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Electron microscopic evidence of charge-ordered bi-stripe structures in the bilayered colossal
magnetoresistive manganite La_5,Srq,5Mn,0-
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In sharp contrast to the three-dimensional perovskite manganite, evidence of charge-ordered structures with
bi-stripe models has been found on the bilayered manganije,S# .,Mn,O; based onin-situ electron
microscopic studies. At the electronic doping levelxef0.6, a new face-centered charge-ordered superstruc-
ture was observed. This structure is composed of bi-stripes §f@jand paired MA*Og rows alternatively
stacking along the ordering direction, which is assembled from the building blocks of the charge-ordered phase
at x=0.5. Taking into account the systematic absence of reflections with the face-centered symmetry, its
modulation vector was deduced@s(1/10,1/10,0. Moreover, for another charge-ordered phase identified at
x=0.67 withq=(1/6,1/6,0, again only the bi-stripe model fits the existing data over the Wigner-crystal
model.
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[. INTRODUCTION In the naturally layered compounds 4.3 Sr;,Mn,05,

The colossal magnetoresistviCMR) phenomena in smce_the double Mn@sheets are _separated by rock-salt-type
mixed-valent manganite perovskite materials stem from th&locking layers(La, Sp,0, [see Fig. 1a) for x=0.5], these
interplay among the charge, spin and lattice degte®s. Manganites provide opportunities to study not only the
understand the physical properties of these materials, identtharge and spin interplay in reduced 2-dimensions, but also
fication of the charge-ordere@CO) structure is crucial. At explore new phenomena that are not found in the 3D perov-
the half electronic hole doping level=0.5 with the equal skite manganites. Therefore, they have attracted considerable
amount of MA* and Mrf*, as predicted by Goodenough a attention in recent yeafd?* In the range of 0.3%x
half century agd,the CO structure is formed by the alterna- <0.40, a ferromagnetic metalli¢FM) state was found,
tive distribution of the MA* 3d,,2_2 orbitals on the Mn sites,
which results superlattice reflections predominantly from the
cooperative Jahn-Teller distortioAglowever, when the dop-
ing level deviates away from the half doping level, signifi-
cant controversies have arisen regarding the CO structures
Early work by Moriet al3-® proposed a CO structure of the
three-dimensiongl3D) perovskite Lg ;La AMNO; that has
double Mr#*Og4 octahedron stripes among the #10; octa-
hedron rows, the so-called bi-stripe model in the literature. In
controversy, Fernandez-Diagt al® and Radaelliet al’
pointed out that when single MfOg rows are separated as
far apart as possible, the so-called Wigner-crystal model a:
the Coulomb repulsion energy can be minimized within this
plane®? better fits to their x-ray and neutron diffraction data
were obtained. Electron microscopic studies also supportec a
the Wigner-crystal model over the bi-stripe model for this 3D
perovskitel© In this work on the study of naturally layered [001]

CMR compounds La »Sr;,»Mn,0,, discriminating of the (a)

different CO structures is made usiimgsitu electron micros-

copy combined with quantitative simulations of electron dif- g1, 1. (Color onling (a) The charge-ordered structural model
fraction (ED) patterns and high-resolution electron micros-of | a,_, S, ,,Mn,O, atx=0.5, which is composed of A and B two
copy (HREM) images based on the dynamic-diffraction kind layers. The MA"Og and Mrf*Og octahedra are shown in dif-
theory. Our results show that for both two charge-orderederent colors. Its space group Bomm (b) a [001] projection de-
phases, identified at=0.6 andx=0.67, respectively, in sharp scription of this structurésee the text for detailswith solid and
contrast to the 3D perovskite that the Wigner-crystal modebroken frames define the layers A and B unit cell positions, respec-
was suggesteti’:®%only the bi-stripe models fit the experi- tively; (c) the simulated ED pattern along tH601] zone axis
mental data surprisingly. (thicknesst=4 nm).
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which gives rise to a sharp CMR transiti®hA variety of TABLE |. Parameters for modeling possible charge-ordered
antiferromagnetidAF) and spin canted magnetic structures structures of La St .p,Mn;07.x=n/(m+n).
has been identified from 08x< 1.01%22Whenx < 0.45, no

long-range CO structure was observed, while a long-range Superlattice _
CO structure was observed at0.5141%17 Recently the . Number reflection Modulation
charge ordering phenomena were also recorded at highePoping  of Mn I Mn**, position, vectof,
doping levels in the range of=0.5-0.71920.2224yhjle the  level.x m/n 1/r q
CO structures remain unexplored. No long-range charge ol b

. . 5 2/2 4
dering was observed whet>0.72° In this work, we study v . 21/4 1/4.0
the CO structure of the bilayered manganite, for the firs-® 213(416) 1/5 1/10,1/10,0
time, whenx deviates away fronx=0.5 in order to have a 0.67 2/4 ye® (1/6,1/6,0
better_ulnderstanding of the charge ordering behavior of thesg71 2/5%(4/10) 1/7 (1/14 1/14 0
materials. b

. . 0.75 2/6 8

The CO structure ak=0.5 determined by Argyriotet v 21/8’1/8’0)
al.1” is shown in Fig. 1a). It is an orthorhombic structure, 978 2’14114 1/9 1/18,1/18,0
with a space group d8bmm(No. 63 and lattice parameters 0.8 2/8 /10 (1/10,1/10,0

of a=0.5443,b=1.0194, andc=1.9816 nm. Two kinds of

layers, I_abelgt_j as Iayers_A and B, respectively, in Fig),1 . bThese 1f positions have been confirmed experimentéRefs. 19,
can be identified from this structure. Each of them conta|n§0 22, and 24

d°‘?b'e MnQ sheets. This str'uctl.,lre can be mo.re s'imply de'CWhenn is odd, the cell should be doublédoubledm andn are
scribed by thg001] layer projection as shown in Fig(d), N

X . I given in the brackeis
where only Mn sites are shown while *4SP* and G~ sites

are not depicted. Solid circle symbols denote thetivaite, . .
and the dumbbell symbols N (the Mr?* background is (TEM) specimens were prepared from polycrystalline bulk

shadowegl The solid rectangle defines the atomic positionss.amples by mechanical thinning and finally ion milling with

of the layer A, and the broken rectangles, layer B. Since théIqUid N, cooling to minimize the ion beam damage. The

parent phase is a body-centered tetragonal structure Wiflﬁ"situ TEM_Work_ was Caf”ed out using a HiFachi H-9000
space group of4/mmm3 (a unit cell of the parent phase equipped with a liquid-helium cold stage working at 300 kV.

with basis vectorsy and b, is outlined at the lower-right M_odeling and.simulations were performed using a MS Mod-
corner; the subscript t denotes the tetragonal parent phas%glgif?g ddI\SIZaecil'll'Jé%raroSsraTos frg)rlr? '_Al‘_ﬁceefla’l‘:‘)\mg ag?a?nselégglgre
the Mn sites of the layer B locate at the center of the Mn sed for the simuFI)atioﬁ' \?oltadE—SOO KV sghperical aber-
square network of the layer A, i.e. and the layer B is Shlft-e(]lrjation coefficientCg=2 8 mm, half-width ,ofpthe Gaussian
by (1/2)a with respect to the layer A. Note that the layer B is spread of foeus duse té chror’natic aberratiba 20 nm. and
in fact (1/2)c away from the layer A, while for conveni'en(.:e sgmiangle of beam convergenge 1.0 mrad Specifi,c foil
they are drawn together on the same plane. Arrows mdlcatFnicknesst and defocus valuaf are given for each particu-
the small displacement of Mh from the parent phasgéhe lar simulation
neighboring L&"/SP* and G~ also have the same direction In order to model the CO structure of 18,5, Mn,0

i i 1+2dVINZ 07,
d|splaqement§ but are not shown hgﬁes decqrated W.'th the it is necessary to consider the compositional dependence
gray disks, it is a sid8-centered lattice. Besides, this struc- first. Since La. Srand O have the valence:d. +2 and—2
ture has the symmetry elements of axial glisf&00], mirror : y ! '

; . - respectively, the average valence of Mn is thusx3e- bal-
m[010] and mirrorm[001]. From this structure at=0.5, we ance the charges. Suppose thereranows of M+ andn

will construct CO structures at higher doping levels with rows of Mrf* in a unit cell, the fractions of Mi and Mrf*

larger unit cells. These structures have different orderings in .o thusm/ (m+n) and n/(m+n), respectively, thus we ob-
the a-b plane, while they remain the same A and B Iayered,(ain
structure. Figure (t) is a simulated electron diffractiaiD)

pattern along th€001] zone axis, which exhibits superlattice m n _
reflections at 1/4 positions of the fundamental ones, consis- 3 m+n tax m+n 3+X
tent with the experimental observatiol{s?® Simulated ED

patterns with superlattice reflections at 1/5 and 1/6 posihence

tions, atx=0.6 andx=0.67, respectively, will also be present n

according to our structural models given in this paper, and it

@The discussion of] is given in this paper.

m+n’

will be shown that the superstructure>at0.6 is indeed a
novel face-centered one. Sincem and n should be two integrals aneh should be
even since M#" should be paired, one can find out the de-
Il. EXPERIMENTAL PROCEDURES AND METHODS pendence ok with m andn from the above equation. Table

| lists some of the results from=0.5 up to 0.8. As will be
Single-phased samples were synthesized through chemiemonstrated whemis odd as foix=0.6, the unit cell should
cal reactions and followed by annealing, for details see thée doubled; so botm andn should be doubled, as shown in
previous report? Thin-foil transmission electron microscopy the brackets of the table. The expected superlattice reflection
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[001]

FIG. 2. In-situ ED patterns from a La,Sr ;5Mn,0O; (x=0.6)
crystal at a temperature ¢d) 298 K[001]; (b) 125 K[001]; (c) 125
K [101]; (d) 125 K[201]; and(e) 49 K [001].

position 1f is also given, where is the planar spacing ratio
of the superlattice reflection to the fundamental one, e.g. in
Fig. 1(c), r=4. Those marked with ** in the table have been
experimentally observed. It is clear thatrlig related to the
total Mn numbem-+n, so 1k ~x has a linear relationship. If
one chooses higher integral numbers other than those liste
in the table, larger unit cells, with shorter rlsuperlattice
positions, will be obtained. The possible modulation vegtor FIG. 3. (Color onling CO structure forx=0.6 The solid rect-
for eachx is also listed in the table, which will be discussed angle defines the atomic positions of layer A, and the five broken
in the following text. rectangles, as marked with |-V, possible positions of layer B. The
structure with the planar cell | as layer @odel ) has the face-
centered symmetrithe space group i§2mm), while models II-V
only C-centering symmetry. Simulated ED patterns from models |
and Il along[001], [101] and[201] are shown in(b) and (c), re-
spectively(all at thicknesg=4 nm).

11][401]

[lI. RESULTS AND DISCUSSIONS

Figure 2 showsn-situ ED patterns from a crystal witk
=0.6 at different temperatures. At the room temperatare
the reflections are consistent with the space group Ofent with bulk sample measurements by the neutron
[4/mmmof the tetragonal parent phase. However, extra sugiffraction 24
perlattice reflections appear at the lower temperatures as a |t js known that atx=0.5, there are equal amounts of
result of the charge ordering, as shown in Figh)Zaken at  Mn3* and Mrf* (m/n=1).17 However, in the present case,
125 K. It is seen that the extra reflections appear at the 1/8=0.6, the ratio ofm/n is 2/3 (Table I). Therefore, to con-
positions of the fundamental ones, whilexat0.5 at the 1/4  sider the CO structure, two rows of MiDgz and three rows
positionst*° Figures 2Zc) and 2d) are the[101] and[201]  of Mn**Og are used to construct the structural unit. No mat-
zone axis diffraction patterns obtained by tilting from theter how these rows are assembled, the configuration is al-
[001] along the(110), reciprocal vector for about 13.9° and ways unique, i.e., the two MfOg rows are separated by one
30.1°, respectivelythe calculated angle betwe¢d01] and  and two rows of MA*Og alternatively, as shown in Fig(&.
[101] is 15.4°, and betweel®01] and[201] is 28.89, where  No other possible assemblies can be obtained. This is a typi-
the 1/5 position superlattice reflections are still visible. Atcal bi-stripe model due to the presence of bi-stripes of
the even lower temperature 23 K, the superlattice reflectionMn®*Qg, as highlighted with a shadow background under
disappeafFig. 2(e)]. Note that the CO structure was found Mn3* to guide the eye, rather than the Wigner-crystal model
stableat this low temperature in a bulk sample as reportedn which only uni-stripes of M#Og are present-1°A planar
very recently’* which implies that the disappearance of the unit cell of the layer Afirst double MnQ layer, refer to Fig.
superlattice reflections from the ED patterns is probably du€(a)] with five rows is outlined by a parallelogram at the
to the TEM sample thin-film effect, where less strain islower left side of Fig. 8a). However, since the upper edge is
present to hinder the transition from the CO to a chargeshifted by exactly half edge lengta with respect to the
disordered A-type antiferromagnetic pha&é? However, a lower edge, a doubled cell should be chosen as the Bravais
comparison of the superlattice reflection intensities andattice to exhibit this bas€-centering symmetry, as outlined
transport measurements as a function of temperature indby a bold rectangle at the right side of the parallelogram. The
cates that the charge ordering is responsible for the prodecorating gray disks highlight th€-centering symmetry.
nounced change in electrical resistance. This fact is consisHowever, for the layer B, there are five possible positions, as
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shown by broken rectangles marked from | to V, respectivelyLa, ;L& MnO3, possibly due to the chemical composition
(the structural models with these planar cells as the layer Bf the local studying areas deviated away from the ideal

are thus accordingly named as models | to V, respectively
The planar cell | is obtained by shifting the planar cell of the
layer A along the[110]; direction, while planar cells II-V
along the[110};, direction but for different magnitudes. It is
seen that the planar cell | has both the side and

compositionx=2/3, themodulated structure they observed
was incommensurate with=(0.284,0 £)(|¢=0.010 rather
than the commensurate Wigner-crystal structure wdth
=(1/3,0,0), which implies that it is indeed an incommen-
surately modified Wigner-crystal structure. Further studies

B-centering symmetries. Therefore, in total, the model | hasire needed for the incommensurate structures witalues
a faceF-centering symmetry. The possible space group giverocated between the listed ones in Table I. Because model Il

by the modeling programs B2mm(No. 42, with symmetry
elements of 2-fold rotatio@[ 100], mirror m 010] and mirror
m[001] that are evident in the drawing. In fact, the structural
unit of thex=0.5 CO structure can be recognized, as indi-
cated at the left side of Fig(8). Thus this structure is indeed
assembled from the building blocks of tke 0.5 phase along
the modulation direction, with MHOg rows connecting to-
gether by but shifted by 1 For the simulation, we adopt
the same displacements of #nLa3*/SP* and G~ from the
parent phase at the corresponding positions of xh€.5
phaset’ The other planar cells 1I-V do not have any side
centering, so the models II-V only have tl&centering.

only has theC-centering, théhkl) reflection condition is that
h+k is even, so extra reflection rows appear in the simulated
patterns alondg001] and [201] zone axes in Fig. 8). The
models IlI-V give similar reflection geometry as FigcB It
should be pointed out that if one starts with more Mm@ws

to construct the model instead of the five rows in Fitp)3
infinite models can be obtained but the simulated results do
not fit the experimental data. The unit cell in FigaBindeed
contains ten rows of Mng If one starts with ten rows of
MnOg, besides the bi-stripe model in Fig.a, tri- and quad-
stripe models can be obtained, however, their simulated ED
patterns exhibit superlattice reflections at the 1/10 positions.

An overview experimental HREM image of the CO struc-

Figs. 3b) and 3c), respectively, both along tH®01], [101]

fringes, with a spacing of 1.3 nm, are observed, as marked

and [201] zone axes. Because the model | has theyith some arrowheads on the left side of the image. The

F-centering, the(hkl) appear only wherh, k and| are all

inserted Fourier transformation pattern exhibits extra spots at

even or all odd. Both the geometry and intensities of thehe 1/5 positions of the fundamental spots, as shown by
superlattice reflections in the simulated ED patterns are corgrrowheads. Figure(d) is a magnified noised-filtered image,

sistent with the experimental patterns in Figir2the experi-
mental patterns, double reflections are possil8enulations
of other ED patterns obtained by tilting also support this
structural model. Since the lattice paramdienf the super-
cell is indeed ten times longer than tdeg;, spacing of the
parent phase, the modulation vector is thus deduced as

which displays the structural modulation from the variation
of image spot intensities. A simulated image by the
F-centered structure model in Figad is inserted in Fig. &)
for a comparison.

From the HREM images recorded at different areas and at
different defocus values, two typical image features are re-

=(1/10,1/10,0, although the superlattice reflections appeanealed, as shown on the left-half sides of Fig®) &nd 3b),

at the 1/5 positions as th@0l) reflections with odd are

respectively. In Fig. &), the image intensity along the ver-

forbidden due the systematic absence. However, in the preical direction profiles a feature with three strong and two

vious studies??* the modulation vector was reported s

weak lines(we denote this feature &2/3/2; the bold font

=(1/5,1/5,0 by the appearance of 1/5 position superlatticestands for the strong linewhile in Fig. §b), four strong and

reflections while the~-centering was not considered. Note
that linear relations ofj~x were reported for bilayerég?’
as well as single-layeré®¥?® manganites. However, in the
structural model in Fig. &), m/n=2/3, since the total Mn
number 5 is odd, the unit cell is doubled, and tlaushould
be (1/10,1/10,0 instead of(1/5,1/5,0Q. Similarly, in the
case ofx=0.71, m/n=2/5, there are seven Mn row(see
Table ); if this phase exists, possible-centered structures
can also be constructed for(gee the Appendijx which con-
tain 14 Mn rows in the supercell witlq=(1/14,1/14,0

one weak line(4/1/4/1). For thicker samples, due to the
invalidity of the weak-phase object approximation, quantita-
tive image simulation based on the dynamic diffraction-
theory is essential in interpreting the experimental HREM
images® The image simulation shows that these image fea-
tures can be explained using tRecentered structural model
in Fig. 3(@. As shown in Fig. &), although the image ap-
pears differently at differerttand Af, the both3/2/3/2 and
4/1/4/1 features are seen in the simulations. Two simulated
images att=4 nm but two different defocus values are

although the superlattice reflections appear at the 1/7 posshown at the right-half sides of Figs(a&d and %b), respec-

tions. The situation is the same fa=0.78 with nine Mn

tively, for comparison. A quantitative comparison of the in-

rows. It seems that at different doping levels, as the supetensity profiles shows good matches between the experimen-
lattice reflection position I/is related to(m+n), 1/r~x  tal and simulated images. None of the models II-V in Fig.
keeps a linear relationship; whitgis related to the supercell 3(a) gives satisfied simulated images with these image fea-
dimension saj~ x does not have such a linear relationship.tures over a wide range of imaging conditions, even when
When the composition deviates slightly away from0.6, the beam or specimen tilts are considet®d.

the modulation may change its character to incommensurate Further, we discuss the CO structure at the doping level of
as experimentally observé®#?* Such a change can result x=0.67. The experimental data have been reported previ-
from the modification of the basic structure studied here. Imously that were acquired by the same type of microscope
fact, in the previous TEM studies by Wangt all® in  H-9000 as we used het&In the case 0k=0.67, the ratio of
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(@
©

FIG. 5. (a), (b) Two typical HREM images from the sample with
x=0.6 shown on the left-half side, and simulated images by the
F-centered model in Fig.(d shown on the right-half sidfboth t
=4 nm, butAf=-190 nm for(a) and Af=-150 nm for (b)]; (c)
imaging simulation over wide imaging conditiongmages are
shown in 2% 1b).

wu

<

FIG. 4. (a) HREM image of the CO phase &f-0.6 taken at 125
K, with a Fourier transformation pattern insertéd) noise filtered
image, with a simulated imagé&=4 nm, Af=-190 nn) inserted
according to the face-centered structure in Fi@).3

m/nis 2/4(see Table)l There are only two possible models
as shown in Figs. ® and €b), which are named as the
Wigner-crystal or the bi-stripe models, respectively. Both of
them have theB-centering symmetry, as decorated with the
gray disks, by the selection of the layer B planar cells shift- =3 (a)
ing along the[110]; as already demonstrated in Fig. 3. The
possible space groups given by the modeling programs is
Bbcm (No. 64 for Fig. 6@, and B2mm (No. 38 for Fig.
6(b). Building blocks of(1/2)b of the x=0.6 phase in Fig.
3(a) are found in the Wigner-crystal model in Figah while
building blocks of thex=0.5 phase in the bi-stripe model in
Fig. 6(b). Simulated electron diffraction patterns of both
models exhibit 1/6 position superlattice reflections as

reportedt® as shown in Figs. @) and @&d), respectively. .
Therefore, we use the HREM image feature to discriminate [l [001]
between them. () (d)
The HREM image taken by Let all® displays clearly a
feature with three strong and three weak lin@43), as FIG. 6. (Color onling Two possible CO models for=0.67:(a)

shown on the left-half side of Fig.(& (after noise elimina- the Wigner-crystal modelthe space group i8bcm), and (b) the
tion). The band spacing is about 1.6 nm. Image simulationi-stripe model(the space group iB2mm. Simulated ED patterns
of the two models in Figs. (@) and Gb) show different im-  from them are shown below the models(#) and(d), respectively
age features. The Wigner-crystal model in Figa)6gives  (botht=4 nm.
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- EIIIEEEEIII* IIIIEEEIII- FIG. 9. (Color onling Three possible CO structures for
E] IIIIEEEEIII E] !!!i!ill ii =0.75:(a) and (b) Wigner-crystal modelstb) the bi-stripe model.
- . ... 1.6 nm that is consistent with the observed HREM image. A
E E — simulated image is shown on the right-half side on Fig).7
(c)

(b) Such a3/3 image feature cannot be obtained from the
Wigner-crystal structural model over a wide range of imag-
FIG. 7. The noise filtered image from the HREM image  ing conditions including the specimen or beam fiftdt is
=0.67 taken by Liet al. (Ref. 19 is shown on the left-half side of noted that the HREM image from L&,Ca,,Mn,0;
(@), compared with the simulated image by the bi-stripe model insample also exhibits th&/3 and4/2 features from this type
Fig. 6(b) at the right-half side(t=2 nm Af=-130 nm. Image of CO structure(1/6 position superlattice reflection® im-
simulation over wide imaging conditions according to the Wigner-plying that the bi-stripe model in Fig.(8) may also apply
crystal model and the bi-stripe models are showr(tinand (c), for the La_»Ca.,Mn,0; system. However in the
respectively(images are shown ina< 2b). La,_5Ca . 5Mn,0; system, the fact that the 1/6 position
superlattice reflection structure was formed even atxhe
image features typically the alternative appearance of one0.6 doping level’ suggests that this 1/6 position super-
strong and two weak line€l/2/1/2) or two strong and one structure may be more stable than the 1/5 position super-
weak lines(2/1/2/1), i.e. no image stripes wider than two structure in Fig. 3.
lines can be obtained by this model, as shown in Fig).7
As a result, an image band only contains three rows with IV. CONCLUSIONS
spacing of about 0.8 nm. This is expected, since thé'ah
and Mrf*Og rows are evenly distributed in the Wigner-
crystal model in Fig. @). However, intense wider image
stripes can be obtained from the bi-stripe model, with imag
features of3/3, 4/2 or 5/1, as shown in Fig. (€). In this
case, an image band contains six rows, with spacing of abomrl(iJ

In summary, we have extended our understanding of the
charge-ordered structure in the bilayered manganite
La,_5Sr+5Mn,0; from x=0.5 to higher doping levels and
Shave recognized two new basic charge-ordered superstruc-
res based on the electron microscopic studies, at the doping
vel of x=0.6 andx=0.67, respectively. The charge-ordered
phase atx=0.6 has a face-centered structure, with
=(1/10,1/10,0, and the charge-ordered phasexat0.67
hasq=(1/6,1/6,0. In both cases, bi-stripe models have
been suggested.
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t) a b APPENDIX: POSSIBLE CHARGE-ORDERED
( ) STRUCTURES AT OTHER DOPING LEVELS

FIG. 8. (Color onling Two possibleF-centered CO structures Table | lists seven possible CO structure parameters from
for x=0.71: (a) Wigner-crystal model(b) bi-stripe model. x=0.5 to 0.8. Thex=0.5, 0.6 and 0.67 CO structures have
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been studied in this paper. Here we give two more examplesne starts with four rows of MWOg and ten rows of
atx=0.71 and 0.75, although so far no experimental data ar&In**Ogz, many other assemblies can be obtained, but they
available to confirm their existence or their particular model.are notF-centered.

When x=0.71,m/n=2/5 (see Table )l If one uses two
rows of Mr?*Og and five rows of MA*Og to construct the

At x=0.75,m/n=2/6 (see Table )l They are three pos-
sible assemblies, as shown in Fig&a)99(c), respectively. In

unit cell, there are only two possibilities, as shown in Figs.Figs. 9a) and 9b), single Mr#*Og stripes are separated by a

8(a) and 8b), respectively. In Fig. &), the single MA*Oq
stripes are separated by two or three rows of'My, so it is
a Wigner-crystal model, while in Fig.(B), bi-stripes of
Mn3*Og4 are isolated by four rows of MMQg, so it is a
bi-stripe model. Similar to the case ®8E0.6 in Fig. 3, the
unit cell is doubled, therefore, both of them &reentered. If

different number MA*Og rows, so both of them can be
named a the Wigner-crystal model. Figur@)9ds a bi-stripe
model by the presence of bi-stripe R@g. All these three
models areB-centered.

Other possible CO structures »£0.78 and 0.8 can be
deduced in a similar way.
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