stripe mode did not provide atomic coordinates, we use@‘,nd support the Wigner-crystal modgl. Detailed TE.M analy-
the atomic coordinates given by Radaeliial® By compar- sis suggests that the charge modulation on a submicron scale

ing the atomic position at 160 K for the averaged structurd"@y have a small component along thexis, which may

and charge-ordered structure we found the maximum ampli?©t be revealed by x-ray and neutron diffraction.

tude of the transverse displacement is more than ten times
smaller than the longitudinal displacement proposed by the
bi-stripe model(ii) The sensitivity in detecting the displace-  The authors would like to thank C. H. Chen and D. E.

ment along thec axis is low. The transverse displacement Cox for useful discussions. This work was supported by Di-
changes the intensity and position of tt@1) reflections. vision of Materials Sciences, U.S. Department of Energy,
However, due to the lack of superlattice reflections along theinder Contract No. DE-AC02-98CH10886. The National

c* axis, the widely space01) reflections do not respond Synchrotron Light Source is also supported by the U.S. Dept.
sensitively to a small displacement. Further study is neededf Energy, Division of Materials Sciences.
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