
ciences,

ciences,

PHYSICAL REVIEW B 1 JULY 2000-IVOLUME 62, NUMBER 1
Charge modulations in La2CuO4-based cuprates
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Electron microscopy experiments reveal that in a Cu-rich polycrystalline La2CuO4.003, grains may phase
separate into hole-rich and hole-poor grains at room temperature and in a hole-rich crystalline grain, holes are
distributed inhomogeneously over a distance that is smaller than 500 nm. In a hole-rich grain it is shown that
hole modulation superlattice reflections may be induced by electron beam, and the size of the modulation
domain is estimated to be around 150 nm. The observed modulation superlattice reflections are shown to result
from hole localization around a set of parallel modulation planes that are inclined to the CuO2 planes. When
intersecting with a CuO2 plane, holes lying on and close to the set of modulation planes form a two-
dimensional hole stripe pattern on the CuO2 plane. It is suggested that the observed static hole stripes result
from the pinning of fluctuating stripes by electron-beam induced effects. Our results indicate that holes asso-
ciated with the same modulation plane but different CuO2 planes are strongly correlated and interlayer hole
interaction is not in general negligible.
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I. INTRODUCTION

Copper oxide superconductors are obtained by add
charge carriers into ‘‘parent’’ compounds that are antifer
magnetic~AF! insulators. At sufficiently low temperature
long-range AF order develops in which there is an unpai
spin on each copper ion pointing in a direction that alterna
from site to site. Upon doping the charge-carriers introdu
into the CuO2 layers destroy the long-range AF order ra
idly, and the compounds become superconductors beyo
critical carrier concentration.1 Many recent experiment
show that even in the superconducting state, local AF co
lations exist,2–4 and the simplest way to understand the c
existence of local antiferromagnetism with homogeneous
perconductivity is in terms of spatial segregation of t
doped charges.5,6 If the segregated charges in high-Tc super-
conductors form stripes, then these charges can move ar
in these materials more freely.7 At lower temperature, loca
AF spin order develops in the domains between the cha
stripes. Extensive neutron-scattering experiments have b
carried out successfully to investigate the static as wel
fluctuating spin correlations.8 Studies of charge orderin
~which drives spin ordering! using the technique of neutro
diffraction are, however, not as direct and successful as
of spin correlations. This is because neutrons do not sca
from the charge directly. In this paper we will show that t
technique of electron diffraction may be used efficiently
studying hole stripes in La2CuO4-based cuprates.

In an earlier study,9 we showed, using transmission ele
tron microscope~TEM!, that a Cu-rich high-Tc supercon-
ducting La2CuO4.003 sample may phase separate into mod
lated and unmodulated phases. These microsc
observations agree well with magnetization measurem
that show that there exist in the sample one superconduc
PRB 620163-1829/2000/62~1!/189~7!/$15.00
g
-

d
s
d

a

e-
-
u-

nd

e
en
s

at
ter

r

-
ic
ts

ng

phase withTc'35 K and an antiferromagnetic phase wi
TN'244K. Upon annealing in a flowing Ar gas at 800 °C f
8 h, the superconductivity of the sample disappeared toge
with the modulated phase. These results, as well as s
other recent experiments,4,10,11 seem to suggest that stat
stripes and therefore magnetic ordering and supercondu
ity may coexist in the same sample,12 on the contrary to the
belief that static charge stripes should kill superconductiv
rather than promote it. In this letter we report a direct TE
observation of the formation and characteristics of static h
stripes in Cu-rich La2CuO4 materials, and show that our ob
servations are consistent with the idea that the obser
static stripes result from pinning of dynamical fluctuatin
stripes.

II. EXPERIMENT

The Cu-rich La2CuO41d samples used in this study wer
polycrystalline samples that were prepared using the conv
tional solid-state reaction method.9 All electron-energy-loss
spectroscopy~EELS! and high-resolution electron micros
copy ~HREM! experiments were performed using a Phili
CM200/FEG~200 keV! electron microscope equipped with
double tilt cold stage and a Gatan imaging filter. Some of
diffraction experiments involving large tilting angles we
performed using a Philips CM12~120 keV! electron micro-
scope. The excess oxygen contentd of our samples was de
termined to be 0.003 using gas effusion spectra method.9,13

III. RESULTS AND DISCUSSIONS

Two Cu-rich La22xCu11xO4.003 samples with nominal
atomic ratios of La:Cu52:1.06 and 2:1.18 were investigate
These two nominal ratios correspond to values ofx50.058
189 ©2000 The American Physical Society
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and x50.113, respectively. Detailed diffraction and EEL
observations show that in the samples, a second phas
CuO~which exhibits distinct electron diffraction patterns a
EELS near edge structures and may be unambiguously i
tified! coexists with the main La-Cu-O phase.14 The number
of grains with the CuO phase is, however, much smaller t
that with the La-Cu-O phase. HREM imaging of the L
Cu-O grains reveals that these grains are well crystall
with an almost perfect La2CuO4 lattice, while EELS analysis
of the grains shows that these grains contain a higher c
centration of Cu than that found in a usual La2CuO41d
sample. These results show that some excess Cu atoms
been intercalated into the La-Cu-O lattice homogeneou
These excess Cu atoms might stay either in the interst
sites or replace La ions lying in between the CuO2 planes, in
analogy with the compounds La22xSrxCuO4 and
La22xBaxCuO4.1 If the excess Cu ions were staying at t
interstitial sites, these ions would likely to be in the Cu21

ionic state losing electrons and reducing the hole conten
the sample. In principle these excess electrons provided
the interstitial Cu ions could be accommodated by exc
oxygen ions lying also at the interstitial sites, but this wou
require a rather high excess oxygen content, i.e.,d.x
'0.11, and this is known not to be true for our sampl
EELS analysis reveals that our samples arep type ~see be-
low!, suggesting that the excess Cu ions contribute ho
rather than electrons as they usually do. This is possible o
if the excess Cu21 ions replace La31 ions and therefore con
tribute effectively one hole for every such replacement.
ternatively, all Cu atoms might be accommodated on
CuO2 planes, leaving some vacancies at the La sites in
tween the CuO2 planes so that the overall atomic La:Cu ra
may be less than 2:1 as in our samples. We expect, howe
that the vacancy model would result in higher strain ene
than the model in which Cu ions substitute La ions. In
previous study,9 we showed via magnetization measureme
~Fig. 1 in Ref. 9! that in a Cu-rich La2CuO41d sample, the
antiferromagnetic interaction is stronger than in a us
La2CuO41d sample. This result is also not expected from t
vacancy model but it is consistent with the picture that
excess Cu21 ion with a spin of 1/2, substitutes the site of th
La31 ion with no spin, so that the antiferromagnetic e
change interaction between CuO2 planes is enhanced. As
suming that the excess Cu replaces La, our EELS res
shown that about 5% La ions were replaced by the exc
Cu ions. This value is close to what one would expect fr
the nominal value ofx50.113 and indicates that only a sma
amount of excess Cu atoms have been accommodated i
CuO phase as mentioned above.14

Figure 1~a! shows a bright-field image of a sample wi
nominal valuex50.113. Four grains~with grain boundaries
marked by white-dotted line! of the size of a few microns
are clearly visible. The quality of the crystallites was verifi
by HREM imaging, and shown in Fig. 1~b! is an example of
HREM images obtained from the circled area of grain 1@see
Fig. 1~a!#. Image simulations confirm that the brighter row
of spots in Fig. 1~b! correspond to the@110# projections of
the CuO2 layers, and the less bright rows between t
brighter rows correspond to (LaO)2 layers. Selected are
electron diffraction~SAED! from the grains shown in Fig
1~a!, reveals that they all have La2CuO4 lattice, and a typical
of
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room temperature~RT! SAED pattern obtained from grain
is shown in Fig. 1~c!. Notably no diffraction pattern obtaine
from the sample shows superlattice reflections, i.e., no st
modulation exists in the sample.

Microscopically whether a sample has phase separ

FIG. 1. ~a! A bright-field image taken from a polycrystallin
La1.82Cu1.18O4.003sample,~b! a HREM image taken from the circled
area to the right of grain 1, and~c! a typical diffraction pattern taken
from the circled area to the left of grain 1. All observations we
made near the@110# zone axis using 200 keV.
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PRB 62 191CHARGE MODULATIONS IN La2CuO4-BASED CUPRATES
into a hole-rich phase and a hole-poor phase may be ver
using EELS.15 Shown in Fig. 2 are some oxygenK-edge
EELS spectra measured at RT using 200 keV primary be
energy. The solid curve near the bottom of Fig. 2 was
tained from grain 3, and other spectra were obtained fr
grain 1 of Fig. 1~a!. These spectra show that near the m
oxygen absorptionK edge at 532 eV there exists a sm
pre-edge peak at approximately 528 eV. For lightly dop
samples this pre-edge peak corresponds to transitions of
trons from the occupied oxygen 1s core level into the
charge-transfer band~dominated by the oxygen 2p orbitals!.
Detailed calculations based on a one-band Hubbard mod16

and comparison with x-ray absorption spectra
La22xSrxCuO4 ~Ref. 17! show that the integrated pre- edg
peak intensity increases monotonically with increasing h
concentration on the CuO2 planes. The intensity of the pre
edge peak near 528 eV may therefore be regarded as a
sure of the local hole concentration. In all experiments
diameter of the selected area aperture used is about 500
Since the aperture was usually placed near the edge o
specimen as indicated in Fig. 1~a!, the dimension of the se
lected specimen area contributing to EELS spectra was t
cally of the size of 200 to 300 nm. Our EELS results de
onstrate that at RT a polycrystalline Cu-rich sample withx
50.113 has phase separated into hole-rich grains~such as
grains 1 and 2! and hole-poor grains~such as grains 3 and 4!.
Within a single hole-rich grain~such as grain 1! holes are
distributed inhomgeneously over a distance not longer t
500 nm, i.e., a single crystalline grain may phase sepa
into phases with different hole concentration.

As shown in Fig. 1~c!, initial diffraction from the grains
shown in Fig. 1~a! resulted in only fundamental Bragg re
flections, regardless of the hole concentration of the illum
nated grain. At this stage one definite statement that one
make regarding these grains is that there exists no s
modulation in these grains. One cannot rule out, howe
that there exists dynamic ordering in the grains, i.e., orde
that changes with time. This is because what one observe
an electron microscope is principally a time-averaged e

FIG. 2. EELS spectra taken from hole-poor grain 3 and th
different regions in grain 1 of Fig. 1~a! for 200-keV primary beam
energy and a near@110# zone axis incidence.
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trostatic potential. Rapidly varying ordering cannot therefo
be shown up in an electron-diffraction pattern or in an ima
that takes usually from a fractional second to a few seco
to record. Prolonged examinations of hole-poor grains
not reveal any new features, i.e., these grains remain
poor and result in only fundamental Bragg reflections.

Hole-rich grains behaved very differently. Take a ho
rich grain, such as grain 1 of Fig. 1~a!, for an example. After
continuous illumination under the electron-beam modulat
superlattice reflections gradually appeared in diffraction p
terns taken from the grain and the intensity of the super
tice reflections reached a maximum after a few minutes
observation and remained stable under electron beam.
example of so obtained SAED patterns from grain 1 at RT
shown in Fig. 3~a!. Well-defined superlattice reflections a
clearly visible. To verify the nature of the modulation, di
fraction patterns from different orientations and tilts we
recorded and a pattern obtained for a tilted incidence n
@100# zone axis is shown in Fig. 3~b!. These experiments
show that the RT modulation wave vectors are of the fo
q'0.057̂ 0 64 6&560.23b* 10.35c* , and that the
modulation is basically compositional modulation~see be-

e

FIG. 3. ~a! A @100# zone axis electron diffraction pattern and~b!
a diffraction pattern obtained for a tilted incidence. Both diffracti
patterns were obtained from grain 1 of Fig. 1~a! and for a 120-keV
primary beam energy.
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low!. We note that these modulation superlattice reflecti
may result from either two types of twin domains or a sing
type of domain with a superposition of two sets of modu
tions. For the later case, we would expect to see a t
dimensional net of superlattice reflections and this is inco
patible with our observations at lower temperatures@see Fig.
4~b!#. We have used a selected area aperture of the siz
150 nm for searching single domain. Although diffractio
patterns dominated by one set of one-dimensional supe
tice reflections may sometimes be observed, usually two
such superlattice reflections coexist. We conclude there
that the domain size is typically not bigger than 150 nm.
what follows we shall be concerned only with the basic
perlattice reflection of the typeq50.23b* 10.35c* . Experi-
ments have also been performed at temperatures betwee
and 93 K. The modulation wave vector was found to be
sensitive to temperature variations. Throughout our exp
ments the hole concentration, as revealed by EELS spe
from the same region, remained high as long as the mod
tion superlattice reflections remained bright. After tens
minutes exposure to intense electron beam the intensitie

FIG. 4. Transmission electron-diffraction patterns taken from
Cu-rich sample La22xCu11xO41d with a nominal valuex50.058
for a primary beam energy of 200 keV at~a! room temperature and
~b! 93 K.
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the modulation superlattice reflections were found to dim
ish and the space group of the lattice was found to cha
from Fmmmto Bmab. EELS spectrum from a correspondin
grain revealed that the grain had became hole poor after
transformation. These observations demonstrate that the
perlattice reflections are closely related to the hole conc
tration in the grain. We may conclude here, therefore, t
the modulation that results in superlattice reflections is h
related.

The transformation of the lattice symmetry fromFmmm
to Bmabmay be understood as resulting from the reduct
of local hole content. Originally a RT La2CuO4 lattice favors
a Bmabsymmetry that differs from aFmmmsymmetry prin-
cipally in the ordering of the tilt of the CuO6 octahedrons.
The tile of the CuO6 octahedrons is caused by the mismat
between the Cu-O-Cu~larger! and La-O-La~smaller! bond
lengths in the CuO2 and (LaO)2 layers. With additional
holes being added onto the CuO2 planes, the Cu-O-Cu bond
length decreases and so does the tilt of the CuO6 octahe-
drons, leading eventually to aFmmmsymmetry. This is the
symmetry exhibited in Figs. 3~a!, 3~b!, and 4~b!. It should be
noted that a perfect match between Cu-O-Cu and La-O
bond lengths is practically impossible since local hole co
centration is not uniform across the sample and these bo
respond to thermal vibrations differently. In general, fin
thermal vibrations of ions, especially those oxygen ions
the CuO2 planes, tend to randomize the tilts of the CuO6
octahedrons. Macroscopic ordering of the tilts of the Cu6
octahedrons may only be destroyed when the Cu-O-Cu c
is nearly straight, i.e., when the bond angle is near 180°
corollary is that when the local hole concentration is high,
may result from electronic phase separation and high leve
hole doping, the local lattice will exhibitFmmmsymmetry.
On the other hand, when the doping level is lower and ph
separation is not thorough, the local structure will exhi
Bmabsymmetry as shown in Fig. 4~a! for x50.058 and RT.
As the temperature decreases, phase separation bec
more thorough@as evidenced in Fig. 4~b!, which shows that
comparing with RT superlattice reflections shown in F
3~a!, the lower temperature superlattice reflections
sharper and better defined, and higher-order superlattice
flections begin to appear#, and the lattice symmetry become
Fmmm.

The observations of samples with lower nominal valuex
50.058 differ from that shown in Figs. 2 and 3 for sampl
with x50.113 also in several other aspects. First, the
modulation superlattice reflections shown in Fig. 3~a! are
sharper and better defined than that shown in Fig. 4~a! for
x50.058. This result is consistent with our earlier suggest
that the AF exchange interaction is enhanced by the in
duction of excess Cu21 ions with spin 1/2 between the CuO2
layers.18 Second, the basic modulation wave vector for t
lower value ofx50.058, changes with varying temperatur
Figure 4~a! shows that for the sample withx50.058 the
basic RT modulation wave vectorq is approximately
0.048̂ 0 4 10&, while the corresponding vectorq
50.041̂ 0 6 8& at 93 K@Fig. 4~b!#. It should be pointed out
that at both RT and 93 K the magnitude ofq equals
0.05 Å21. In the light of a recent discovery4 that a linear
relation exists between the incommensurability of the s
fluctuations and effective hole concentration, we may spe

a
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PRB 62 193CHARGE MODULATIONS IN La2CuO4-BASED CUPRATES
late that a similar relation exists between hole concentra
and uqu. Our results then suggest that hole concentration
mains approximately the same during temperature exp
ments and that the tilting ofq direction results mainly from
temperature variation rather than hole concentration.

We now consider what caused the superlattice reflectio
Consider first the intercalated copper ions between the C2
layers. We note that these ions are immobile at temperat
below RT, the observed superlattice reflections that chan
with decreasing temperature cannot therefore result from
dering of these ions. In principle, oxygen vacancies mi
exhibit ordered structure resulting in shear planes and su
lattice reflections.19 The existence of an appreciable amou
of oxygen vacancies inevitably means, however, that
sample would be electron rich rather than hole rich as e
denced by our EELS observations~Fig. 2!. The interstitial
oxygen ions, located between two adjacent LaO layers, co
also be a cause for the observed superlattice reflections,
the case of La2NiO41d .20 This model, however, cannot ac
count for our observations consistently. First, it should
noted that the excess oxygen contentd50.003 in our sample
n
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is about three times less than the threshold value od
50.01 for a La2CuO41d sample to phase separate. It is the
fore not clear whether long-range ordering between exc
oxygen ions would develop in our sample withd50.003.
Second, our Cu-rich samples withx50.113, exhibitFmmm
symmetry at all temperatures below RT@see Figs. 3~a! and
3~b!#, indicating that the structure has, on average, no
dered tilting of CuO6 octahedrons. The antiphase doma
boundary model proposed for accommodating intersti
oxygen ions3 therefore does not apply in our sample. Thir
interstitial oxygen ions between the (LaO)2 planes, introduce
local lattice distortion, notably to the four apical oxyge
neighbors.21 Ordering of the interstitial oxygen ions woul
inevitably lead to a modulation with a considerable disp
cive component. The tilted electron diffraction pattern sho
in Fig. 3~b! suggests, however, that the modulation is larg
composition or valence modulation. Any appreciable disp
cive component of the modulation would manifest its
most strongly in higher-order reflections and show angu
characteristics, both features are absent in Fig. 3~b!. In what
follows we will outline a model based on hole ordering, a
l

FIG. 5. ~Color! A model for a
hole modulated La22xCu11xO41d

lattice: ~a! a three-dimensiona
view of the model,~b! a @001# top
view of a single CuO2 layer show-
ing hole stripes.
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show that this model may account for all our observatio
consistently.

A hole interacts strongly with incident high-energy ele
trons via electrostatic potential, and a simple model for t
interaction is the screened Coulomb potential

w~r !5
e2

r
exp~2r /a!,

wherea is the effective screen length. To a first-order a
proximation the electron scattering amplitude by the hole
given by the Fourier transform of the potentialw(r ), giving

A~q!5
1

2p2

e2a2

11a2q2
.

For a large screen length, we haveA(q)'e2/(2p2q2). This
expression clearly shows that for a zero value ofq, the scat-
tering amplitude diverges, and strong diffraction effects
expected for modulation structures involving small values
q.

To model holes on the CuO2 planes, we take an ionic
view and regard a hole as a replacement of an O22 ion on the
CuO2 planes by an O12 ion, and this model is consisten
with the fact that the charge-transfer band below the Fe
level of a La2CuO4 crystal is dominated by the oxygen 2p
orbitals.17,16 Shown in Fig. 5~a! is a model of a hole modu
lated La22xCu11xO41d crystal with q50.048̂ 0 4 10&
~corresponding roughly to the RT modulation of a sam
with x50.058). The figure shows that the correspond
modulation planes in real space are indeed inclined to
CuO2 plane. Unlike spin stripes, which give only first ord
superlattice peaks,22 higher-order hole superlattice reflection
develop rapidly at temperatures below RT@see Fig. 4~b!, the
intensity ratio between the second-order superlattice refl
tion to the first order is 0.8 for~002! and 0.72 for~004!
reflections#. We therefore modeled the hole-rich modulati
planes with relatively narrow width. When these modulati
planes intersect with a particular CuO2 layer, a typical hole
stripes pattern5,6 is produced as shown in Fig. 5~b!. Dynami-
cal electron diffraction simulation using the multislic
method23 is shown in Fig. 6. Qualitatively the simulated di
fraction pattern agrees well with experimental patterns.

If one believes that dynamical charge and spin stripe
isted in a hole-rich grain prior to our examinations, Figs. 3~a!
and 3~b! may then be understood to result from the pinni
of fluctuating hole stripes by electron-beam induced effe
The fact that the static modulation planes observed in
sample with x50.113 are less mobile than that withx
50.058, suggests that the intercalated Cu ions must pla
important role in pinning down the fluctuating hole stripe
Also suggestive is the fact that electron beam increa
among other things, the mobility of interstitial oxygen ion
One model that accounts for all our observations on the
rich La2CuO41d samples is shown in Fig. 5~a! and the basic
features may be summarized as follows:~1! the excess oxy-
gen atoms take the form of O22 and occupy interstitial sites
between the (LaO)2 layers,~2! the excess or intercalated C
atoms take the form of Cu21 and replace La31 ions,~3! each
intercalated Cu21 ion sitting at one of the La31 sites may be
effectively regarded as a negative charge embedded in a
s
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form background of charges. Since the radius of the Cu21

ion is smaller than that of the La31 ion, the replacement o
La31 ions by Cu21 ions produces larger and therefore favo
able interstitial spaces around the intercalated Cu21 ions than
around the La31 ions for accommodating interstitial oxyge
ions. ~4! The intercalated Cu21 and interstitial oxygen ions
were initially distributed in the crystal homogeneous
These effective ‘‘single’’ negative charges do not have s
ficient strength to pin down the meandering hole stripes.~5!
Upon electron-beam irradiation the interstitial oxygen io
become more mobile and some of them may find favora
interstitial spaces around the intercalated Cu21 ions and form
‘‘negatively charged clusters’’ around the Cu21 ions. These
negatively charged clusters may serve as pinning centers
provide stronger dragging force on the positively charg
hole stripes compared with the homogeneously distribu
single negative charges. In samples with more intercala
Cu21 ions, such as the samples withx50.113, there exist
more effective pinning centers~AF exchange interaction be
tween CuO2 layers is also stronger! than that with less inter-
calated Cu21 ions, such as the sample withx50.058. The
pinned static hole stripes in the sample with more inter
lated Cu21 ions, therefore, appear to be less mobile than t
with less intercalated Cu21 ions. In Fig. 5~a! there is shown
three clusters of ‘‘negatively charged’’ particles around t
hole modulation planes. These centers are not regularly
tributed since the intercalated Cu21 ions are not.

Our experimental results show that in a hole-rich gra
holes are distributed around some parallel modulation pla
that are inclined to the CuO2 planes. When intersecting with
a particular CuO2 plane, holes lying on and close to th
modulation planes, form a two-dimensional stripe pattern
the CuO2 plane. While holes belonging to the same stripe
different stripes that are associated with the same modula

FIG. 6. Simulated@100# electron-diffraction pattern for a crysta
thickness of 270 Å and a primary beam energy of 200 keV. T
La22xCu11xO41d crystal is assumed to be ofFmmmsymmetry, the
modulation period 19.334 Å, and wave vector pointing alo
^0 4 10&.
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PRB 62 195CHARGE MODULATIONS IN La2CuO4-BASED CUPRATES
plane are strongly correlated, those lying on the same C2
plane but belonging to different stripes and therefore diff
ent modulation planes, may be less strongly correlated,
the interplane hole interaction may be comparable to the
traplane interaction in contrast to the magnetic exchange
teraction. The width of the stripes on the CuO2 plane de-
creases as the temperature decreases, i.e., holes become
localized around the modulation planes at lower temperat
This is evidenced in Fig. 4, which shows that higher-ord
superlattice reflections are clearly visible in the diffracti
pattern taken at lower temperature@Fig. 4~b!# but not seen in
the diffraction pattern taken at RT@Fig. 4~a!#. This indicates
that the modulation plane becomes sharper and better de
at lower temperature, and holes become more locali
around the modulation planes as temperature decreases

IV. SUMMARY

In a polycrystalline Cu-rich La22xCu11xO41d sample,
grains have been observed to phase separate into hole
and hole-poor grains, and in a hole-rich grain holes h
O
r-
e.,
in-
in-

more
re.
er
n

ned
ed

rich
ve

been observed to distribute inhomogeneously across
crystallite. Hole related superlattice reflections have been
served in hole-rich grains and shown to result from h
localization on planes that are inclined to the CuO2 planes.
For lightly doped samples withx50.058, the modulation
wave vector was observed to depend on temperature.
results suggest that holes situating on the same modula
plane but different CuO2 planes are strongly correlated
Temperature experiments show that holes become more
calized around the modulation planes as temperature
creases, suggesting an increasing interaction between h
localizing around the same modulation plane but lying
different CuO2 planes as temperature decreases.
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