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Temperature-dependent modulation amplitude of the CuO2 superconducting lattice in La2CuO4.1
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The temperature-dependent amplitude of the Cu-O~planar! bond modulation in the La2CuO4.1 superconduct-
ing crystal has been measured by in-plane-polarized CuK-edge extended x-ray-absorption fine structure.
Minority domains characterized by a long Cu-O~planar! bond length are found atT,150 K. The separation
between the two Cu-O~planar! distances provides a measure of the amplitude of the CuO2 lattice modulation
assigned to a charge-density wave that coexists with the superconducting phase, providing evidence for a
broken symmetry.@S0163-1829~97!06313-3#
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I. INTRODUCTION

The search and study of mesoscopic structural mod
tions in the high-Tc cuprates has been a throttling point
research activities in the recent times due to the fact
these materials show short coherence superconducting p
erties. Several techniques have been used to investigat
modulation of the CuO2 lattice and to determine the relate
distortions1–15 as these are considered to be important str
tural aspects in controlling superconducting properties.
K-edge extended x-ray absorption fine structure~EXAFS!
has proved its abililty and is used to probe the local struct
of the superconducting CuO2 plane in various families of
cuprate superconductors.8–15

The resulting inhomogeneous CuO2 lattice, characterized
by distribution of Cu-O bond distances, has been assigne
an anharmonic one-dimensional~1D! charge modulation in a
superlattice of quantum stripes,13,14and the results were con
firmed recently by solving the CuO2 superstructure using
anomalous diffraction in Bi2Sr2CaCu2O8 ~Bi2212!.15 It has
been demonstrated that the 1D lattice modulation invol
plane lattice distortions that directly modulate the electro
structure of the CuO2 planes.

8,14

The oxygen-doped La2CuO41d system has attracted a lo
of attention where the hole doping is realized by introduc
mobile interstitial oxygen ions as acceptors in the rocks
layers,16,22 showing the role of ordering of acceptors on t
superconducting properties. A macroscopic phase separ
is known to occur for oxygen doping 0.01,d,0.06 and
T,260 K with the formation of oxygen-poor~insulating
La2CuO4.01! domains and oxygen-rich~superconducting
La2CuO4.06! domains. At high oxygen dopingd.0.06 the
macroscopic phase separation is suppressed and the s
superconducts belowTc;40 K. However, there are indica
tions that interstitial oxygens are ordered and the system
inhomogeneous, also in the superconducting phase at
doping. Superstructure reflections indicating a latttice mo
lation with a wavelength of the order of 25 Å have be
550163-1829/97/55~14!/9120~5!/$10.00
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observed by neutron and electron diffraction at lo
temperature.1,20,21The presence of different Cu sites and t
distribution of tilts of the CuO6 octahedra in the CuO2 plane
have been detected by nuclear magnetic resonance~NMR!
and have been assigned to the coexistence of tilted and
tilted octahedra forming striped domains.6

The purpose of the present paper is to report temperat
dependent modulation amplitude of the CuO2 plane of the
oxygen-doped La2CuO41d system, determined by polarize
Cu K-edge EXAFS, a direct probe, faster than NMR, me
suring the instantaneous distribution of the Cu-O distanc

II. EXPERIMENT

We have used a crystal with high oxygen doping~near the
optimum doping for the high-Tc superconductivity! that is
free from macroscopic phase separation.6,23 For the purpose
we have taken advantage of a high brilliance x-ray sou
provided by the 6-GeV European synchrotron radiation
cility ~ESRF! allowing us to collect the EXAFS data with
high signal-to-noise ratio up to a high momentum trans
Q52k-40 Å21

.

A high-quality single crystal of La2CuO4.1 ~Tc538 K! of
size 33230.5 mm3, doped by electrochemical oxidation23

was used for the measurements. The crystallographic st
ture was studied at Institute Laue Langevin~ILL ! by neutron
scattering. The crystal was mounted in a closed cycle
refrigerator and the temperature was monitored with an
curacy of61 K. The temperature-dependent in-plane~Eiab!
polarized CuK-edge absorption spectra were recorded at
beam line CRG-IF of ESRF.

The x-ray beam emitted by the 6-GeV ESRF storage r
was monochromatized by a bent conically shaped Si~111!
double-crystal monochromator and sagittally focused on
sample. Twelve scans were recorded at each temperatu
detecting the fluorescence yield. The EXAFS signalx5(a
2a0) /a0 , wherea is the absorption coefficient anda0 is
the so-called atomic absorption, was extracted from the
9120 © 1997 The American Physical Society
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55 9121TEMPERATURE-DEPENDENT MODULATION AMPLITUDE . . .
sorption spectrum using standard procedure24 and corrected
for fluorescence self-absorption.25

III. RESULTS AND DISCUSSION

In Fig. 1 we report the Fourier transforms of the pha
corrected experimentalEiab polarized CuK-edge EXAFS
spectra~multiplied by k2! extracted from the measured a
sorption on the La2CuO4.1 single crystal at several temper
tures. The Fourier transforms have been performed fr
kmin53 Å21 to kmax519 Å21 using a Gaussian window
The main peaks denote the distribution of the atomic s
with respect to the Cu. It can be seen from the Fourier tra
form that the contribution of the Cu-O~planar! is well sepa-
rated from the other shells of neighboring atoms. The Fou
filtered contribution of the Cu-O~planar! EXAFS is shown in
Fig. 2. The anomalous temperature dependence of the
O~planar! Fourier transform peaks, seen in Fig. 1, is a
clear in Fig. 2 where the amplitude of the EXAFS oscill
tions at higherk values is drastically reduced at low temper
ture showing a disordering of the CuO2 plane. The Cu-
O~planar! EXAFS is fitted by nonlinear least-square fittin
using the curved wave EXAFS theory26 to give information
about the distribution of the O~planar! atoms around the pho
toabsorber Cu and to determine possible static and/or
namic disorder in the CuO2 plane. The fitted signal is als
plotted along with the experimental spectra in Fig. 2.

The fitting was performed with two Cu-O~planar! dis-
tances using the same approach as described
La1.85Sr0.15CuO4 ~LSCO!.8 The number of parameters th
may be determined by the EXAFS is restricted by the nu
ber of independent data points:Nind;(2DkDR)/p, where
Dk andDR are, respectively, the ranges ink andR space
over which the data are fitted. In our caseDk516 Å21

~3–19 Å21) andDR50.8 Å givingNind;8 for the Fourier
filtered Cu-O~planar! EXAFS, allowing us to determine pre

FIG. 1. Fourier transforms~FT! of the experimental EXAFS
spectra at several temperatures. The Fourier transforms have
performed fromkmin53 Å21 to kmax519 Å21 using a Gaussian
window and corrected by the theoretically calculated phase sh
The temperatures have been selected to highlight the differen
The anomalous temperature dependence of the Cu-O~planar!
EXAFS is reflected by an unexpected decrease in the FT ampli
at lower temperatures while the EXAFS signals of the Cu-La a
Cu-O-Cu shells appear to show the standard temperature de
dence.
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cisely a large number of parameters. The two-distance fit
performed first by using five parameters:Rlong, Rshort, and
Nlong, (Nshort5Ntot2Nlong, whereNtot is the fixed coordina-
tion number! and two Debye Waller factors. The value o
E0 and the reduction factor due to multielectrons excitatio
S0
2 was fixed to the value obtained by analyzing EXAFS
other copper oxide superconductors8,13,14 and found to be
similar to the values reported for other related copp
oxides.27 The resulting two Debye Waller factors were foun
to be equal to the extrapolated values corresponding to
correlated Debye model withuD5600 K within the uncer-
tainties, and hence they were fixed in the final fitting run
obtain theRlong, Rshort, andNlong parameters. The fits wer
performed by several procedures by chaning the orde
iteration of the parameters, taking into account the corre
tion and the results were found to be independent of the k
of fitting.

The outcome of the fit is shown in Fig. 3. The resu
show the appearance of two Cu-O~planar! distances below
150 K @Fig. 3~a!# separated byDR30.08 Å @Fig. 3~b!#. The
separation is out of estimated uncertainties and larger t
the thermal fluctuations, of the order of 0.02 Å, for ea
distance. The crystallographically determined distance22 is
plotted in Fig. 3~a! for comparison. It can be seen th
Rshort is independent of temperature and close to the crys
lographically measured distance, reported to be more or
constant, while the long distance can be considered
anomalous one, which appears atT,150 K. The two dis-
tances converge into a single distance atT.150 K.

At this point we recall our recent EXAFS results on th
LSCO system, where the two in-plane distances are ass
ated with existence of locally distorted and undistort
CuO6 octahedra

8 within the average crystallographic homo
geneous structure. Following the same line of thinking,
short distance is attributed to the majority of LTO-like~low-
temperature orthorhombic! domains, while the long Cu-
O~planar! distance is attributed to the minority LTT on
~low-temperature tetragonal!, even though the tilting is large

een

s.
es.
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d
en-

FIG. 2. Fourier filtered Cu-O~planar! EXAFS signal at 85 K
~filled circles! and its fit with two distances~dashed line! is plotted
along with the EXAFS signal at 220 K~opern circles! and the fit
with a single distance~solid line!. The difference in the EXAFS
spectra at the two temperatures is clearly visible. It is worth not
that the 85-K EXAFS shows damping of the amplitude at highek
due to interference of two frequencies corresponding to two
O~planar! distances.
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than in the average LTT structure.28 Figure 3~c! shows the
temperature dependence of the tilting angleu of the distorted
CuO4 square planes calculated using cosu5Rshort/Rlong. The
tilting angle is about 15°, which is of the same order o
magnitude as the tilting angle observed in the local LTT kin
of domains in LSCO,18 and also agrees with the maximum
tilting angle of the octahedra measured by NMR.6

In Fig. 4~a! we show the relative number of anomalou
long Cu-O~planar! bonds to the total number of in-plane

FIG. 3. Temperature dependence of the two Cu-O~planar! dis-
tances (Rshort andRlong! measured by EXAFS;~b! temperature de-
pendence of the separation between the long and the short C
bonds; ~c! temperature dependence of the tilting angleu of the
rhombically distorted CuO4 square planes. The temperature depe
dence of the average Cu-O~planar! distance, determined from the
in-plane lattice parameters measured by diffraction~Ref. 23!, is also
shown for comparison in panel~a!.
f

bonds. From the relative number of anomalous long bo
we deduce the probability of presence of 4062% anomalous
CuO4 square planes with rhombic distortion having two lo
bonds per Cu site, forming LTT-like domains. This mea
that the CuO4 square plane is decorated with;60% of the
LTO kind of undistorted domains and;40% of the LTT
kind of distorted ones. It is worth mentioning that NM
results6 have shown coexistence of two different kinds
copper sites by measuring the tilt angle of the CuO6 octahe-
dra in oxygen-doped La2CuO4. The authors have reported th
presence of;60% of the so-called B type~undistorted ones!
and;40% of the A type~distorted ones!. In spite of intrinsic
differences in the two local probes, EXAFS and NMR, t
results of the distribution of the two sites agree with ea
other. It should be emphasized that on the local scale th
are domains of CuO4 planes that are highly distorted, with
tilting angle of the order of 15°, in the majority of the undi
torted domains. Such a big tilting is enough to modify t
electronic structure, i.e., a part of the doped charges
trapped in the distorted LTT domains while the rest moves
the undistorted lattice. This shows that two types of cha
carriers coexist within the two-dimensional CuO2 plane.

In the La2CuO4.1 compound, the extra oxygen is found
be in an interstitial site between two LaO layers.16,20This site
~i.e., extra oxygen! is surrounded by four lanthanum atom

-O

-

FIG. 4. ~a! Probability of the anomalous long Cu-O~planar!
bonds measured from the Cu-O~planar! EXAFS spectra;~b! tem-
perature dependence of the stripe widthL (W) of the LTO-like
~LTT-like! domains, measured by joint EXAFS and diffraction, b
low 150 K.
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55 9123TEMPERATURE-DEPENDENT MODULATION AMPLITUDE . . .
and four oxygen atoms that are displaced from their nor
positions. For the high oxygen-doped system it was s
gested that the additional oxygen atoms could become
dered in a sublattice of interstitial sites.20,29The neutron scat-
tering data and x-ray diffraction on our crystal shows
superstructure of the type,q5qb*1~1/n!c* in the ortho-
rhombic notation at 45° from the Cu-O-Cu direction, wi
q50.21 andn;3 giving a one-dimensional modulation wit
periodlp;24.3 Å,20,21 This modulation is similar to that o
other doped cuprate superconductors at optimum doping8,45

the distorted and undistorted domains of the CuO4 plane will
get disposed spatially in stripes~of width W! made of dis-
torted lattice alternating with stripes~of width L! of undis-
torted lattice. Thus the CuO2 plane of La2CuO4.1 is decorated
by stripes of distorted lattice containing relatively trapp
charge carriers and stripes of undistorted lattice contain
itinerant charge carriers. The widthW ~L! of the LTT-like
~LTO-like! stripes measured by joint EXAFS~measuring the
pair distribution! and diffraction~giving the modulation pe-
riod, lp;24.3 Å5L1W) gives the width of the stripes
W50.4*24.3;9.7 Å andL;14.5 Å. Figure 4~b! shows the
temperature dependence of the measured stripe width b
150 K. The present experiment provides the determinatio
the temperature onset,T,150 K, for the modulation of the
Cu plane in a nonphase separated system at high ox
doping. Theoretical calculations by Peraliet al.30 have
shown that the superconducting gap amplification, for a f
electron gas in the BCS approximation, occurs when
stripe widthL is in the range of 14–16 Å, while the supe
conducting system is optimally doped. Therefore the value
ri
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L514.5 Å indicates that also in the La2CuO4.1 system, as in
Bi2212 and LSCO, the increase of the critical temperature
the shape resonance effect can provide a mechanism fo
creasing the critical temperature to the high temperat
range.

In conclusion, we have determined the temperature ran
T,150 K, for the CuO2 lattice modulation where two differ-
ent kinds of domains with the LTT and LTO types of stru
ture coexist in the La2CuO4.1 compound. These domains a
spatially distributed in stripes of distorted and undistort
structure. The same kind of distortions have been seen in
isostructural LSCO compound8 below 100 K and in the
Bi2212 system13,15 suggesting that inhomogeneity of th
CuO2 plane is a common feature for high-Tc superconduc-
tivity and for related systems showing charge orde
domains.31 We give further support to the two-compone
model based on stripes of localized and itinerant char
within the CuO2 plane.

8,32
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