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Characterization of modulation structure in La,CuQ, 1, by electron diffraction
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The technique of electron diffraction has been used for characterizing the modulation structure in a heavily
oxygenated LgCuQ, 1, sample. Ordering with modulation directionstin andab plane was observed, and the
strong dependence of tie plane ordering on temperature and doping level was established. It was found that
low temperature and high doping level enhance the ordering and favor a longer modulation period than
otherwise. In some regions, a kind of modulation alangxis has also been found and concluded to be an
indication of the staging behavior of the interstitial oxygen ions.
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. INTRODUCTION superconductivity?~*” According to Emeryet al,’*® a
stripe phase is one in which the doped charges are concen-
Oxygen-doped LgCuQy , s is one of the simplest systems trated along spontaneously generated domain walls separat-
in the family of high temperature superconducting Cu ox-ing antiferromagnetic insulating regions. The stripes are gen-
ides. Many interesting physical phenomena closely related terated by the competition between the clustering tendency of
the mechanism of higfiz superconductivity have been the holes and the long-range Coulomb interactions. Experi-
found in this simple system, and most of them have not beementally, evidence for stripe phases in doped antiferromag-
rationally understood. The complexity associated with thisnets comes mainly from neutron scattertignd also from
system is caused mainly by the high mobility of the interca-many other methods which are capable of probing the local
lated oxygen ions. The insulating parent compoungdied,  atomic and electronic structure such as nuclear magnetic
may be transformed into superconducting phases via holeesonancéNMR),'81° extended x-ray absorption fine struc-
doping either by adding excess oxygen ions or by addingure (EXAFS),2°-??x-ray diffraction?® angle-resolved photo-
alkaline earth ions (8f, Ba&", or C&") which replace emission spectroscopy (ARPES,?* and electron
La®* of the parent compound. The alkaline earth ions bediffraction?®-2’ However, the concept of stripe phase is still
come immobile at relatively high temperatures, while theelusive, because the stripe phase is dynamical and instanta-
oxygen atomgwhich were determined to occupy the inter- neous by nature which prevented it from being studied in
stitial sites between adjacent LaO layaiemain mobile even details by most high resolution techniques. The static stripe
below room temperature. One associated phenomenon is tiphases may sometimes be observed, but mainly in samples
well studied phase separation phenomenon in which thaith depressed superconductivifyThe distribution of the
doped holes and intercalated oxygen ions tend to form dodoped oxygen ions is also an important aspect for under-
mains of different densities for 0.846<0.055'~® Jor- standing the electronic and magnetic behaviors of
gensen and co-workers have carried out extensive studies &a,CuQ,, 5. La,CuQ,, 5 (0.01=< §<0.055) with mobile ex-
La,Cu0Qy,, s and concluded that the superconducting com-cess oxygen atoms has a tendency to phase separate into
pound resulted from phase separation near room temperatuogygen-rich (hole-rich and superconductingand oxygen-
into two quasi-isostructural orthorhombic phases. The oxypoor (hole-poor and antiferromagnetiphases:® Further-
gen content of the superconducting phasiéh Fmmmspace more, the staging behavior of the excess oxygen in
group was estimated to bé~0.08; while that of the anti- La,CuQ,, s and its nonsuperconducting analog,NéO, s
ferromagnetic insulating phagBmab had~0.”°In addi-  has been demonstrated by neutron diffraction, i.e., the doped
tion, the excess oxygen atoms were found to be located b@xygen ions tend to form ordered structures aloog
tween the two LaO layers, and to be tetrahedrallyaxisl®?8-32
coordinated to four La atom$:* In hole rich domains the While the technique of electron diffraction is generally
holes exhibit certain degree of ordering which is also knowrvery sensitive to charge-density modulations and the associ-
as stripe phase, and this is regarded by some researchers asted atomic displacement pattefis? this technique has not
promising clue for understanding high temperaturebeen very successful in the studies of stripe phases and the
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ordering of the interstitial oxygen ions. In fact, a few elec-tions. Lagueyteet al3® noted that it was difficult to study the
tron diffraction studies have been carried out fop,€Ca0,, s  superstructure because the satellite reflections were always
(Refs. 35,36 and LgNiO,4, 5,3’ ~3° and modulation struc- very weak. In this study, we used the high quality slow-scan
tures have been reported. Generally, the modulation was aGCD camera of the GIF system which allows real-time ex-
tributed to the ordering of the interstitial oxygen. However,aminations of diffraction patterns. Weak superlattice reflec-
these reports were not consistent with the recent results dfons may therefore be identified much more easily by ad-
neutron diffraction. In particular no modulation alongxis  justing the contrast and brightness of the digitally recorded
has so far been observed by electron diffraction. In a previelectron diffraction patterns.

ous study, we have carried out a detailed study on the modu-

lation structure occurring in a heavily Cu-doped and phase IIl. RESULTS AND DISCUSSIONS

separated LaCuQ,, 5 sample*®*! The modulation structure
found in our system was very similar to those observed
previously>>* but the observed modulation exhibited an in- It should be pointed out that heavy oxidation introduces
verse doping dependence compared with the interstitial oxyhigh density of{ 110 twins into most grains of polycrystal-
gen ordering. By using electron energy loss spectroscopline La,CuQ,, ; samples. But tha andb lattice parameters
(EELS) as a spatially resolved probe for measuring the localn orthorhombic LaCuQy. s phases differ only slightly. In
hole density, we found that the modulation period decreasegelected-area electron diffractiBAED) patterns hO0l) and
when local hole density was reduced. This characteristic ofokl) (h=k) reflections superimpose and it is not possible
density dependence was similar to the charge ordering foungind necessary to make distinction betwé@0] and[010]

in La,_,Sr,NiO, by Chenet al. using electron diffractio®>  zone axes.

In this study, electron diffraction was used to study the Along principal[100], [110], [130], and[001] zone axes,
modulation structure occurring in k@uQ,, ;. The depen- superlattice reflections were observed at both room tempera-
dence of the modulation on the temperature and on the dopure (RT~300 K) and 100 K. We found that along those
ing density is important to determine the nature of the moduprincipal zone axes which are normal to thexis, the ob-
lation. However, in oxygen-doped @uQ, . 4, itis difficult  served satellite reflections are very similar to those reported
to quantitatively control the excess oxygen and to determingreviously*>*4*!Figs. 1a), 2(a), and 2b) show SAED pat-
the local densities of the excess oxygen and the hole. Weerns obtained fromi100], [110], and[130] zone axes at 100
have shown that the electron irradiation may decrease thg, respectively. Superlattice reflections resulting from super-
local hole density by probably reducing the amount of inter-structure may be seen clearly around the main Bragg reflec-
stitial oxygen atomé&; so in this study, we chose a heavily tions in these patterns. In fact, the geometry of the superlat-
oxygen doped LgCuQ,. s sample and the effect of the elec- tice diffraction pattern is very complex, and multiple
tron irradiation on the modulation structure was investigatedsuperlattice wave vectors coexisted in the pattern. We noted,
To certain degree our results may be regarded to reflect thgowever, that the diffraction pattern is usually dominated by
doping dependence of the modulation structure. one set of superlattice reflections which may be described by
one wave vector. Generally, the superstructure reflections can
be written in the formG=*mq, whereG corresponds to the
strong main Bragg reflectionm is an integer,g=h’a*

Insulating LaCuQ, compounds were synthesized by the +k'b* +1'c* is the primary modulation vector, arad, b*,
standard ceramic method from the corresponding oxides witandc* are the reciprocal lattice unit vectors. In Figall two
purity higher than 99.9%. Oxygen intercalation onto the ma=sets of superlattice reflections can be seen around each fun-
terial was achieved using the method of Takayamadamental Bragg reflection. The inset in Fidallis a sche-
Mouromachiet al*? The excess oxygen contefitvas deter- matic drawing depicting the geometry of the SAED pattern.
mined to be 0.12 referring to the data given in Ref. 36.The open circles represent the superlattice reflections ex-
Superconducting property measurements by a MPMS-pected from a two- or three-dimensional modulation. Figure
SQUID magnetometer under an applied field of 10 G indi-1(a) shows that these reflections are either absent or too weak
cated that this sample contained two superconducting phasds, be observed, we may conclude therefore that the two sets
with superconducting temperatures of 1536.9%9 and 41  of superlattice reflections come from different domains and
K (63.199 respectively. This result further supports our esti-the modulation in each single domain is a one dimensional
mation that the oxygen contert0.1243 modulation. In Fig. 1a) it is seen that superlattice reflections

Transmission electron microscopfTEM) observations are symmetric with respect to the main reflections, i.e., the
were carried out using a Philips CM200 field emission gunintensities ofG+ mq andG—mq reflections are of the same
(FEG TEM equipped with a Gatan imaging filtéGIF). The  order, indicating that the direction of the modulation vectors
operating voltage used was 200 keV. A Gatan liquid nitrogeray approximatively in théc plane. The dominant modula-
double-tilt cooling stage which is capable of varying thetion vector measured from the pattern may be written as
sample temperature between 93 K and 373 K was employed.1&* +(0.26~0.28)c* with a modulation period
for low temperature experiments. J@GuQ, ;, powder was ~25.5 A, which is neab*/6+c*/4 (~27.6 A). In[110]
crushed in ethanol and the resulting suspension was depoand[130] zone axis SAED patterngig. 2), it is noted that
ited onto a TEM grid covered with a holy carbon film. The the superlattice reflections around the high order main Bragg
grid was then quickly transferred into the TEM for observa-reflections are stronger than those around the low order ma-

A. bc-plane modulation structure

II. EXPERIMENT
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FIG. 1.[100] SAED patterns recorded at 100 K. (a) and(c)
are the center and outer parts of the first recorded diffraction pat-
tern. (b) and (d) are corresponding parts of a diffraction pattern  FIG. 2. (a) [110] and (b) [130] SAED patterns recorded at 100
recorded after slight irradiatioe) and(f) are similar to(c) and(d), K. Shown in the insets are electron diffraction geometry of a few
but subjected to further irradiation. The insets(& and (f) show  fundamental reflections around the transmitted zero beam.
the geometry of the satellite spots around the matrix reflections.
Filled dots represent reflections expected from two domains of one-
dimensional modulation, while filed dots plus open circles aretions of the typeG—mgq lie outside the Ewald sphere and are
those reflections expected from a domain of two-dimensionaNOt appropriately excited. Superlattice reflections therefore
modulation. only appear on one side of the main spots, and this is illus-

trated by Fig. 3. Fromi110] and[130] SAED patterns, the*

trix reflections. In addition, most of th& —mq are absent, component of the modulation wave vector is estimated also
i.e., superlattice reflections only appear on one side of théo be 1/4, the same as that showing in Fig) 1These results
main reflections. These features suggest that the reciprocaliggest that the superlattice reflections observed along dif-
lattice plane containing the modulation wave vectors is faiferent axes normal te axis at 100 K are projections of a
from the observed reciprocal planes, and the same featur@se-dimensionabc-plane modulation reciprocal lattice onto
have also been found and explained clearly in Cu-dopedifferent reciprocal planes.
La,CuQ,, 5.** The main point is that there exists a large At room temperature, the observed superlattice reflections
angle between the reciprocal plane containing matrix reflecwere very different from those found at 100 K. First, the
tions and the line containing the one-dimensional modulatiorntensity of the superlattice reflections were much weaker
vectors. For the main reflections ng@00), the superlattice and were indeed difficult to identify. Second, the dominant
reflections do not intersect with the Ewald sphere. Thosaector was always the one with &/2 component. More-
around higher order main reflections may, however, interseaver, the superlattice reflections appearing in the center of
with the Ewald sphere, and this is especially so if the superFig. 4@ turned out to be weaker than those found in the
lattice reflections involve only small angles of scattering andout-region shown in Fig. @). These features indicated that
if these reflections are elongated as shown in Fig. 3. Fothe modulation direction had deviated from the plane.
some main reflection§, both G+q and G+2q may be Figures 4a) and 4b) show two typical[100] and [130]
strongly excited. On the other hand, all superlattice reflecSAED patterns recorded at RT, revealing basically only weak
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FIG. 3. Schematic diagram showing the generation of the super-
lattice reflections around high-order main reflections in the outer
regions off 100] SAED patterns recorded after irradiation or at high
temperature, such as Figgf)land §b).

modulation with ¢*/2 component. Figure (4) shows the
magnified out region of the sanf{d00] SAED pattern as
shown in Fig. 4a) in which some higher order main Bragg
reflections are included. Though superlattice reflections ap-
peared on both sides of the main reflections, they were not
symmetric with respect to th@10) direction. Similar phe-
nomenon was also observed in the Cu-dopedCugy, s
sample*! Assuming that the two unsymmetric superlattice
reflections result from two symmetry related modulation
structures due to, e.g., twins, the modulation wave vectors
may then be written a&* /6= b* /3= c* /2 (with a modulation
period ~12.7 A). At RT, the (00) (I=2n+1n
=0,1,2 ...) reflections may be seen clearly. The appear-
ance of these reflections were in contradiction with both the
Bmab and Fmmm space groups so far proposed for
La,CuQy, 5. It is our view that these (0D reflections are
not an independent evidence indicating a modulation afong
axis, but an adjunct phenomenon resulting from a modula-
tion with ac*/2 component or the change of space group.

The bc-plane modulation structure was unstable upon
electron irradiation. Long time irradiation under very weak
electron beam at 100 K caused the modulation structure to
change. Figure (b) shows a[100] SAED pattern recorded
from the same sample area as Fi¢p)lbut after two hours
very weak electron beam irradiation. The modulation wave
vector 0.18* =(0.26~0.28)c* found in Fig. 1a) was not
the dominant one any more, instead the dominating modula-
tion wave vector became 0.4%+0.270* =0.4%* (with a
modulation period~15.3 A). This can be seen more easily
in Figs. Xc) and Xd) which are magnified out regions of
Figs. 1@ and Xb), respectively. (0Q reflections became
visible in Fig. 1(d), suggesting the presence of the modula- FIG. 4. (a) [100] and(b) [130] SAED pattern recorded at R{K)
tion with the wave vectora*/6+b*/3+c*/2. Figures 1e) s the outer part ofa).
and Xf) are SAED patterns recorded after further irradiation.
These figures show that with increasing electron dose theur experiment, the temperature was increased at an interval
modulation withc* /2 component became clearer. In the insetof 10—-20 K, and at each temperature the sample was left in
of Fig. 1(f) it is shown a schematic drawing indicating the the electron microscope without any electron beam irradia-
coexistence of the two sets of modulation vectors, one set igon for 1 h, and the sample was exposed to the electron
denoted by black dots, while the other set as shadowed doteeam only when recording SAED patterns. In Fig&)5

The effect of increasing temperature on the modulatiorb(c) we show the SAED patterns recorded at 140, 180, and
structure is very similar to that of the electron irradiation. In220 K, respectively. Intensity profiles were obtained from
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(a)

FIG. 6. Real-space schematic diagram showing the modulation
structures with &da) long period andb) short period. The shadow
planes represent charge density modulation planes.

wave vectors disappeared. In addition, we noticed that this
transition was not reversible. When the sample was cooled
down to~100 K again, though the intensities of the super-
lattice reflections were somehow enhanced, the modulation
wave vector did not change and remain the same one with a
c*/2 component.

The appearance and the characters oftilsiplane modu-
lation structure were very similar to that found in the hole-
rich (also oxygen-rich regions of the phase-separated Cu-
doped LaCuQ,, s.** Similar to the previous conclusidh,
the modulation structure we observed was an indication of
either oxygen ordering or charge ordering. Our EELS mea-
surements on the Cu-rich sample revealed that electron beam
irradiation decreases local hole-density probably by remov-
ing some interstitial oxygen aton5.The notable effect of
the electron beam irradiation on the modulation structure in
the heavily oxygenated LE&uUO,, s implied that the modu-
lation structure has a strong doping dependence. With the
decrease of the excess interstitial oxygen, the modulation
period became shorter, i.e., the modulating planes became
closer. In Fig. 6, we show two real-space diagrams of the
modulation structures with a long and a short modulation
period. Comparing the results of this study to that of
La,CuQ, o9 reported by Lagueytet al, the doping depen-
dance was further confirmed. Laguewgteal. reported a simi-
lar ordering structure with a vector of 0&2+0.3%*
(~21 A) in La,CuQ, oo at ~100 K, while in LgCuO, 1,

FIG. 5. (a)—(c) Partial SAED patterns recorded at 140, 180, andW€ oObserved a modulation vector as ®18 (0.26

220 K. (d) Line scanning result iti@)—(c), and(d) the correspond-
ing intensity profiles obtained from the box as showiidn G is the

main (082 reflection, andq, and g, are 0.14*+0.27*
+0.4%* anda*/6+b*/3+c*/2, respectively.

these patterns and the result are shown in Fid). A\s the

~0.28)c* with a longer period of~25.5 A. The depen-
dence of this kind of modulation on the doping density was
contradictory to the ordering of interstitial oxygen ions. In
the mode of interstitial oxygen ordering, decreasing doping
level necessarily means a longer modulation period. Recent
neutron scattering experiments have revealed the staging be-

temperature was increased, the relative intensities of the stravior of the excess oxygen in 4@uQ,, s (6~0.09-0.1).

perlattice reflections described by the wave vec&/6

Excess oxygen atoms tend to form modulation structure

+b*/3=c*/2 became stronger. When the temperature waslongc axis, and the modulation period fistimes the spac-
raised to the range from 150 to 250 K, the wave vector withing between two Cu@layers, i.e., half of the axis lattice
c* /2 component became the dominant one. At RT, this waveonstant. In addition, the modulation vector changed quickly
vector became the only existing one but intensities of theinder electron irradiation and even at very low temperature.
associated superlattice reflections were very weak, all othéfhese observations exclude the model of oxygen ordering.
superlattice reflections associated with different modulatiorOn the other side, Tranquadat al. reported a three-
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TABLE I. Relative intensities of three superlattice reflections at
five temperatures op=0.1&* +0.26c*,q,=0.14a* + 0.270*
+0.4%* ,q3=a*/6+b*/3+c*/2).

100K 140K 180K 220K 260K 300K

do >90% <10% ~0 ~0 ~0 ~0
a; <10% >60% ~40% ~20% <20% <10%
ds <10% ~30% ~60% ~80% >80% >90%

dimensional(3D) ordering of interstitial oxygens with simi-
lar vectors to this stud$ In addition, it will be shown in
Sec. Il C that the superlattice reflection probably from oxy-
gen stage was very weak, which may indicate that only a
small part of interstitial oxygen form the stage structure
along c axis. The distribution of the main part of the inter-
stitial oxygen increases the possibility that the bc-plane
modulation is due to the oxygen ordering. The definite deter-
mination of the nature of the modulation demands the real
space information, such as high resolution electron micros- g5 7. [001] SAED pattern recorded from a heavily oxygen-
copy. But the considerable TEM sample drift at low tempera-doped LaCu0,, s sample.
ture limited the employment of this technique.

In our opinion, the interstitial oxygen ions which intro- o .
duce the excess holes may situate at modulating sites. whdgtions. A striking character of these modulation is that they

the charge distribution starts to develop into a certain ordere@€ NOt sensitive to temperature and electron irradiation. At
pattern, it will introduce an accompanying pattern of latticeRT @nd~100 K, we observed the same modulation vector.

displacement. This ordered displacement field will in turnMoreover, 2-h irradiation under weak electron beam did not

produce favorite modulating sites for the interstitial oxygencha@nge the modulation noticeably. In addition, the intensities
ions, i.e., charge ordering induces interstitial oxygen order-Of the superlattice reflections were weaker than that found in

ing. It must be pointed out, however, that although the chargé®" bc-plane modulation at-100 K.

and oxygen ion orderings are related via the tilting of the N @ll SAED patterns obtained alofig10] and[130] zone
lattice, the interstitial oxygen ions and charges on the Cu0@X€s from those regions withc-plane modulation, the ob-
plane are not stuck together. When the favorite modulatin@erved superlatUce_reerctlons_ are obviously elongated. How-
sites for the interstitial oxygen ions are completely occupied€Ve': the superlattice reflections observed@01] SAED
strong diffraction effects or superlattice reflections are therPattérn were very sharp and well defined, and were not elon-
expected from the ordered oxygen ions. However, if the locaP@ted. In addition, the superlattice reflections aro(®@D)
density of the doping oxygen is not high enough, no oxygerf"nd other low order main Bragg reflectlons were _stronger
ion ordering will be produced. The superlattice diffractedh@n those around the high order main Bragg reflections, and
beam intensities are then resulted mainly from the combinet® Measured* andb* components were not correspondent
effects of ordered charge distributirand associated lattice 0 those of thebc-plane modulation structure. It may there-
displacement field. It is in general not possible or sensible tdore be concluded that superlattice reflections fountDi]
separate contributions from charge ordering and oxygen io®AED pattern are not the projection of the-plane modu-
ordering, but the main idea is that the ordering is driven b))_atlon sup_erlattlce refl_ectlons, instead they are a _manl_festa-
the charge. Relative intensities of three main modulation sulion of & kind of ordering structure whose modulation direc-

perlattice reflection at different temperature is summarized ifion lies in theab plane. o
Table. I. This ab-plane modulation is very similar to the charge

ordering reported in La,SrNiO, by Chenetal?® In
_ La, ,SrNiO,, these authors found a kind of modulation
B. ab-plane modulation structure withq=a* + sb* , for 0.075<x=<0.4(the hole den-
Superlattice reflections have also been found in[@f8]  sity p=X), d~1/3, andg~a* £b*/3. In the present study,
SAED patterns. At both RT and 100 K, we observed similarthe hole density was estimated to pe-0.175;°*¢ which is
patterns as shown in Fig. 7 in which around each fundameref the same order as the sample used by Céeal. An
tal Bragg reflection four pairs of weak but well defined su-interesting relationship is that the modulation vector in
perlattice reflections can be found. The wave vector is meaka,CuQ; 1, is just one half of that found in La ,SrNiO,
sured to be* /6+ b* /2 with a period of~10 A. Due to the  with similar hole density, i.e., the modulation direction is the
nonexistence of the superlattice reflections sucti@é) and same, but the period of the modulation is doubled. The no-
(010 expected from a two- or three-dimensional modulation table feature of the modulation in La,Sr,NiO, is that with
we conclude that theszb-plane modulation superlattice re- the increase of the hole densifyy increasingx or adding
flections result also from domains of one-dimensional moduinterstitial oxygen, 6 decreases, i.e., the period is length-
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FIG. 9. Intensity profiles along the line containing (Pteflec-
tions of Figs. 8b) (line @ and 8c) (line b).

c

e modulation discussed in previous sections, this ordering

FIG. 8. (a) [100] SAED pattern from a region with the intersti- structure along axis exhibited some different features. First,
tial oxygen ordering(b) Partially magnified pattern dg). (c) Par- it cannot be observed in all oxygen-rich regions. Second, its
tially magnified[100] SAED pattern from the same region @  period (~70 A) was much longer. In addition, only the first
and (b) after long-time irradiation. order superlattice reflections may be observed, suggesting an

essentially sinusoidal character.

ened. This corresponds to the doping dependence of the The sample temperature was found to play a crucial influ-
abovebc-plane modulation, and might be a universal markence on this ordering structure. The superlattice reflections
of the static charge ordering found by electron diffraction inonly became observable at temperatures below 200 K. On
doped antiferromagnets. According to Chetal, the the other hand, the electron irradiation also changed the or-
ab-plane charge order in La,Sr,NiO, appeared below 220 dering significantly. In Fig. &), we show a portion of a
K, and the modulation vector remained unchangeable dowhl00] SAED pattern recorded from the same region as Fig.
to 15 K. In addition, the modulation vector did not change8(a but after a long-time irradiation. The (Dlreflections
within a wide doping range. These are also correspondent tbecame stronger and the superlattice reflections became
the characters of thab-plane modulation in this study, weaker and blurred considerably. Figure 9 shows the inten-
which is not sensitive to the temperature and the electrosity profiles along (Ol) reflections, and the lines marked
irradiation. In Lg_,Sr,NiO,, only the first order superlattice and b correspond to Figs. (B) and 8c), respectively. It
reflections are observable, while inJGuQ, ,, itis not dif-  should be noted that the superlattice reflections are broad-
ficult to recognize up to third order superlattice reflections.ened and the two superlattice reflections are not centered on
This indicates that in the charge ordering in doped antiferrothe (01) peaks, espectially whenincreases.
magnets, the hole concentrated layers in a system with mo- In previous TEM studies on L&uUO,, s and LgNiOy; 5,
bile holes introduced by interstitial oxygen are much bettemo modulation alonge axis was reported. Considering its
defined than that formed by holes introduced by immobileagreement with the results of neutron diffraction, we suggest
alkaline earth cations. that the superlattice reflections aloogxis result from inter-
stitial oxygen staging. It has been pointed out that the staging
of the interstitial oxygen in LgCuQ,, s and LgNiO,, 5
manifests itself through the antiphase boundarylike tilt pat-

In some areas of the sample, superlattice reflections indiern of the Cu@ and NiQ; octahedraland the concomitant
cating an ordering structure aloegxis was found in SAED  displacements of the La ionsThe period of the tilt pattern is
patterns recorded at100 K. Figure 8a) shows a[100]  twice that of the spacing between the intercalant layehs.
SAED pattern recorded at 100 K from such an area and this study, the vector of 0.1@8 can be understood by using
the portion containing weak (OLreflections is magnified in a random mixture of stage 5 and stage 6. Our results also
Fig. 8b). In addition to the (0l) weak reflections, two ad- indicated that the staging of the interstitial oxygen was not a
ditional reflections appeared around each such main refleemiversal phenomenon in the oxygen doped,@i20,. 5
tion and their intensities exceeded that of the mainlY01 samples. Though it was shown that the interstitial oxygen in
reflections[see Fig. 8)]. Other superlattice reflections are Bmab La,CuQ,, ;s and LgNiO,, ; had a tendency to form
very weak and their corresponding vectors are very shorttaging structure alongaxis, it was difficult for the intersti-
and may not be identified easily around the strong mairtial oxygen to form a uniform staging structure correspond-
Bragg reflections. The modulation wave vector around théng to the lowest energy configuration due to the slow diffu-
main weak (OlL) reflections was measured to bg sion of the intercalant especially when the interlayer
=0.193* ~¢*/5.2. Compared with thdc- and ab-plane  diffusion was involved.

C. Modulation structure along c axis

224113-7
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Electron irradiation may decrease the density of the intermodulation structure have been investigated. In this heavily
stitial oxygen atoms. In those regions where much loss of thexygenated LsCuQ,, s sample, modulation wave vectors
interstitial oxygen occurred, the space group would changevere observed in several principal zone axes and found to lie
from Fmmmto Bmalh so (01) reflections became stronger. either inbc or ab plane. Thebc-plane modulation structure
On the other hand, the irradiation would disorder the stagingxhibited obvious temperature and doping dependence. Low
structure and cause the existence of more phases with differemperature and high hole density were found to enhance the
ent staging numbers, this would lead to the bluring andmodulation superlattice reflections and favor a longer period,
broadening of the superlattice reflections. The oxygen stagn contrast to the modulation structure expected from the
ing only exists in the oxygen-rich phases wiimmmspace ordering of oxygen or other ions presented in the sample but
group symmetry, and the (Dlreflections come from the in agreement with that expected for a charge ordering struc-
oxygen-poor phases witBmabspace group. The difference ture. The appearance of up to third harmonics of bothite
in c lattice parameters for the Bmab phase and theandab-plane modulations suggests that the modulating lay-
O-ordering phases would cause the two superlattice refle@rs were much narrower and well defined than that found in
tions not centered on ti@mab (01l) peak, which was also La, ,Sr,NiO,. In some areas of our oxygenated samples,
reported by Xionget al. by using neutron diffractio”’ superlattice reflections resulting from the ordering of doped

oxygen alongc axis were also observed.
IV. CONCLUSION

In this study, several types of modulation structures have
been found to exist in a heavily oxygenated,CaQO, ,
sample by the technique of electron diffraction, and the ef- This work was supported by National Natural Science
fects of temperature and the electron irradiation on thdoundation of China, and the Chinese Academy of Sciences.
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