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Characterization of modulation structure in La 2CuO4.12 by electron diffraction
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The technique of electron diffraction has been used for characterizing the modulation structure in a heavily
oxygenated La2CuO4.12sample. Ordering with modulation directions inbc andab plane was observed, and the
strong dependence of thebc 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 alongc axis has also been found and concluded to be an
indication of the staging behavior of the interstitial oxygen ions.
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I. INTRODUCTION

Oxygen-doped La2CuO41d is one of the simplest system
in the family of high temperature superconducting Cu o
ides. Many interesting physical phenomena closely relate
the mechanism of high-Tc superconductivity have bee
found in this simple system, and most of them have not b
rationally understood. The complexity associated with t
system is caused mainly by the high mobility of the interc
lated oxygen ions. The insulating parent compound La2CuO4
may be transformed into superconducting phases via
doping either by adding excess oxygen ions or by add
alkaline earth ions (Sr21, Ba21, or Ca21) which replace
La31 of the parent compound. The alkaline earth ions
come immobile at relatively high temperatures, while t
oxygen atoms~which were determined to occupy the inte
stitial sites between adjacent LaO layers! remain mobile even
below room temperature. One associated phenomenon i
well studied phase separation phenomenon in which
doped holes and intercalated oxygen ions tend to form
mains of different densities for 0.01<d<0.055.1–6 Jor-
gensen and co-workers have carried out extensive studie
La2CuO41d and concluded that the superconducting co
pound resulted from phase separation near room temper
into two quasi-isostructural orthorhombic phases. The o
gen content of the superconducting phase~with Fmmmspace
group! was estimated to bed'0.08; while that of the anti-
ferromagnetic insulating phase~Bmab! hadd'0.7–9 In addi-
tion, the excess oxygen atoms were found to be located
tween the two LaO layers, and to be tetrahedra
coordinated to four La atoms.10,11 In hole rich domains the
holes exhibit certain degree of ordering which is also kno
as stripe phase, and this is regarded by some researcher
promising clue for understanding high temperatu
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superconductivity.12–17 According to Emery et al.,12,13 a
stripe phase is one in which the doped charges are con
trated along spontaneously generated domain walls sep
ing antiferromagnetic insulating regions. The stripes are g
erated by the competition between the clustering tendenc
the holes and the long-range Coulomb interactions. Exp
mentally, evidence for stripe phases in doped antiferrom
nets comes mainly from neutron scattering,12 and also from
many other methods which are capable of probing the lo
atomic and electronic structure such as nuclear magn
resonance~NMR!,18,19 extended x-ray absorption fine stru
ture ~EXAFS!,20–22x-ray diffraction,23 angle-resolved photo
emission spectroscopy ~ARPES!,24 and electron
diffraction.25–27 However, the concept of stripe phase is s
elusive, because the stripe phase is dynamical and insta
neous by nature which prevented it from being studied
details by most high resolution techniques. The static str
phases may sometimes be observed, but mainly in sam
with depressed superconductivity.14 The distribution of the
doped oxygen ions is also an important aspect for und
standing the electronic and magnetic behaviors
La2CuO41d . La2CuO41d (0.01<d<0.055) with mobile ex-
cess oxygen atoms has a tendency to phase separate
oxygen-rich ~hole-rich and superconducting! and oxygen-
poor ~hole-poor and antiferromagnetic! phases.1–6 Further-
more, the staging behavior of the excess oxygen
La2CuO41d and its nonsuperconducting analog La2NiO41d
has been demonstrated by neutron diffraction, i.e., the do
oxygen ions tend to form ordered structures alongc
axis.15,28–32

While the technique of electron diffraction is genera
very sensitive to charge-density modulations and the ass
ated atomic displacement patterns,33,34 this technique has no
been very successful in the studies of stripe phases and
©2001 The American Physical Society13-1
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ordering of the interstitial oxygen ions. In fact, a few ele
tron diffraction studies have been carried out for La2CuO41d
~Refs. 35,36! and La2NiO41d ,37–39 and modulation struc-
tures have been reported. Generally, the modulation wa
tributed to the ordering of the interstitial oxygen. Howev
these reports were not consistent with the recent result
neutron diffraction. In particular no modulation alongc axis
has so far been observed by electron diffraction. In a pre
ous study, we have carried out a detailed study on the mo
lation structure occurring in a heavily Cu-doped and ph
separated La2CuO41d sample.40,41 The modulation structure
found in our system was very similar to those observ
previously,35,36 but the observed modulation exhibited an i
verse doping dependence compared with the interstitial o
gen ordering. By using electron energy loss spectrosc
~EELS! as a spatially resolved probe for measuring the lo
hole density, we found that the modulation period decrea
when local hole density was reduced. This characteristic
density dependence was similar to the charge ordering fo
in La22xSrxNiO4 by Chenet al. using electron diffraction.25

In this study, electron diffraction was used to study t
modulation structure occurring in La2CuO41d . The depen-
dence of the modulation on the temperature and on the d
ing density is important to determine the nature of the mo
lation. However, in oxygen-doped La2CuO41d , it is difficult
to quantitatively control the excess oxygen and to determ
the local densities of the excess oxygen and the hole.
have shown that the electron irradiation may decrease
local hole density by probably reducing the amount of int
stitial oxygen atoms,41 so in this study, we chose a heavi
oxygen doped La2CuO41d sample and the effect of the ele
tron irradiation on the modulation structure was investigat
To certain degree our results may be regarded to reflect
doping dependence of the modulation structure.

II. EXPERIMENT

Insulating La2CuO4 compounds were synthesized by t
standard ceramic method from the corresponding oxides
purity higher than 99.9%. Oxygen intercalation onto the m
terial was achieved using the method of Takayam
Mouromachiet al.42 The excess oxygen contentd was deter-
mined to be 0.12 referring to the data given in Ref. 3
Superconducting property measurements by a MPM
SQUID magnetometer under an applied field of 10 G in
cated that this sample contained two superconducting pha
with superconducting temperatures of 15 K~36.9%! and 41
K ~63.1%! respectively. This result further supports our es
mation that the oxygen content;0.12.43

Transmission electron microscopy~TEM! observations
were carried out using a Philips CM200 field emission g
~FEG! TEM equipped with a Gatan imaging filter~GIF!. The
operating voltage used was 200 keV. A Gatan liquid nitrog
double-tilt cooling stage which is capable of varying t
sample temperature between 93 K and 373 K was emplo
for low temperature experiments. La2CuO4.12 powder was
crushed in ethanol and the resulting suspension was de
ited onto a TEM grid covered with a holy carbon film. Th
grid was then quickly transferred into the TEM for observ
22411
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tions. Lagueyteet al.36 noted that it was difficult to study the
superstructure because the satellite reflections were alw
very weak. In this study, we used the high quality slow-sc
CCD camera of the GIF system which allows real-time e
aminations of diffraction patterns. Weak superlattice refl
tions may therefore be identified much more easily by
justing the contrast and brightness of the digitally record
electron diffraction patterns.

III. RESULTS AND DISCUSSIONS

A. bc-plane modulation structure

It should be pointed out that heavy oxidation introduc
high density of$110% twins into most grains of polycrystal
line La2CuO41d samples. But thea andb lattice parameters
in orthorhombic La2CuO41d phases differ only slightly. In
selected-area electron diffraction~SAED! patterns (h0l ) and
(0kl) (h5k) reflections superimpose and it is not possib
and necessary to make distinction between@100# and @010#
zone axes.

Along principal@100#, @110#, @130#, and@001# zone axes,
superlattice reflections were observed at both room temp
ture (RT;300 K) and 100 K. We found that along thos
principal zone axes which are normal to thec axis, the ob-
served satellite reflections are very similar to those repo
previously.35,36,41Figs. 1~a!, 2~a!, and 2~b! show SAED pat-
terns obtained from@100#, @110#, and@130# zone axes at 100
K, respectively. Superlattice reflections resulting from sup
structure may be seen clearly around the main Bragg refl
tions in these patterns. In fact, the geometry of the supe
tice diffraction pattern is very complex, and multip
superlattice wave vectors coexisted in the pattern. We no
however, that the diffraction pattern is usually dominated
one set of superlattice reflections which may be described
one wave vector. Generally, the superstructure reflections
be written in the formG6mq, whereG corresponds to the
strong main Bragg reflection,m is an integer,q5h8a*
1k8b* 1 l 8c* is the primary modulation vector, anda* , b* ,
andc* are the reciprocal lattice unit vectors. In Fig. 1~a!, two
sets of superlattice reflections can be seen around each
damental Bragg reflection. The inset in Fig. 1~a! is a sche-
matic drawing depicting the geometry of the SAED patte
The open circles represent the superlattice reflections
pected from a two- or three-dimensional modulation. Figu
1~a! shows that these reflections are either absent or too w
to be observed, we may conclude therefore that the two
of superlattice reflections come from different domains a
the modulation in each single domain is a one dimensio
modulation. In Fig. 1~a! it is seen that superlattice reflection
are symmetric with respect to the main reflections, i.e.,
intensities ofG1mq andG2mq reflections are of the sam
order, indicating that the direction of the modulation vecto
lay approximatively in thebc plane. The dominant modula
tion vector measured from the pattern may be written
0.18b* 6(0.26;0.28)c* with a modulation period
;25.5 Å, which is nearb* /66c* /4 (;27.6 Å). In @110#
and @130# zone axis SAED patterns~Fig. 2!, it is noted that
the superlattice reflections around the high order main Br
reflections are stronger than those around the low order
3-2



th
o
fa
u
pe
e
e

tio

os
e
e
n
Fo

ec

re
ore
us-

lso

dif-
a
o

ons
e

ker
nt

r of
he
t

ak

pa
rn

n
n
re
na

0
ew

CHARACTERIZATION OF MODULATION STRUCTURE IN . . . PHYSICAL REVIEW B64 224113
trix reflections. In addition, most of theG2mq are absent,
i.e., superlattice reflections only appear on one side of
main reflections. These features suggest that the recipr
lattice plane containing the modulation wave vectors is
from the observed reciprocal planes, and the same feat
have also been found and explained clearly in Cu-do
La2CuO41d .41 The main point is that there exists a larg
angle between the reciprocal plane containing matrix refl
tions and the line containing the one-dimensional modula
vectors. For the main reflections near~000!, the superlattice
reflections do not intersect with the Ewald sphere. Th
around higher order main reflections may, however, inters
with the Ewald sphere, and this is especially so if the sup
lattice reflections involve only small angles of scattering a
if these reflections are elongated as shown in Fig. 3.
some main reflectionsG, both G1q and G12q may be
strongly excited. On the other hand, all superlattice refl

FIG. 1. @100# SAED patterns recorded at 100 K. In~a! and ~c!
are the center and outer parts of the first recorded diffraction
tern. ~b! and ~d! are corresponding parts of a diffraction patte
recorded after slight irradiation.~e! and~f! are similar to~c! and~d!,
but subjected to further irradiation. The insets in~a! and ~f! show
the geometry of the satellite spots around the matrix reflectio
Filled dots represent reflections expected from two domains of o
dimensional modulation, while filled dots plus open circles a
those reflections expected from a domain of two-dimensio
modulation.
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tions of the typeG2mq lie outside the Ewald sphere and a
not appropriately excited. Superlattice reflections theref
only appear on one side of the main spots, and this is ill
trated by Fig. 3. From@110# and@130# SAED patterns, thec*
component of the modulation wave vector is estimated a
to be 1/4, the same as that showing in Fig. 1~a!. These results
suggest that the superlattice reflections observed along
ferent axes normal toc axis at 100 K are projections of
one-dimensionalbc-plane modulation reciprocal lattice ont
different reciprocal planes.

At room temperature, the observed superlattice reflecti
were very different from those found at 100 K. First, th
intensity of the superlattice reflections were much wea
and were indeed difficult to identify. Second, the domina
vector was always the one with ac* /2 component. More-
over, the superlattice reflections appearing in the cente
Fig. 4~a! turned out to be weaker than those found in t
out-region shown in Fig. 4~c!. These features indicated tha
the modulation direction had deviated from thebc plane.
Figures 4~a! and 4~b! show two typical @100# and @130#
SAED patterns recorded at RT, revealing basically only we

t-

s.
e-

l

FIG. 2. ~a! @110# and ~b! @130# SAED patterns recorded at 10
K. Shown in the insets are electron diffraction geometry of a f
fundamental reflections around the transmitted zero beam.
3-3
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GAO, LIU, CHE, ZHAO, AND PENG PHYSICAL REVIEW B64 224113
modulation with c* /2 component. Figure 4~c! shows the
magnified out region of the same@100# SAED pattern as
shown in Fig. 4~a! in which some higher order main Brag
reflections are included. Though superlattice reflections
peared on both sides of the main reflections, they were
symmetric with respect to the~010! direction. Similar phe-
nomenon was also observed in the Cu-doped La2CuO41d
sample.41 Assuming that the two unsymmetric superlatti
reflections result from two symmetry related modulati
structures due to, e.g., twins, the modulation wave vec
may then be written asa* /66b* /36c* /2 ~with a modulation
period ;12.7 Å). At RT, the (00l ) ( l 52n11,n
50,1,2, . . . ) reflections may be seen clearly. The appe
ance of these reflections were in contradiction with both
Bmab and Fmmm space groups so far proposed f
La2CuO41d . It is our view that these (00l ) reflections are
not an independent evidence indicating a modulation alonc
axis, but an adjunct phenomenon resulting from a modu
tion with a c* /2 component or the change of space group

The bc-plane modulation structure was unstable up
electron irradiation. Long time irradiation under very we
electron beam at 100 K caused the modulation structur
change. Figure 1~b! shows a@100# SAED pattern recorded
from the same sample area as Fig. 1~a! but after two hours
very weak electron beam irradiation. The modulation wa
vector 0.18b* 6(0.26;0.28)c* found in Fig. 1~a! was not
the dominant one any more, instead the dominating mod
tion wave vector became 0.14a* 60.27b* 60.43c* ~with a
modulation period;15.3 Å). This can be seen more eas
in Figs. 1~c! and 1~d! which are magnified out regions o
Figs. 1~a! and 1~b!, respectively. (00l ) reflections became
visible in Fig. 1~d!, suggesting the presence of the modu
tion with the wave vectora* /66b* /36c* /2. Figures 1~e!
and 1~f! are SAED patterns recorded after further irradiatio
These figures show that with increasing electron dose
modulation withc* /2 component became clearer. In the ins
of Fig. 1~f! it is shown a schematic drawing indicating th
coexistence of the two sets of modulation vectors, one s
denoted by black dots, while the other set as shadowed d

The effect of increasing temperature on the modulat
structure is very similar to that of the electron irradiation.

FIG. 3. Schematic diagram showing the generation of the su
lattice reflections around high-order main reflections in the ou
regions of@100# SAED patterns recorded after irradiation or at hi
temperature, such as Figs. 1~f! and 5~b!.
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our experiment, the temperature was increased at an inte
of 10–20 K, and at each temperature the sample was le
the electron microscope without any electron beam irrad
tion for 1 h, and the sample was exposed to the elect
beam only when recording SAED patterns. In Figs. 5~a!–
5~c! we show the SAED patterns recorded at 140, 180,
220 K, respectively. Intensity profiles were obtained fro

r-
r

FIG. 4. ~a! @100# and~b! @130# SAED pattern recorded at RT,~c!
is the outer part of~a!.
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CHARACTERIZATION OF MODULATION STRUCTURE IN . . . PHYSICAL REVIEW B64 224113
these patterns and the result are shown in Fig. 5~d!. As the
temperature was increased, the relative intensities of the
perlattice reflections described by the wave vectora* /6
6b* /36c* /2 became stronger. When the temperature w
raised to the range from 150 to 250 K, the wave vector w
c* /2 component became the dominant one. At RT, this w
vector became the only existing one but intensities of
associated superlattice reflections were very weak, all o
superlattice reflections associated with different modulat

FIG. 5. ~a!–~c! Partial SAED patterns recorded at 140, 180, a
220 K. ~d! Line scanning result in~a!–~c!, and~d! the correspond-
ing intensity profiles obtained from the box as shown in~c!. G is the

main (082̄) reflection, and q1 and q2 are 0.14a* 10.27b*
10.43c* anda* /61b* /31c* /2, respectively.
22411
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wave vectors disappeared. In addition, we noticed that
transition was not reversible. When the sample was coo
down to;100 K again, though the intensities of the sup
lattice reflections were somehow enhanced, the modula
wave vector did not change and remain the same one wi
c* /2 component.

The appearance and the characters of thisbc-plane modu-
lation structure were very similar to that found in the ho
rich ~also oxygen-rich! regions of the phase-separated C
doped La2CuO41d .41 Similar to the previous conclusion,41

the modulation structure we observed was an indication
either oxygen ordering or charge ordering. Our EELS m
surements on the Cu-rich sample revealed that electron b
irradiation decreases local hole-density probably by rem
ing some interstitial oxygen atoms.41 The notable effect of
the electron beam irradiation on the modulation structure
the heavily oxygenated La2CuO41d implied that the modu-
lation structure has a strong doping dependence. With
decrease of the excess interstitial oxygen, the modula
period became shorter, i.e., the modulating planes bec
closer. In Fig. 6, we show two real-space diagrams of
modulation structures with a long and a short modulat
period. Comparing the results of this study to that
La2CuO4.09 reported by Lagueyteet al., the doping depen-
dance was further confirmed. Lagueyteet al. reported a simi-
lar ordering structure with a vector of 0.22a* 10.32c*
(;21 Å) in La2CuO4.09 at ;100 K, while in La2CuO4.12
we observed a modulation vector as 0.18b* 1(0.26
;0.28)c* with a longer period of;25.5 Å. The depen-
dence of this kind of modulation on the doping density w
contradictory to the ordering of interstitial oxygen ions.
the mode of interstitial oxygen ordering, decreasing dop
level necessarily means a longer modulation period. Rec
neutron scattering experiments have revealed the staging
havior of the excess oxygen in La2CuO41d (d;0.09– 0.1).
Excess oxygen atoms tend to form modulation struct
alongc axis, and the modulation period isn times the spac-
ing between two CuO2 layers, i.e., half of thec axis lattice
constant. In addition, the modulation vector changed quic
under electron irradiation and even at very low temperatu
These observations exclude the model of oxygen order
On the other side, Tranquadaet al. reported a three-

FIG. 6. Real-space schematic diagram showing the modula
structures with a~a! long period and~b! short period. The shadow
planes represent charge density modulation planes.
3-5
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dimensional~3D! ordering of interstitial oxygens with simi
lar vectors to this study.44 In addition, it will be shown in
Sec. III C that the superlattice reflection probably from ox
gen stage was very weak, which may indicate that onl
small part of interstitial oxygen form the stage structu
along c axis. The distribution of the main part of the inte
stitial oxygen increases the possibility that the bc-pla
modulation is due to the oxygen ordering. The definite de
mination of the nature of the modulation demands the r
space information, such as high resolution electron micr
copy. But the considerable TEM sample drift at low tempe
ture limited the employment of this technique.

In our opinion, the interstitial oxygen ions which intro
duce the excess holes may situate at modulating sites. W
the charge distribution starts to develop into a certain orde
pattern, it will introduce an accompanying pattern of latti
displacement. This ordered displacement field will in tu
produce favorite modulating sites for the interstitial oxyg
ions, i.e., charge ordering induces interstitial oxygen ord
ing. It must be pointed out, however, that although the cha
and oxygen ion orderings are related via the tilting of t
lattice, the interstitial oxygen ions and charges on the Cu2
plane are not stuck together. When the favorite modula
sites for the interstitial oxygen ions are completely occupi
strong diffraction effects or superlattice reflections are th
expected from the ordered oxygen ions. However, if the lo
density of the doping oxygen is not high enough, no oxyg
ion ordering will be produced. The superlattice diffract
beam intensities are then resulted mainly from the combi
effects of ordered charge distribution34 and associated lattic
displacement field. It is in general not possible or sensible
separate contributions from charge ordering and oxygen
ordering, but the main idea is that the ordering is driven
the charge. Relative intensities of three main modulation
perlattice reflection at different temperature is summarize
Table. I.

B. ab-plane modulation

Superlattice reflections have also been found in the@001#
SAED patterns. At both RT and 100 K, we observed sim
patterns as shown in Fig. 7 in which around each fundam
tal Bragg reflection four pairs of weak but well defined s
perlattice reflections can be found. The wave vector is m
sured to bea* /66b* /2 with a period of;10 Å. Due to the
nonexistence of the superlattice reflections such as~100! and
~010! expected from a two- or three-dimensional modulatio
we conclude that theseab-plane modulation superlattice re
flections result also from domains of one-dimensional mo

TABLE I. Relative intensities of three superlattice reflections
five temperatures (q050.18b* 10.26c* ,q150.14a* 10.27b*
10.43c* ,q35a* /61b* /31c* /2).

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

q0 .90% ,10% ;0 ;0 ;0 ;0
q1 ,10% .60% ;40% ;20% ,20% ,10%
q2 ,10% ;30% ;60% ;80% .80% .90%
22411
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lations. A striking character of these modulation is that th
are not sensitive to temperature and electron irradiation
RT and;100 K, we observed the same modulation vect
Moreover, 2-h irradiation under weak electron beam did
change the modulation noticeably. In addition, the intensi
of the superlattice reflections were weaker than that foun
for bc-plane modulation at;100 K.

In all SAED patterns obtained along@110# and@130# zone
axes from those regions withbc-plane modulation, the ob
served superlattice reflections are obviously elongated. H
ever, the superlattice reflections observed in@001# SAED
pattern were very sharp and well defined, and were not e
gated. In addition, the superlattice reflections around~000!
and other low order main Bragg reflections were stron
than those around the high order main Bragg reflections,
the measureda* andb* components were not corresponde
to those of thebc-plane modulation structure. It may there
fore be concluded that superlattice reflections found in@001#
SAED pattern are not the projection of thebc-plane modu-
lation superlattice reflections, instead they are a manife
tion of a kind of ordering structure whose modulation dire
tion lies in theab plane.

This ab-plane modulation is very similar to the charg
ordering reported in La22xSrxNiO4 by Chen et al.25 In
La22xSrxNiO4, these authors found a kind of modulatio
structure withq5a* 6db* , for 0.075<x<0.4 ~the hole den-
sity p5x), d'1/3, andq'a* 6b* /3. In the present study
the hole density was estimated to bep'0.175,45,46 which is
of the same order as the sample used by Chenet al. An
interesting relationship is that the modulation vector
La2CuO4.12 is just one half of that found in La22xSrxNiO4
with similar hole density, i.e., the modulation direction is t
same, but the period of the modulation is doubled. The
table feature of the modulation in La22xSrxNiO4 is that with
the increase of the hole density~by increasingx or adding
interstitial oxygen!, d decreases, i.e., the period is lengt

t

FIG. 7. @001# SAED pattern recorded from a heavily oxyge
doped La2CuO41d sample.
3-6
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CHARACTERIZATION OF MODULATION STRUCTURE IN . . . PHYSICAL REVIEW B64 224113
ened. This corresponds to the doping dependence of
abovebc-plane modulation, and might be a universal ma
of the static charge ordering found by electron diffraction
doped antiferromagnets. According to Chenet al., the
ab-plane charge order in La22xSrxNiO4 appeared below 220
K, and the modulation vector remained unchangeable do
to 15 K. In addition, the modulation vector did not chan
within a wide doping range. These are also corresponden
the characters of theab-plane modulation in this study
which is not sensitive to the temperature and the elec
irradiation. In La22xSrxNiO4, only the first order superlattice
reflections are observable, while in La2CuO4.12, it is not dif-
ficult to recognize up to third order superlattice reflectio
This indicates that in the charge ordering in doped antife
magnets, the hole concentrated layers in a system with
bile holes introduced by interstitial oxygen are much be
defined than that formed by holes introduced by immob
alkaline earth cations.

C. Modulation structure along c axis

In some areas of the sample, superlattice reflections i
cating an ordering structure alongc axis was found in SAED
patterns recorded at;100 K. Figure 8~a! shows a@100#
SAED pattern recorded at;100 K from such an area an
the portion containing weak (01l ) reflections is magnified in
Fig. 8~b!. In addition to the (01l ) weak reflections, two ad
ditional reflections appeared around each such main re
tion and their intensities exceeded that of the main (0l )
reflections@see Fig. 8~b!#. Other superlattice reflections ar
very weak and their corresponding vectors are very sh
and may not be identified easily around the strong m
Bragg reflections. The modulation wave vector around
main weak (01l ) reflections was measured to beq
50.193c* 'c* /5.2. Compared with thebc- and ab-plane

FIG. 8. ~a! @100# SAED pattern from a region with the interst
tial oxygen ordering.~b! Partially magnified pattern of~a!. ~c! Par-
tially magnified @100# SAED pattern from the same region as~a!
and ~b! after long-time irradiation.
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modulation discussed in previous sections, this order
structure alongc axis exhibited some different features. Firs
it cannot be observed in all oxygen-rich regions. Second
period (;70 Å) was much longer. In addition, only the firs
order superlattice reflections may be observed, suggestin
essentially sinusoidal character.

The sample temperature was found to play a crucial in
ence on this ordering structure. The superlattice reflecti
only became observable at temperatures below 200 K.
the other hand, the electron irradiation also changed the
dering significantly. In Fig. 8~c!, we show a portion of a
@100# SAED pattern recorded from the same region as F
8~a! but after a long-time irradiation. The (01l ) reflections
became stronger and the superlattice reflections bec
weaker and blurred considerably. Figure 9 shows the int
sity profiles along (01l ) reflections, and the lines markeda
and b correspond to Figs. 8~b! and 8~c!, respectively. It
should be noted that the superlattice reflections are bro
ened and the two superlattice reflections are not centere
the (01l ) peaks, espectially whenl increases.

In previous TEM studies on La2CuO41d and La2NiO41d ,
no modulation alongc axis was reported. Considering it
agreement with the results of neutron diffraction, we sugg
that the superlattice reflections alongc axis result from inter-
stitial oxygen staging. It has been pointed out that the stag
of the interstitial oxygen in La2CuO41d and La2NiO41d
manifests itself through the antiphase boundarylike tilt p
tern of the CuO6 and NiO6 octahedra~and the concomitan
displacements of the La ions!. The period of the tilt pattern is
twice that of the spacing between the intercalant layers.31 In
this study, the vector of 0.193c* can be understood by usin
a random mixture of stage 5 and stage 6. Our results
indicated that the staging of the interstitial oxygen was no
universal phenomenon in the oxygen doped La2CuO41d
samples. Though it was shown that the interstitial oxygen
Bmab La2CuO41d and La2NiO41d had a tendency to form
staging structure alongc axis, it was difficult for the intersti-
tial oxygen to form a uniform staging structure correspon
ing to the lowest energy configuration due to the slow dif
sion of the intercalant especially when the interlay
diffusion was involved.

FIG. 9. Intensity profiles along the line containing (01l ) reflec-
tions of Figs. 8~b! ~line a! and 8~c! ~line b!.
3-7
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Electron irradiation may decrease the density of the int
stitial oxygen atoms. In those regions where much loss of
interstitial oxygen occurred, the space group would chan
from Fmmmto Bmab, so (01l ) reflections became stronge
On the other hand, the irradiation would disorder the stag
structure and cause the existence of more phases with di
ent staging numbers, this would lead to the bluring a
broadening of the superlattice reflections. The oxygen st
ing only exists in the oxygen-rich phases withFmmmspace
group symmetry, and the (01l ) reflections come from the
oxygen-poor phases withBmabspace group. The difference
in c lattice parameters for the Bmab phase and
O-ordering phases would cause the two superlattice refl
tions not centered on theBmab (01l ) peak, which was also
reported by Xionget al. by using neutron diffraction.29

IV. CONCLUSION

In this study, several types of modulation structures ha
been found to exist in a heavily oxygenated La2CuO4.12
sample by the technique of electron diffraction, and the
fects of temperature and the electron irradiation on
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modulation structure have been investigated. In this hea
oxygenated La2CuO41d sample, modulation wave vector
were observed in several principal zone axes and found t
either inbc or ab plane. Thebc-plane modulation structure
exhibited obvious temperature and doping dependence.
temperature and high hole density were found to enhance
modulation superlattice reflections and favor a longer per
in contrast to the modulation structure expected from
ordering of oxygen or other ions presented in the sample
in agreement with that expected for a charge ordering st
ture. The appearance of up to third harmonics of both thebc-
andab-plane modulations suggests that the modulating l
ers were much narrower and well defined than that found
La22xSrxNiO4. In some areas of our oxygenated sampl
superlattice reflections resulting from the ordering of dop
oxygen alongc axis were also observed.
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