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The techniques of transmission electron microscopy and electron energy loss spectroscopy~EELS! have
been used for characterizing heavily Cu-doped polycrystalline La2CuO4.003 ~LCO! samples. Semiquantitative
and spatially resolved EELS analysis reveals that Cu may be doped into LCO lattice and that Cu doping
introduces effectively holes into the sample. At room temperature, the LCO grains were found to phase
separate into hole-poor and hole-rich grains, and in hole-rich grains holes were found to have a strong tendency
to concentrate and form one-dimensional static ordering with planar domain wall promoted by high-energy
electron beam. Two kinds of modulation vectors have been found, they are 1/4b* 61/3c* ~with a wavelength
;18.9 Å! and 1/6a* 61/3b* 61/2c* ~with a wavelength;12.7 Å!. At lower temperatures, sharper and higher-
order superlattice reflections were observed, indicating an enhanced charge ordering, and superlattice reflec-
tions originating from 1/4b* 61/3c* were found to dominate those originating from 1/6a* 61/3b* 61/2c*
with a shorter modulation period.
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I. INTRODUCTION

Local charge inhomogeneity is an important feature
copper oxide high-Tc superconductors, and this charge inh
mogeneity has been regarded by many as a promising clu
understanding high-Tc superconductivity.1–3 The macro-
scopic phase separation occurring in La2CuO41d ~LCO!, i.e.,
into oxygen-rich ~hole-rich and superconducting! and
oxygen-poor ~hole-poor and antiferromagnetic! phases at
0.01,d,0.055, has been well studied.4–9 More recently in-
creasing interest has been attracted into the inhomogen
on a much smaller scale, i.e., the nanometer scale orde
of holes and spins or the stripe phases found in so
typical copper oxide superconductors such
La22xSrxCuO41d ,10–17 YBa2Cu3O72y ,18 Bi2Sr2CaCu2O8,19

and La22xSrxNiO41d ,20–25 the isomorphic system o
La22xSrxCuO41d . As described by Emery, Kivelson, an
Tranquada,10 a stripe phase is one in which the dop
charges are concentrated along spontaneously generate
main walls between antiferromagnetic insulating regio
Physically the stripes are generated as a result of a com
tion between the clustering tendency of holes and the lo
range Coulomb interactions. Many experiments have
served the signature of charge stripes and provided evide
for stripe phases to be closely connected with supercon
tivity. In general, the stripes of charges and spins are ins
taneous and dynamical. It was noted, however, that st
stripes are incompatible with the metallic behavior of t
cuprates.12

Almost all experimental methods which are capable
probing local structural and electronic information have be
used for the studies of stripes of charges and spins. Th
PRB 620163-1829/2000/62~9!/5413~14!/$15.00
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methods include neutron scattering,10–17,20–25nuclear mag-
netic resonance~NMR!,26,27 extended x-ray absorption fin
structure ~EXAFS!,28–30 x-ray diffraction,31 angle-resolved
photoemission spectroscopy~ARPES!,32 and electron
diffraction.33–35 Among these methods, neutron scatteri
has been used most successfully for providing evidence
stripes of spins. So far, most neutron-scattering studies,
pecially those inelastic neutron-scattering studies, have b
focusing on the CuO2 plane, and the observed stripes a
regarded as a one-dimensional modulation in a tw
dimensional system, i.e., stripes composed of parallel mo
lating chains on the CuO2 plane. Although evidences imply
ing correlation along thec axis have also been provided b
EXAFS measurements,28–30 this c-axis correlation is usually
neglected in interpreting experimental results. In this arti
we will show that the combined techniques of electron d
fraction, imaging, and electron energy loss spectrosc
~EELS! in a TEM can be a useful tool for studying charg
stripes. High-energy electrons are very sensitive to cha
density modulations and resulting atomic displacem
patterns.36–38 In addition, the high spatial resolution of TEM
makes the requirement for the sample quality less strict t
that required in neutron diffraction. This is especially impo
tant when studying polycrystalline and multiphase samp
Systemic EELS studies by Nu¨cker et al. demonstrated tha
the intensity of a prepeak before the main oxygenK absorp-
tion edge may be related to the degree of hole doping,
gave a very direct evidence that charge carriers
La22xSrxCuO41d are holes with dominant O 2p character.39

Following their work, the technique of EELS~Ref. 40! has
become a widely used tool for the study of local electro
structure of high-Tc superconducting materials41–46and other
5413 ©2000 The American Physical Society
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5414 PRB 62GAO, PENG, DONG, ZHAO, LIU, AND ZHAO
doped antiferromagnets such as La12xSrxMnO3.47 In this
work, we take advantage of the high spatial resolution
TEM and use the intensity of the hole-related oxygenK ab-
sorption pre-edge peak as an effective local hole-den
detector.48 The disadvantage of electron diffraction is that
is not sensitive to spin and the technique may therefore
be used for studying the instantaneous stripes of spins.
sides the well-known studies on the charge ordering
La22xSrxNiO41d ~Ref. 33! and La12xCaxMnO3,34,35 some
electron-diffraction studies have observed modulation str
ture in heavily oxygen-doped La2CuO41d ~Refs. 49 and 50!
and La2NiO41d .51–53 Modulations in these materials wer
attributed to oxygen ordering. It was also pointed out that
original model for the oxygen ordering in La2CuO41d and
La2NiO41d is not correct.55,56A more recent model reveale
by neutron diffraction is that the interstitial oxygens ord
one dimensionally alongc axis.56

We recently observed that phase separation may occu
a Cu-doped La2CuO4.003 sample with nominal ratio
@La#:@Cu# 5 2:1.06.57The interesting point to note is that th
excess oxygen valued in that sample was much less than t
low threshold value of 0.01 for phase separation to occu
normal oxygenated La2CuO41d samples. It was suggeste
that the excess Cu21 ions ~each with a spin of 1/2! substitute
the La31 ions ~having no spin!, the substitution enhancin
three-dimensional antiferromagnetic exchange interac
and therefore promoting phase separation via motiva
hole segregation. In addition, a modulation structure was
served in this medium Cu-doped sample and this modula
was shown to result from hole ordering.37 However, very
similar modulation has been found in heavily oxygena
La2CuO41d samples and was attributed to result from t
ordering of interstitial oxygen ions.49,50In fact, the Cu-doped
LCO sample has been studied for more than ten years. E
consensus was that the@La#:@Cu# ratio could not deviate from
2:1 by more than 0.01.4

In this paper, we report a detailed TEM and EELS ch
acterization of a heavily Cu-doped La2CuO41d sample with
nominal ratio @La#:@Cu#52:1.18. A systematic study usin
XRD and magnetic methods on a series of Cu-doped sam
with different @La#/@Cu# ratios revealed that our sample
likely to be a saturated Cu-doped LCO sample.58 It is the
purpose of this paper to examine using TEM based te
niques whether the excess Cu atoms have been interca
into LCO lattice, how the intercalated Cu ions influence t
local electronic structure, what is the nature of the modu
tion we observed, and how holes are distributed in
sample. In this work, normal~@La#:@Cu#52:1! La2CuO41d
and heavily oxygenated La2CuO41d samples were also ex
amined and used as references.

II. EXPERIMENT

Polycrystalline La2CuO41d samples with nomina
@La#:@Cu# ratios of 2:1.00 and 2:1.18 were prepared using
conventional solid-state reaction method as described in
tail in Ref. 57. The excess oxygen values of these sampld
were determined to be 0.003 by the gas effusion spe
method. The heavily oxygen-rich La2CuO4.12 sample was
prepared by the method described by E. Takayam
Muromachi and Narrotsky.59
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TEM observations were carried out using a field-emiss
gun ~FEG! Philips CM200/FEG~200 keV! and a Philips
CM12 ~120 keV! transmission electron microscope. EEL
experiments were conducted using a Gatan Imaging F
~GIF! attached to the bottom of the camera chamber of
Philips CM200/FEG electron microscope. The CM12 ele
tron microscope enables a tilt of660° degree in one direc
tion and630° in the other vertical direction. A Gatan liquid
nitrogen cooling double-tilt stage~which can vary the tem-
perature between 93 and 373 K! was employed in tempera
ture varying experiments.

III. RESULTS

A. Phase identification and†Cu‡Õ†La‡

Based on EELS and selected area electron diffrac
~SAED! results, most grains in the polycrystalline Cu-dop
samples were determined to be La2CuO41d ~orthorhombic!,
and minority grains were identified to be monoclinal Cu
impurity phase. Based on our TEM observations we estim
that the number of grains with CuO phase was much l
than 5% of the total number of grains, and this estimation
consistent with an independent XRD study of the sa
samples.58 The two phases may be distinguished read
from their distinct SAED patterns and EELS spectra. Figu
1~a! shows a bright field image of a polycrystalline Cu-dop
sample. Among the many grains, a CuO grain was identi
and marked in the figure. Corresponding EELS spectra fr
the LCO and CuO grains are shown in Fig. 1~b!. In these
spectra O-K, La-M4,5, and Cu-L2,3 edges are clearly visible
The spectrum showing La-M4,5 ‘‘white line’’ was obtained
from LCO grains which distinguishes remarkably from th
from CuO grains. In addition, O-K edge of LCO only has
one main peak, while that of CuO has split peaks@Fig. 2~a!#.

Since CuO and LCO phases co-exist in the same T
sample, we may use CuO~which is well studied! as our
reference to measure the absolute value of the LCO O-K and
Cu-L2,3 edges with high accuracy. The CompuStage of o
Philips CM200/FEG was utilized to move fast and reliab
from one phase to the other. Possible errors in EELS p
positions are estimated to be less than 0.2 eV, and are
sulted mainly from two sources~i! energy drift ~,0.1 eV!
during acquiring spectra and~ii ! finite dispersion~;0.1 eV!.
Figures 2~a! and ~b! show the O-K and Cu-L2,3 absorption
edges of CuO and LCO in the Cu-doped sample. No dist
difference was found in the Cu-L2,3 edges between spectr
obtained from CuO and LCO samples, the edges resul
from the transition from the Cu 2p3/2 and 2p1/2 to 3d empty
states. The Cu-L2,3 edges obtained from LCO phase ha
similar shapes to that from CuO phase, and the same m
mum value ofL3 edges at 931.2 eV. The full width at ha
maximum of theL3 edge is 1.3 eV for CuO and 1.5 eV fo
LCO.

An attempt was made to compare the@Cu#/@La# ratios
between the normal and Cu-doped LCO samples. In p
ciple, under the nonchanneling and weak diffraction con
tions, the integrated counts of the ionization edges of spe
element should be proportional to its contents, and@Cu#/@La#
ratios may be calculated from spectra containing Cu and
ionization edges by following a standard procedure of s
tracting background and integrating counts. In our ca
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PRB 62 5415CHARACTERIZATION OF HEAVILY CU-DOPED . . .
however, the region in between the La-M4,5 and Cu-L2,3
edges has a badly defined background shape, leading
considerable error in calculating absolute Cu content.
choose therefore not to determine the absolute La and
contents. Instead we aim to compare the@Cu#/@La# ratios of
the pure LCO and Cu-doped samples so as to investi
whether additional Cu atoms have been intercalated into
LCO crystal lattice. For this purpose, the ratio between
integrated counts of the Cu-L3 and La-M5 peaks was used to
represent the@Cu#/@La# ratio. The procedure we used is a
follows. First, the La-M5 edge’s background was subtract
by using a standard power-law model.40 Second, the counts
of the La-M5 and Cu-L3 peaks were extracted. For th
La-M5 peak, the counts are just the integrated counts ov
;20-eV range centered at the La-M5 sharp peak. For the
Cu-L3 peak, a simple linear background was assumed n
the peak position. The width of integration was chosen to
9 eV, and the window was centered at the Cu-L3 peak posi-
tion. The ratio between the integrated counts of energy w
dows centered at the Cu-L3 and La-M5 peaks is then re-
garded to represent the@Cu#/@La# ratio. This procedure was
applied to spectra obtained from 20 different grains for e

FIG. 1. ~a! A bright field image from a heavily Cu-dope
La2CuO4.003 sample. A CuO grain is identified.~b! EELS spectra
from LCO and CuO phases.
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sample. The average values for normal and Cu-do
samples are, respectively, 0.02 04360.001 02 and 0.023 80
60.0012, the error being estimated conservatively to
about 5%. The content of Cu in the Cu-doped sample
therefore estimated to be 1668% higher than that in a nor
mal LCO sample. As mentioned earlier that the quantitat
procedure we used is not particularly suitable for determ
ing Cu content in the LCO sample. Our results demonstra
nevertheless, at least qualitatively that additional Cu h
been added into the normal LCO lattice. A typical example
shown in Fig. 3, in which two spectra from a normal and
Cu-doped samples are normalized to have the same LaM5
integrated counts. The magnified Cu-L3 edges shown as th
insert show clearly that the Cu-L3 edge obtained from the
Cu-doped sample is higher than that from the normal LC
sample.

B. Cu-doping effect on O-K absorption edge

For this EELS investigation, each sintered sample w
crushed between glass microslides. The resulting pow

FIG. 2. ~a! O-K edges of CuO, LCO, irradiated LCO and poly
crystalline La2O3. ~b! Cu-L2,3 edges of CuO, Cu-doped LCO an
irradiated LCO.
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5416 PRB 62GAO, PENG, DONG, ZHAO, LIU, AND ZHAO
was spread onto a TEM grid covered with a holy carb
film, and the grid was quickly transferred into the electr
microscope. To decrease the effect of electron beam irra
tion, the grid was cooled down to;100 K using liquid-
nitrogen cooling stage. Diffraction mode was used and
collection semiangle was set to about 20 mrad. This se
ensured that the dipole law was valid so that for the OK
edge the transition is mainly from 1s to 2p. To minimize
dynamical and channeling effects, when recording EE
spectra, LCO grains were so tilted that electrons were in
dent at the grains along directions which were far from
low-index axes of the grains. The O-K absorption edges o
the normal and the Cu-doped samples are shown in Fig
The solid lines are merely guides to the eye. The strong
of spectral weight above;531 eV is mainly related to O 2p
states hybridized with La 5d and 4f states, i.e., excitations in
the LaO layers.39,42 This main peak seems to be not ve
different for the two samples. A single pre-edge pe

FIG. 3. Typical EELS spectra recorded from Cu-doped LC
and normal LCO samples. The intensities of La-M4,5 edges are
normalized and the Cu-L3 edge is magnified.

FIG. 4. O-K edges of heavily Cu-doped LCO and normal LCO
n
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~marked ‘‘C’’! with a maximum at;530.2 eV was observed
for the normal sample. Upon doping with Cu, another p
edge peak ‘‘V’’ at ;528.5 eV appeared, and the height
the pre-edge peak C decreased. Similar observations
been reported and the phenomenon has been well studie
La22xSrxCuO4.39,42 The pre-edge peak ‘‘C’’ is attributed to
transitions from O 1s core state into intrinsic unoccupied O
2p states admixed to the conduction band, while the p
edge peak ‘‘V’’ corresponds to the presence of holes at Cu
plane caused by doping. The spectral weight transfer fr
the pre-edge peak C to V is characteristic of doped stron
correlated systems.60 Our results demonstrated that Cu do
ing introduced holes into the Cu-O layers. The pre-edge p
V of the normal sample is almost invisible in the Cu-dop
sample, indicating that the amount of excess O in our sam
is very small.

C. Electron irradiation effect on LCO lattice

When illuminated by a 200 keV electron beam with
intensity less than 131016 nm22, the Cu-doped LCO sample
appeared to be stable. But when the electron-beam inten
was increased to 631016 nm22, we found that the LCO
grains decomposed quickly under the intense electron i
diation and this phenomenon was best demonstrated from
changes of EELS spectra. Figures 5~a!–~c! show the gradual
change of the full spectra including O-K, La-M4,5 and
Cu-L2,3 at low resolution@Fig. 5~a!#, O-K edge@Fig. 5~b!#,
and Cu-L2,3 edges@Fig. 5~c!# at higher resolution. From Fig
5~a! we can calculate the O/La ratios for all spectra. T
results are marked in Fig. 5~a!. We estimate that the absolut
error is about 5% with La2O3 as the standard sample, and t
relative error should be lower than this value. Figure 5~a!
shows that more than 20% O loss had occurred during
electron irradiation process~under constant beam intensity!.
It was also noted that the La-M4,5 edge intensity increase
with decreasing O-K edge intensity. Comparing with the firs
spectrum recorded, the counts of the O-K edge of the last
spectrum decreased;10%, while that of the La-M4,5 edge
increased;15%. This situation is similar to what we ma
expect from a La2O3 lattice, in which the atoms per volum
of La are about 15.8% higher than that in a La2CuO4 lattice,
while those of O are about 25.7% lower. Figure 5~b! and 2~a!
further show that irradiation caused O-K edge to become a
broaden double-peaked structure, and that this edge sha
similar to the O-K edge of a polycrystalline La2O3 sample
also shown in Fig. 2~a!. With increasing irradiation dose
Figs. 5~c! and 2~b! show that both position and shape
Cu-L2,3 edge changed. New peaks appeared at about 934
954 eV, respectively, and their intensity increased gradu
with increasing irradiation dose, while the density of t
original Cu-L2,3 peak at 931.2 eV faded and disappear
after irradiation. The narrow and sharpL2,3 threshold peak of
La2CuO4 lattice was replaced by a lower and wider pea
which indicated that after electron-beam irradiation the
3d band became full. From the position and shape of
Cu-L2,3 peaks recorded after irradiation, we conclude th
the resulting Cu was in an admixed state of Cu~0! and
Cu~I!.61 We propose that the irradiated products are co
posed of La2O3, Cu, and Cu2O. A possible route leading to
these products is that electron-beam irradiation first cau
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PRB 62 5417CHARACTERIZATION OF HEAVILY CU-DOPED . . .
LCO grains to lose oxygen.45,46 With increasing oxygen
losses, the LCO lattice was damaged accompanied by d
sion of Cu atoms to the surface, and LCO crystal tra
formed to La2O3. The final decompositional products may b
a layered structure, with the outmost layer being Cu, f
lowed by a Cu2O layer, and a La2O3 layer being in the

FIG. 5. ~a! Irradiation effect on whole spectrum containing OK,
La M4,5 and CuL2,3. ~b! Irradiation effect on O-K edge.~c! Irra-
diation effect on CuL2,3.
u-
-

-

middle. Under the irradiation of 120-keV electrons, C
doped LCO samples appeared to be more stable than u
the irradiation of 200-keV electrons.

D. Inhomogeneity of hole distribution at room temperature

We may regard the intensity of the hole-related pre-ed
peak ‘‘V’’ as a local hole-density detector to measure t
hole distribution in the sample. By using an aperture with
size ranging from 200–500 nm to scan on the sample, we
effectively selecting regions contributing to the O-K edges
acquired under SAED mode. Local hole densities in differ
areas were then compared. To avoid the effect of anisotr
on the hole-related pre-edge ‘‘V’’ peak intensity, all spec
in Fig. 6 were acquired along@110# axis.

In most LCO grains, the intensities of the pre-edge pe
‘‘V’’ were similar to that shown in Fig. 6~a! and this spec-
trum shows that holes in these grains were resulted ma
from Cu doping. However, in a few grains, much high
pre-edge peak ‘‘V’’ were observed, as shown in Figs. 6~b!
and ~c!, suggesting higher local hole densities. Figure
shows a TEM image of several LCO grains. Grains 1 an
were found to be hole rich, while grains 3 and 4 were fou
to be hole poor. The orientations of grains 1, 2, and 3 w
all near@110#, but there existed no definite orientational r
lationship between them. The thicknesses of grains 1 an
were estimated roughly to be in the ranges of 10–100
and 100–300 nm, respectively, according to EELS low lo
spectra.40 In the hole-rich grains, most regions had high ho
densities as shown in Fig. 6~b!. But hole densities in these
grains were not uniform, and in some areas, we observe
little lower hole densities as shown in Fig. 6~c!. Both Figs.
6~b! and ~c! were acquired from grain 1. Figure 6~f! shows

FIG. 6. O-K edges recorded from~a! hole-poor,~b!–~e! hole-
rich grains in a Cu-doped polycrystalline LCO sample and~f! from
a heavily oxygenated La2CuO4.12.
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5418 PRB 62GAO, PENG, DONG, ZHAO, LIU, AND ZHAO
an O-K edge acquired from a heavily oxygenat
La2CuO4.12sample at;100 K. It is seen that the shape of th
pre-edge peak ‘‘V’’ of Fig. 6~f! is similar to that of Fig. 6~b!,
both originating from O 2p dominated holes on the Cu-O
planes. In the heavily oxygenated La2CuO4.12 grains, high
density of microstructral defects~especially twins! were

FIG. 7. A bright field image showing a few LCO grains. Grai
1 and 2 shown in the figure are hole rich and grain 3 and 4 are
poor.
found, while hardly any defects were observed in grain 1 a
other hole-rich grains in the Cu-doped LCO sample.

Our observations also suggest that the grain bound
seems to act also as boundary for restricting holes in
hole-rich grains. Although we did not find any grain wit
both hole-rich and hole-poor regions, in the hole-rich gra
the hole density was found to be not very homogeneous.
conclude that our Cu-doped La2CuO41d sample has phas
separated into hole-poor and hole-rich grains, and the h
density in the hole-rich grains was not very homogeneo
Our examinations of the polycrystalline sample shows t
the number of hole-rich grains is less than about 5% of
total number of grains.

E. Development and characterization of hole
modulation structure

In the hole-rich grains and along some special zone a
normal to thec axis, such as@100#, @110#, and @130# zone
axes, a modulation structure may sometimes be observe
SAED patterns and an example is shown in Fig. 8~a! which
was recorded at RT. In fact, this kind of RT modulatio
structure was found to develop during our TEM observ
tions, and was not present initially. Figure 9 shows a se

le
in

FIG. 8. SAED patterns of~a! @100# and ~c!

@010# zone axes recorded from a hole-rich gra
having modulation structure at RT and~b! a sche-
matic picture of the@100# zone axis diffraction
pattern geometry.
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FIG. 9. SAED patterns showing the appea
ance and development of a static modulati
structure:~a! was recorded two minutes after th
specimen was exposed to a weak electron be
~b! was recorded two minutes after~a!; ~c! was
recorded one-half minute after~b!; ~d! was re-
corded one half-minute after~c!; and ~e! was re-
corded one minute after~d! was recorded.
ve
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of in situ SAED patterns showing the appearance and de
opment of the modulation structure. It should be noted t
the initial @110# SAED pattern@Fig. 9~a!# recorded from a
hole-rich grain is the same as that recorded from a hole-p
grain. Only the fundamental Bragg reflections associa
with the LCO lattice are present. After exposing the sam
to a very weak electron beam for several minutes, supe
tice reflections gradually appeared in diffraction patterns
corded from the hole-rich grains, such as Figs. 9~b! and 9~c!.
Two types of superlattice reflections were found to app
simultaneously. The first type may be written as (00l )( l
52n11,n50,1,2, . . . ). It should be noted that these refle
tions were not expected from bothBmaband Fmmmspace
groups so far proposed for the La2CuO41d lattice. The sec-
ond type of superlattice reflections may be seen clearly in
outer region of Fig. 9~c! around higher-order matrix reflec
l-
t

or
d
e
t-
-

r

e

tions. The intensity of (00l ) superlattice reflections becam
very weak@Fig. 9~d!# one minute after it first appeared i
Fig. 9~b!, and then disappeared completely in Fig. 9~e! which
was recorded one minute after Fig. 9~d! was recorded. The
other type of superlattice reflections@see Fig. 9~e!# remains
strong and stable.

It should be noted that the transition to superstructure w
not simultaneous for all hole-rich regions, instead the tran
tion in thick regions~such as in grain 2! was obviously
slower than that in thin areas~such as in grain 1!. However,
even in a thick region, such as in grain 2, the whole tran
tion process finished in less than ten minutes after expose
the electron beam~which was very weak because the SAE
mode was used!. In some other hole-rich grains, we observ
superlattice reflections directly. This is because by exam
ing one grain we already exposed many other grains ne
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5420 PRB 62GAO, PENG, DONG, ZHAO, LIU, AND ZHAO
to electron beam, and in some cases tilting the grains
appropriate zone axis may take more than a few minu
The reason that we can observe the appearance and dev
ment of the superlattice reflections is that it so happene
one of the TEM specimens two hole-rich grains~grain 1 and
grain 2 of Fig. 7! were the first and the second grains w
observed and they were tilted to@110# axis very quickly.

In general, the superlattice reflections shown in Fig. 9~e!
may be written in the formG6mq, and q5ha* 1kb*
1 lc* , whereG denotes the strong matrix reflections,m is an
integer,q represents the primary modulation vector, anda* ,
b* , and c* are the matrix reciprocal-lattice unit vector
However, Fig. 9 does not show superlattice reflections of
type G2mq. Instead superlattice reflections only appear
one side of the main matrix reflections along the direct
normal to c* . This is because the reciprocal plane whi
contains the modulation vectors is tilted far away from t

FIG. 10. Schematic diagram showing the generation of supe
tice reflections around higher-order main reflections in the ou
regions of a@110# SAED pattern.
to
s.
lop-
in

e

n

@110# reciprocal-lattice plane. A schematic diagram is sho
in Fig. 10. The main point is that there exists a large an
between the matrix reflections containing reciprocal pla
and the line containing the one-dimensional modulation v
tors. For the main reflections near~000!, the superlattice
spots do not intersect with the Ewald sphere. Those aro
higher-order main reflections may, however, intersect w
the Ewald sphere, and this is especially so if the superlat
reflections involve only small angles of scattering and
these reflections are elongated as shown in Fig. 10. For s
main reflectionsG, both G1q andG12q may be strongly
excited. On the other hand, all superlattice reflections of
typeG2mq lie far outside the Ewald sphere and will not b
excited. In all SAED patterns, such as those shown in F
9~b!–~e!, superlattice reflections therefore only appear
one side of the main spots. Careful measurements of th
superlattice reflections indicate that the modulation first
peared with ac* component of61/2 @see Fig. 11~b!#. As the
~001! type of reflections faded@Figs. 9~c!–~e!#, this compo-
nent became less than 1/2. This is shown clearer in F
11~a!–~c!, which are magnified out regions of Figs. 9~a!, ~c!,
and ~e!.

By systemic tilting experiments the modulation plane w
determined to lie in thebc plane. Shown in Figs. 8~a! and~c!
are SAED patterns taken along@100# and @010# zone axes
and from the hole-rich grain 1. These diffraction patter
shown that both~010!- and ~100!-type reflections were ab
sent, indicating that the hole-rich LCO grains with modu

t-
r

at
FIG. 11. Magnified partial@110# SAED pat-
terns:~a! part of Fig. 10~a!; ~b! part of Fig. 10~c!;
~c! part of Fig. 10~e!; ~d! part of one at 125 K;~e!
part of one after strong irradiation at 200 keV
RT.
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tion structure have a space group ofFmmm. On the other
hand, all hole-poor LCO grains haveBmabspace group. Fig-
ure 8~a! shows two sets of symmetry related modulation
perlattice reflections, and Fig. 8~b! shows a schematic pictur
of this @100# pattern. It should be noted that some featu
shown schematically in Fig. 8~b! may not be seen easil
from Fig. 8~a!. Instead they were identified by careful exam
nations of the negatives of electron diffraction patterns. F
ure 8~b! shows graphically that the modulation wave vecto
are q51/4b* 61/3c* ~corresponds to a modulation perio
;18.9 Å!, i.e., the modulation was commensurate with t
LCO lattice.

Figure 8~b! also shows some superlattice reflections~de-
noted by open circles! which one may expect from a two
dimensional modulation structure or multiple scattering fro
overlapping domains with different modulation vecto
These reflections, such as 2/3c* and 1/2b* , may sometimes
be observed but are always very weak. This fact sugg
that the two sets of equivalent modulation wave vect
came from different domains, and that the modulation in
single domain was a one-dimensional modulation. The e
tence of these weak superlattice reflections~denoted by open
circles! results from multiple scattering of electrons traveli
through overlapping domains with different modulatio
wave vectors. Our result, i.e., reflections denoted by o
circles are very weak, suggests that there exists little ove
between domains, which consequently leads to the con
sion that the modulation domain size is typically not mu
less than the sample thickness. A rough estimation provi
earlier about the sample thickness suggests that the do
size is not much smaller than, say, 150 nm.

We have also obtained an independent estimation on
size of the modulation domain as follows. By utilizing th
smallest select-area aperture~with a diameter of;150 nm!
to scan over the sample and record SAED patterns from
lected regions, we sometimes observed SAED patterns d
nated by one set of one-dimensional modulation superla
reflections. But seldom could we observe only on
directional modulation. This indicated that the size of t
domain of one-directional modulation was typically not bi
ger than the size of the selected area aperture, i.e., 150
Combined with the estimation we obtained earlier, i.e.,
domain size cannot be much smaller than 150 nm, beca
the thicknesses of the grains from which SAED experime
were carried out were not typically not less than 150 nm,
conclude that the modulation domain size is about 150 n

F. Electron irradiation effect on the modulation structure and
local hole density

Long-time electron irradiation changed local hole dens
and the modulation structure. We found generally that
lower the electron-beam energy, or the higher the electr
beam intensity, or the larger the sample thickness, the
stable the modulation structure was. Under 200-keV w
electron-beam irradiation, both the modulation structure
hole density in the thin specimen areas remained sta
When the electron-beam flux increased to about 131016

nm22, after 10 min irradiation, the modulation became d
ordered, evidenced in the diffuse intensities in SAED patt
shown in Fig. 11~e!. The overall intensity of the modulatio
-
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superstructure diffraction remained strong, and the co
sponding hole density remained high. These results sug
that local hole density was affected less by electron-be
irradiation than the modulation structure, with the form
being an integrated quantity while the latter being a spa
distribution of holes. When the beam flux reached 631016

nm22, the modulation and the pre-edge peak faded and
LCO lattice was damaged.

Under 120-keV electron-beam irradiation, the modulati
structure was much less stable than under 200-keV electr
and this is true even at very low beam intensity. This dam
dependence on the electron-beam energy is opposite to
shown by the LCO lattice, to which damage may be do
more easily by higher energy electron beam. At 120-keV
10-min irradiation by a strong electron beam may dest
local modulation structure and decrease local hole den
substantially. Shown in Fig. 12~a! is a @100# SAED pattern
taken from an intensively irradiated region of a hole-ri
grain, only very blurred and weak modulation superlatt
reflections may still be seen in Fig. 12~a!. Figure 12~a! dif-
fers from Fig. 8 in that~010! types of reflections now ap
peared, while these reflections were absent in Fig. 8.
presence of these reflections in Fig. 12~a! indicates that the
space group of the corresponding LCO lattice with modu
tion removed changed intoBmab. By long time exposure to
weak electron beam, thec component of the correspondin
modulation wave vector was found to have changed bac
1/2 as shown in Fig. 11~b!. An example of so-obtained
SAED pattern was shown in Fig. 12~b!, together with an
enlarged portion shown in Fig. 12~c!. Assuming that the two
sets of superlattice reflections are symmetry related,
modulation wave vector may then be measured from
pattern to giveq51/6a* 61/3b* 61/2c* and a modulation
period of;12.7 Å. Diffraction patterns from@110# zone axis
were also obtained, and these pattern are very similar to
one shown in Fig. 9~c!.

In order to measure local hole density the sample w
quickly transferred from CM12~in which above-mentioned
large tilting experiments were performed! to CM200. The
regions showing modulation superlattice reflections w
found to have high hole density. Among the two regio
showing different modulation wave vectors, the region w
a longer period modulation, i.e., a 1/3c* component, had
higher hole density than the one with a shorter modulat
period, i.e., a 1/2c* component. This means that when loc
hole density decreased, the modulating planes became cl
Figure 6~d! shows a typical O-K edge from regions with the
1/2c* component, and Fig. 6~e! shows the same edge bu
from a region which was originally hole-rich@see Fig. 11~b!#
but became hole poor after exposure to a strong elec
beam and showed no modulation superlattice reflectio
Comparing with Fig. 5~b!, we may conclude that no obviou
irradiation damage to the LCO lattice had occurred wh
recording spectra shown in Figs. 6~d! and~e!. Electron-beam
irradiation seemed to be able to result in two kinds of d
mains in one grain: one domain was hole rich, with a sp
group of Fmmmand a modulation structure; the other w
hole poor, with a space group ofBmaband no modulation
structure. The size of these domains was about 100–500
Under the irradiation of both 120- and 200-keV electron
the modulation structure and local hole density in the th
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regions were found to be obviously less stable than
found in thin regions. Long time~hours! exposure to both
120- and 200-keV weak electron-beam irradiation chan
thec* component of the modulation wave vector from 1/3
1/2. The modulation structure then disappeared with decr
ing local hole density. When the overall hole density o
hole-rich grain was high, removing the beam from those
cal regions showing no modulation superlattice reflections
superlattice reflections with a 1/2c* component for about 30
min, the modulation structure with 1/3c* component and a
space group ofFmmmreappeared in the same regions~pro-
vided that the nearby region had high density of holes!. This
indicates that the modulating elements were very mob
The modulation structure and holes seemed to be mo

FIG. 12. Irradiation effect on modulation structure.~a! A strong
irradiation removed the modulation structure.~b! A weak irradia-
tion changes the modulation vector back to 1/6a* 61/3b* 61/2c* .
~c! Magnified partial pattern of~b!.
at
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only within the grain, and the grain boundary seemed to b
diffuse barrier to holes. A consistent observation is that
originally hole-poor grains 3 and 4 shown in Fig. 8 remain
hole poor at all times, and modulation superlattice reflectio
were never observed from these grains.

G. Effect of temperature on the modulation structure

Low temperature did not cause the modulation wave v
tor to change noticeably, but it obviously enhanced
modulation. Figure 11~d! shows a portion of a@110# SAED
pattern taken from the same area as Fig. 11~c! but at a lower
temperature~125 K!. The superlattice reflections in gener
became brighter and sharper, and the SAED pattern cont
higher-order superlattice reflections. All these features in
cate that the two-dimensional modulation were stronge
lower temperature than at RT. The modulation structure
hole density seemed to be stable at a temperature up to
K. We did not observe any visible change at that tempera
for 2 h.

H. Summary of experimental results

We now summarize our experimental results presente
the previous subsections. These results are characterist
the heavily Cu-doped LCO sample and will be referred la
in our discussions of these results:~i! There existed a CuO
phase in the Cu-doped LCO sample. However, the numbe
grains with the CuO phase was less than 5% of the t
number of grains in the sample. Most of the grains were w
the LCO phase. The@Cu#/@La# ratio of the Cu-doped LCO
sample was semiquantitatively determined to be higher t
that of a normal LCO sample. Cudoping introduced ho
into the samples.~ii ! Grains in a heavily Cu-doped LCO
sample were divided into two groups, i.e., hole-poor a
hole-rich grains. Grain boundary seemed to be a barrier
the hole movement. Local hole density in a hole-rich gra
was not very homogeneous.~iii ! There existed no static ob
servable modulation structure in the hole-rich grains wh
the sample was first examined. Weak electron beam irra
tion caused the formation of static one-dimensional modu
tion structure at room temperature. In the early stage of
formation of the static modulation structure, the modulati
wave vector was found to be 1/6a* 61/3b* 61/2c* . This
modulation wave vector then changed toq51/4b* 61/3c*
with a longer period of modulation. The modulation supe
lattice reflections appeared to be relatively stable under w
electron beam irradiation and at high temperature. The s
metry of grains showing modulation superlattice reflecti
was Fmmm. ~iv! The modulation structure and high ho
density seemed to be more stable at 200 keV and in
regions than at 120 keV and in thick areas. High hole den
was found to be more stable than the modulation struct
~v! Weak beam irradiation decreased hole density a
changed the modulation vector into one with 1/2c* compo-
nent. Strong or long-time irradiation removed the modulat
and the high hole density and caused a transition of sp
group of the LCO lattice formFmmm to Bmab. ~vi! Low
temperature enhanced the modulation structure.~vii ! Modu-
lating element was found to be mobile. High hole dens
was always found in areas showing modulation superlat
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reflections. Grain boundaries acted as the barriers to the
fuse of holes and development of modulation struct
across grains.

IV. DISCUSSIONS

As discussed above, in a heavily Cu-doped and sligh
oxygenated polycrystalline LCO sample, hole-poor and ho
rich grains coexisted at room temperature~RT!. This implied
that macroscopic phase separation occurred. It was
likely that the hole-rich grains were also oxygen rich. C
doping generated background holes which were distribu
relatively uniform among grains. Additional holes may
introduced by interstitial oxygen ions which may concentr
in a few grains to increase local hole density substantia
Because a large portion of the high-density holes in hole-
grains was introduced by the excess Cu21 in Cu-doped
La2CuO41d sample, the amount of excess oxygen in a ho
rich grain was then expected to be much less than that
pected in the heavily oxygenated La2CuO4.12 sample. This
has been demonstrated by the difference in the local de
density found in the two types of samples. Our results in
cated that the unit of phase separation in polycrystal
La2CuO41d was one grain. In addition, local hole density
hole-rich grains was not very homogeneous. The space g
of the hole-rich grains showing modulation superlattice
flection wasFmmm. With decreasing local hole density an
fading of the modulation superlattice reflections, the sp
group Fmmmchanged toBmab, the same as that of hole
poor regions.

In hole-rich grains, static modulation structure may
introduced by electron-beam induced effects. In fact, sev
factors including additional Cu atoms, interstitial O atoms
vacancies,62 segregation of additional O atoms into regu
shear planes,63 and holes might contribute to the modulatio
structure. Noting that this kind of modulation structure ca
not be found in hole-poor grains, the possibilities of ad
tional Cu atoms and O vacancies may be excluded. S
planes may, in principle, produce observable contrasts, b
regions exhibiting modulation superlattice reflections we
not find such contrasts by using both HREM and conv
tional TEM. On the other hand, the appearance and orie
tion of both the shear planes shown by Galy63 and the order-
ing of oxygen vacancies reported by Tendeloo62 were
different from the modulation found in this study. Furthe
more, considering the close relationship between the mo
lation and local hole density, it can be concluded that
modulation must be hole related. It may result either fro
the ordering of interstitial oxygen ions or holes or bo
while other possibilities can be ruled out. Before Donget al.
reported such a modulation in a moderately Cu-doped L
sample,57 very similar modulation had been reported to occ
in the heavily oxygenated LCO at both 100 K~Ref. 49! and
RT.50 The then-observed modulation structure was attribu
to result from the ordering of interstitial oxygen. For a com
parison we have also carried out TEM study on a hea
oxygenated La2CuO4.12 sample.64 According to previous
results49,50,57 and our preliminary results on oxygenate
samples,64 modulation structure found in the oxygenat
sample is temperature dependent. At room temperature
modulation superlattice reflections are very weak, and
if-
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modulation wave vector with 1/2c* component is dominant
At ;100 K, the modulation superlattice reflections beco
much stronger and thec* component of the modulation
wave vector becomes smaller, such as 1/3, and corresp
ing modulation period becomes longer. In the moderat
Cu-doped sample the modulation with 1/2c* component at
RT changed to one with a 1/3c* component at 93 K.57 In the
same reference, it was noted that although the direction
the modulation wave vector changed with varying tempe
ture, the period of modulation remained at approximately
nm. However, their RT@100# SAED pattern shows that su
perlattice reflections appear only on one side of the m
reflection. According to the analysis given above, this in
cated that the modulation wave vector had a compon
alonga* , which was neglected by Donget al.57 Considering
this a* component, the modulation period at 93 K should
longer than that at RT. A general conclusion may theref
be drawn from above discussions that lower temperature
hances the modulation and favors a longer period of mo
lation. In this study, by using EELS to measure local ho
density, we showed that the modulation was also doping
pendent. Higher hole density has the same effect on
modulation as lower temperature. These features are co
dictory to what one would expect from the model of inters
tial oxygen ordering. If the modulation resulted from th
ordering of interstitial oxygen ions, local hole density d
creases must result from the decreases of density of inte
tial oxygen ions, leading to a longer period of modulatio
Recent neutron-scattering experiments have revealed
staging behavior of the excess oxygen in La2CuO41d (d
;0.09– 0.1). Excess oxygen atoms tend to form modulat
structure along thec axis, so the modulation periods isn
times the spacing between two CuO2 layers, i.e., half of the
c axis lattice constant. It was concluded thatn56 was atd
;0.055 andn54 is at d;0.11, andd}n21 ~see Ref. 54!.
This has also been found to hold for staging in La2NiO41d
by Tranquadaet al.56 So we can conclude that the modul
tion we found in Cu-doped LCO sample is not manifestat
of the distortion associated with interstitial oxygen orderin
rather it is the intrinsic response to hole ordering.

This static hole modulation fits the conception of stri
phase described by Emeryet al. to a certain degree. In the
case whenq51/4b* 61/3c* , high density of holes distrib-
utes around the$034% planes with a period which is 12 time
the $034% plane spacing. In the planar domain walls, ho
seem to distribute uniformly, or three-dimensional modu
tion structure will form. In addition, the temperature depe
dence means that the modulation is also controlled by
competition between the clustering tendency of holes and
long-range Coulomb interactions.10 This static hole ordering
is not a confined behavior in CuO2 layers, but ac correlated
one-dimensional modulation in a three-dimensional syst
i.e., two-dimensional planar domain walls are involved. T
period of the modulation increases with increasing hole d
ing. These features seem to be universal among those s
charge ordering observed in doped antiferromagnets.33,34In a
systematic study on La22xSrxNiO41d ~Ref. 33! by electron
diffraction, Chenet al. reported a charge modulations wit
similar features. In addition, this static charge ordering
La2CuO41d can form at RT, which is much higher than th
of dynamical stripe phase found by neutron scattering
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other cuprates. EXAFS observed an instantaneous mod
tion with a modulation wave vector of 0.21b* 11/3c* in
La2CuO41d ,30 which is very similar to what we observe
and agrees also with other TEM studies. But this cha
ordering could only be observed below 150 K. This impli
that the high-energy electrons may prompt holes, which m
either distribute homogeneously or form instantane
stripes, to form static charge ordering. In the early stage
the formation of the static hole stripe, the vector of the str
changes from 1/6a* 61/3b* 61/2c* ~corresponding to a
modulation period;12.7 Å! to 1/4b* 61/3c* ~correspond-
ing to a modulation period;18.9 Å!. This represents a tran
sition from homogeneous distributed holes to a fully se
rated hole stripes with high density of holes around
modulating planes or stripes within CuO2 layers. The vector
1/6a* 61/3b* 61/2c* is an intermediate step, and the an
ferromagnetic region becomes larger with increasing h
density around each modulating plane. When the local h
density was decreased by electron-beam irradiation,
modulation wave vector changed back to 1/6a* 61/3b*
61/2c* . This observation indicates that the static stripes
only remain stable near a few special commensurate vec
in the heavily Cu-doped sample. In addition, though the s

FIG. 13. Fit of the O-K edges of hole-poor region of Cu-dope
LCO and La2CuO4.12 to obtain the intensities of pre-edge peak V
la-
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of the hole-rich regions may be several microns, no unifo
modulation exists in a hole-rich grain. A typical condition
that a hole-rich grain is divided into many domains with tw
equivalent but different vectors and the size of each dom
is ;150 nm. This indicates that the modulation is a sho
range behavior of holes in doped antiferromagnets.

We have shown that static modulation is not an origin
feature of the hole-rich grains, but the modulation develop
during the observation in TEM. It seems, however, that t
modulation is an intrinsic reaction of holes in LCO to hig
energy electron beam, i.e., the holes doped into the ant
romagnetic Mott insulator have a strong tendency to cong
gate and the condition in TEM promotes the formation
static modulation structure. The simplest mechanism for
development of the modulation structure is that the sta
modulation results from the pinning of dynamical fluctuati
stripes by the electron-beam induced effects.38 Our observa-
tions of the development of static modulation structure
TEM has not been confirmed yet by other techniques.
cently a kind of subtle irregular network contrast, universa
present in certain zone axis HREM images of YBa2Cu3O72d
(d,0.1), was studied by Etheridge65 and interpreted as aris
ing from a static local perturbation of the charge-density d
tribution. The intervals of this kind of structural perturbatio
were 10–20 Å, similar to the modulation periods found
this study. However, a significant difference exists in bo
their appearance and characteristics between the two typ
superstructures. The structural perturbation studied repo
in Ref. 65 did not yield well-defined superlattice reflection
but only very weak diffuse scattering. Moreover, this stru
tural perturbation was argued to be inherent to fully oxyge
ated YBa2Cu3O72d and was not induced under the electr
beam.

Our results also indicated that the charge modulation w
Cu-doping dependent. In the O-doped normal La2CuO41d ,
only very weak modulation with 1/2c* component of modu-
lation wave vector can exist stably at RT. In the mod
ately Cu-doped La2CuO41d sample with nominal ratio
@La#:@Cu#52:1.06, at RT a stronger modulation with als
1/2c* component was shown by Donget al.57 However, in
the heavily Cu-doped sample, at RT, very strong modulat
with 1/3c* has been observed. In fact, this is the first tim
that a pure 1/3c* stable modulation in La2CuO41d at RT has
been observed. In previous studies, such a modulation ve
can only be found at lower temperature. With the increase
Cu content, the modulation and hole aggregation were
hanced considerably. So Cu doping enhanced the cluste
tendency of the holes. This is consistent with the idea t
the excess Cu21 ions replace La31 ions.57 Moreover, be-
cause the excess Cu introduced holes, the possibility of
terstitial Cu21 can be ruled out. The interstitial Cu can on
introduce electrons, not holes. So far, no Cu-doped L
single crystal has been grown, so it is difficult to direct
determine the occupation of the excess Cu. But from ab
analysis, the excess Cu21 probably replaced La31. Although
quantitative evaluation of the occupation sites of the low
energy for the excess Cu is beyond the scale of this pa
we may provide a qualitative argument to support our mo
in which Cu ions replace La ions. In this family of com
pounds, La vacancies exist. Up to 8% La vacancies h
been reported in the related Co-containing compound.66 If an
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excess Cu21 is intercalated into a La vacancy, the stra
energy and the electrostatic energy would be reduced, in
vor of the model in which Cu ions replace La ions. T
excess Cu has been shown to affect the electronic struc
and the modulation structure considerably. So it is conclu
that the excess Cu value is not very small. Our EELS re
showed that the@Cu#/@La# ratio of the heavily Cu-doped
sample was 16%68% higher than that of the norma
sample. By using the ion replacement model~excess Cu21

ions replace La31 ions! and a notation La22xCu11xO41d , x
value may be calculated to be 0.1060.05. In addition,x can
also be estimated from the intensity of the pre-edge p
‘‘V.’’ Romberg et al. have demonstrated that the intensity
the pre-edge peak ‘‘V’’ has an approximately linear relatio
ship with the dopant concentration in La22xSrxCuO41d .42 In
Fig. 13, the O-K edges recorded from hole-poor regions
the Cu-doped sample and that in a heavily oxygena
La2CuO4.12 samples were fitted using several Gauss fu
tions, and the intensities of peak V are extracted. The in
sity for the Cu-doped sample is about 6/13 of that of
La2CuO4.12 sample. The hole density of La2CuO4.12 p can be
calculated to be 0.17560.04 according to the relationshi
p51.3d10.019.67 So the excess Cu can be estimated to
0.0860.02 by using the model that one excess Cu ion int
duces one hole, in agreement with our estimation based
the @La#/@Cu# ratio method. One remaining question is wh
causes the modulation superlattice reflected beam intens
It has been shown that modulated distribution of ions, s
as Cu1 and O2, can produce enough scattering power
small scattering angles36,38 so that modulation structure wit
long periodicity~;10–20 Å! may be observed.

V. CONCLUSIONS

The heavily Cu-doped and slightly oxygenated polycr
talline La2CuO4.003 sample was found to phase separate i
e
n-

e
n

.

at
a-

re
d
lt

k

-

d
-

n-
e

e
-
on
t
es.
h
t

-
o

hole-poor and hole-rich grains at RT. Static modulation
perstructure was observed to form and develop in hole-
grains under weak electron-beam irradiation at room te
perature. Similar modulation has also been observed
heavily oxygenated and moderately Cu-doped LCO samp
Analyzing synthetically the results of the present study a
previous reports on a similar type of modulation, its tempe
ture dependence, hole-density dependence, and Cu-do
dependence were shown. In general, low temperature,
hole density, and high Cu content enhance the modula
and favor a longer period than otherwise. The modulat
was concluded to result from charge ordering, and our res
agree with the general concept of the stripe phase. The
served evolution of the modulation structure reflects a tr
sition from relatively homogeneously static hole distributi
to a fully concentrated hole distribution around a set
modulating planes. The high-density holes have a strong
dency to congregate. The excess Cu21 ions were demon-
strated to have been partially intercalated into LCO latt
and probably replaced La31. These conclusions were derive
based on the facts that~i! the@Cu#/@La# ratio of the Cu-doped
sample was determined to be higher than that of a nor
LCO sample.~ii ! The excess holes were shown to have be
introduced into CuO2 planes.~iii ! Phase separation and ho
ordering occurring in a LCO sample at RT were considera
enhanced by Cu doping.
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