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The simplest cuprate superconductor La2CuO4þy with mobile oxygen interstitials exhibits a clear
phase separation. It is known that oxygen interstitials enter into the rocksalt La2O2þy spacer layers
forming oxygen interstitials rich puddles and poor puddles but only recently a bulk multiscale
structural phase separation has been observed by using scanning micro X-ray diffraction. Here we get
further information on their spatial distribution, using scanning La L3-edge micro X-ray absorption
near edge structure. Percolating networks of oxygen rich puddles are observed in different micrometer
size portions of the crystals. Moreover, the complex surface resistivity shows two jumps associated to
the onset of intra-puddle and inter-puddles percolative superconductivity. The similarity of oxygen
doped La2CuO4þy, with the well established phase separation in iron selenide superconductors is also
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879286]
discussed. V
Complex lattice architectures composed of transition
metal oxides display a rich variety of coexisting nanoscale
electronic and magnetic phases.1 In this soft electronic matter,
a new low energy physics that goes beyond the standard condensed matter is emerging opening new perspectives to technology and nanotechnology.2,3 The control of the spatial
organization of defects in transition metal oxides is a key issue
in this field.4,5 The study of the multiscale phase separation
from nanoscale to micron scale, demands the development of
new bulk experimental methods. Indeed, standard experimental probes, like standard scanning tunneling microscopy, fail
to unveil the existing competition among nano-scale phases
since provides information only on the sample surface and a
few layers behind.6 On the contrary, standard experimental
techniques looking at the k-space like X-ray diffraction
(XRD), neutron diffraction, and angular resolved photoemission, provide non-local and space averaged information.
Actually, local structure experimental probes, like Pair
Distribution Function (PDF) analysis of neutron diffraction7
or X-ray Absorption Near Edge structure (XANES)8 allow to
study nanoscale structures, without time or spatial averaging.
These latter local methods, applied to complex high-Tc superconductors,9 have provided evidence of local electronic and
lattice fluctuations otherwise not accessible. Furthermore,
local lattice fluctuations in the CuO2 plane and the electronic
phase separation have been shown to favor high temperature
superconductivity (HTS) in cuprates.9–17
In the proposed superstripes scenario,10 the local lattice
fluctuations at atomic scale9 form striped puddles at nanoscale, and these puddles form complex inhomogeneous textures,10 observed up to the micron scale.4,5 Therefore, the
superstripes scenario is a particular case of percolative
0003-6951/2014/104(22)/221903/5/$30.00

superconductivity,18–31 where superconductivity emerges in
a network of striped superconducting units in a twodimensional atomic layer. In this scenario, the spatial distribution of superconducting units is a key issue.
Percolation of superconducting puddles has been recently
observed also in iron selenide superconductors.32–35
The distribution of lattice defects in HTS has been found
to play a key role in the superconducting phase;37–43 in fact,
the distribution of defects controls the electronic features in
the range of 10–100 meV near the Fermi level and therefore
multi-gaps superconductivity.36,44,45
La2CuO4þy is a prototype of cuprate superconductors,
showing a clear phase separation. Early neutron powder diffraction studies have shown the occurrence of a phase separation for y < 0.055 (Ref. 46) and the average location of the
oxygen interstitials (Oi).47 A further neutron powder diffraction work48 has established a phase diagram for La2CuO4þy
with 0 < y < 0.055, demonstrating a miscibility gap between
an antiferromagnetic phase at y  0.01 and a superconducting
phase at y  0.055. The phase separation for y > 0.055 was
object of discussion for long time. Neutron diffraction on single crystals at higher concentration of Oi49–51 have provided
evidence for superstructure satellites, but still there is a lack of
information on the spatial location of multiple phases. An
extended X-ray absorption fine structure experiment on a
y ¼ 0.1 sample has shown local lattice fluctuations in the
CuO2 plane.52 Moreover, the Oi have a large mobility in this
system since the spacer layers have a large tensile strain due
to lattice misfit between the active and spacer layers.53–55 The
spatial distribution of puddles with 3D ordered Oi has been
described by scanning micro X-ray diffraction in an optimally
doped La2CuO4.1 (Tc ¼ 40 K)37 and in an underdoped
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La2CuO4.06.38,39 These experiments pointed out that Oi-rich
puddles (ORP) form a scale-free network of superconducting
puddles at the optimum doping, which favors HTS.
Here, we have investigated the statistical distribution of
Oi in the underdoped La2CuO4þy using scanning X-ray
Absorption Near Edge structure (lXANES).56
The advantage of using XANES, instead than X-ray diffraction, consists in the possibility to probe the local lattice
structure within a nanoscale cluster centered at the selected
absorption site. Indeed, lXRD is a non-local probe of the kspace and it is sensitive only to puddles of ordered Oi over a
scale larger than the diffraction coherence length. Therefore,
lXANES is a unique powerful tool for the investigation of
complex multiphase materials characterized by either local or
spatial sensitivity with no space averaging and with a femtosecond time response.8 We report lXANES experiments providing accurate information on the local atomic structure of
an underdoped La2CuO4.06 sample. XANES spectra have
been collected at the Lanthanum L3-edge,10 to probe directly
the local structure within 0.8 nm around the selected La
atomic species in the La2CuO4þy spacer layer.
Details on sample preparation and characterization have
been reported elsewhere.38
The lXANES measurements were performed on the beamline LUCIA at SOLEIL in Paris. The scheme of the experiment
is shown in Fig. 1. The X-ray source is an electron undulator
Apple II-UH52, operating in the range of soft X-rays
(0.8–8 keV) with high brilliance (1.6  1011 ph/s/400 mA)
equipped with a double Si-111 monochromator. The monochromatic photon beam is focused on a spot of 2.5  2.5 lm2 with a
Kirkpatrick-Baez mirrors apparatus. The sample is mounted on
an x-z translator that allows scanning the sample at the nanometer resolution, as shown in panel (a) of Fig. 1. At each x-z position, the Lanthanum L3-edge XANES signal was recorded in the
fluorescence mode with a 4 elements silicon drift Bruker detector. A typical spectrum corresponding to the electronic transition
from the La L3 core level at the binding energy of 5383 eV, is
shown in panel (b) of Figure 1.
The spectrum is very simple and shows two multiple scattering resonances (MSR)8 separated by a minimum. These two
resonances are determined by the local structure of a nanoscale
cluster of neighboring atoms around the La photoabsorber.

FIG. 1. (a) Experimental setup for lXANES measurements, performed on
the dedicated-beamline LUCIA at SOLEIL. The monochromatic X-ray
beam is focused on a selected spot of 2.5  2.5 lm2, (b) A typical La
L3-edge XANES spectrum recorded in fluorescence mode on a single micrometer size spot.
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Using lXANES, we have collected the space-resolved
XANES response, probing the local structure around the Laion in the spacer layers. This is obtained by recording polarized
E//ab La L3-edge XANES spectra at the La2CuO4.06 crystal at
each 2.5  2.5 lm2 illuminated spot. The La L3-XANES spectra were recorded with energy steps of 0.2 eV in the near edge
region at 4 s integration (see Fig. 2). We have found that the
XANES spectra, collected in different spots are different.
Figure 2 (upper panel) shows two typical La L3-edge XANES
spectra, collected in two different locations of the sample.
The typical spatial variation of the La L3-edge XANES
spectra is shown by the XANES difference spectrum in the
lower part of Fig. 2, where only a broad peak centered at
5 eV above the ionization threshold appears.
The XANES spectra of condensed matter are determined by core excitons below the atomic ionization threshold and shape resonances above the absorption threshold.8
The typical E//ab polarized La L3-edge XANES spectrum
shown in Fig. 2 is very simple since no bound excitons are
appear below the absorption threshold. Above threshold the
absorption is given by
aðxÞ ¼ aa ðxÞ½1 þ vðxÞ ¼ aa ðxÞ þ aa ðxÞvðxÞ;
where a0(x) is the atomic absorption, due to electronic transitions from the atomic La (2p)3/2 core level to the continuum,
and v(x) is the modulation of the atomic absorption cross section a0(x), due to photoelectron quasi-bound final states degenerate with the continuum. Therefore, the local lattice structure
controls the photoelectron final states probed by vðxÞa0 ðxÞ.
Figure 2 shows the behavior of vðxÞa0 ðxÞ contribution,
extracted by subtracting the atomic absorption from the experimental spectrum. The atomic absorption spectrum has been
obtained by fitting the experimental XANES spectrum with an
arctangent in a range of 10 eV below the absorption edge and
in the range between 15 and 20 eV above the absorption edge
as it is shown in Fig. 2. The inflection point at E0 of the

FIG. 2. Upper panel: Two typical La L3-edge XANES spectra (blue and red
dots) recorded at two different illuminated spots of the crystal. The black
dashed line is the atomic absorption. The difference between the experimental absorption and the atomic absorption is shown by empty black circles
(upper panel). The black continuous curve is the fit of the shape resonance
by a Fano lineshape curve. Lower panel: The difference between XANES
spectra recorded in two different spots (i.e., at two 2.5  2.5 lm2 pixels) of
the sample. The experimental difference is well beyond the error bar and it
is like the shape resonance. XANES differences from point to point in the
real space (lower panel) are determined by the variation of the shape resonance from point to point.
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arctangent line has been selected as the zero of the energy
scale. E0 is the ionization potential of the La (2p)3/2 core level
and therefore is the energy threshold for electronic transition
to the continuum. The measured absorption coefficient a has
been divided by the value of the atomic absorption spectrum
at high energy a0. Therefore, a=a0 is the absorption coefficient
measured in units of the atomic X-ray absorption jump at the
La L3-edge. The extracted modulation factor
vðxÞa0 ðxÞ ¼ aðxÞ  a0 ðxÞ;
has structural information and is shown in the upper panel of
Fig. 2. This spectrum shows a single broad asymmetric peak
centered at energy 5 eV. This broad peak is clearly interpretable as a shape resonance, which is due to a quasi-bound
final state where the excited photoelectron is confined in a
nanoscale cluster.8 This quasi-bound state arises by a MSR.
The configuration interaction between the MSR quasi-bound
state and the continuum is expected to give a spectral Fano
line-shape. Therefore, the Fano line-shape is a fundamental
feature of MSR in XANES spectra.8 This interpretation is
confirmed by the good fit with a Fano line-shape of the
MSR, shown in the upper part of Fig. 2.
The lower panel in Fig. 2 shows that the difference
of the two XANES spectra recorded in different points
shows a similar Fano line-shape as the shape resonance in
the upper panel. It is well established that a0 being the
atomic cross section should not show any spatial dependence;8 therefore, the difference between the two XANES
spectra shown in the lower panel of Fig. 2 is due to a2 ðxÞ
a1 ðxÞ ¼ aa ðxÞv1 ðxÞ  aa ðxÞv2 ðx), which is determined
by the difference of the MSR, changing from spot to spot.
The raw data of the difference XANES spectra clearly indicate a relevant spatial variation of the local structure: the
cluster of neighbor atoms surrounding the absorbing La-ion.
The determination of the nanoscale cluster size, probed
by the excited photoelectron in the XANES spectra, is the
first step for its quantitative interpretation. The size of the
cluster depends on many body excitations controlling the
mean free path of the exited photoelectron inside the material and the core hole lifetime. The lifetime of the final state
is in the femtosecond range; therefore, the final states probe
the structure of the nano-cluster.
The La L3-edge XANES is determined by dipole transitions from the La(2p3/2) initial state (n ¼ 2, L ¼ 1, J ¼ 3/2) of
the photoabsorber La atom in the spacer layers La2O2.06 to
final states consisting of multiple scattering resonances of
the emitted photoelectron with L ¼ 2 orbital moment.
The La L3-XANES spectra were calculated using the
full multiple scattering (MS) theory based on self-consistent-field (SCF) potential with muffin-tin approximation, as
implemented in the FEFF9.0 code. The original Fmmm
La2CuO4 is used to simulate the size of the cluster that is
needed to reproduce all experimental XANES spectrum. The
SCF radius is 5 Å and the frequency-modulation spectroscopy (FMS) radius is 8 Å, which is sufficient to achieve a
good convergence. The Hedin-Lundqvist exchange-correlation potential is used. We have found that the cluster probed
by La L3-edge XANES, shown in Fig. 3, is made of 21 moles
of La2CuO4 with a radius of 0.8 nm.

FIG. 3. The cluster of neighboring atoms surrounding the La absorbing atom
(green sphere, indicated by the red arrow) in a La2CuO4þy crystal that determines the shape resonance in the La L3-XANES. The black circles provide a
pictorial view of the photoelectron wave emitted by the absorbing atoms,
scattered by neighboring atoms Cu (blue sphere) and oxygen (red sphere)
and La ions. The size of the cluster is 8 Å. In oxygen rich puddles (like in
the local structure of the La2CuO4.125 crystal) the cluster includes three additional Oi (indicated by the black arrows).

Previous lXRD experiments37,38 evidenced the presence
of two different phases coexisting in the sample. The first
consists of nanoscale Oi-poor puddles (OPP) with a stoichiometric oxygen content and the second of nanoscale ORP
with an oxygen formal content 4.125.
The calculations for the expected XANES spectrum for
OPP have been carried out using a cluster with the symmetry
Fmmm La2CuO4 and the XANES spectrum for ORP has been
calculated using the local structure of the doped La2CuO4.125.
To account for the ORP with Oi located in the 1/4,1/4,1/4 site,
and forming compositional stripes in the La2O2 structure, we
have to include three Oi in the atomic cluster probed by the
photoabsorption final state around the La absorbing atom in
the spacer La2O2 layers as shown in Fig. 3.
The results of the calculations are shown in Fig. 4. The
presence of Oi induces an increase of the peak A in Fig. 1
due to the first and strongest MSR as shown in the lower
panel of Fig. 4. Figure 4 (upper panel) shows the superimposition of two XANES spectra in the ORPs, i.e., the
La2CuO4þywith y ¼ 0.125 Oi, and in the OPP, i.e., the
La2CuO4 without Oi (y ¼ 0), computed with the FMS theory.
The graph shows the increase of the peak A by 0.4 in units
of the La L3-edge atomic absorption jump and a shift of the
white-line peak in correspondence of the ORP. The calculation has been performed using the cluster shown in Fig. 3,
both for the La L3-edge spectrum of the La2CuO4.125 and of
the La2CuO4 cluster. The lower panel of Fig. 4 shows the
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FIG. 4. Upper panel: XANES calculation at the La L3 using the cluster shown
in Figure 3 for the La2CuO4 (brown dashed line) and the La2CuO4.125 (black
dashed line). Lower panel: The absorption difference between the two spectra.

difference between the two spectra. Because the atomic component is removed by this procedure, the presence of the
additional Oi in proximity of the edge is a mark of the
increase of the MS resonance at 5 eV above the threshold.
The XANES spectrum recorded over a micron size spot
is already the averaged ratio between ORP and OPP in the
same illuminated spot. As a consequence, the underdoped
sample (y ¼ 0.06) show a content of Oi intermediate between
the La2CuO4 and the optimally doped La2CuO4.125 samples,
which we considered for the FMS calculations.
Having established the relation between the variation of
the main MSR peak of the XANES spectra and the presence
of Oi in the illuminated spots, we have measured the variation of the intensity of the main MSR peak in the XANES
spectra using the X-ray spot at 4 lm steps. The distribution
of ORP and OPP is revealed by the map of the space variation of the MSR, peak A, in Fig. 5, where we compare
images of two regions with different distributions of ORP.
The statistical analysis of the two regions of the sample is
shown in Fig. 5(c). The x axis in Figure 5(c) is the intensity of
the MSR, which ranges from 2.4 to 2.7 in units of the absorption jump. The distribution measured for the upper panel (Fig.
5(a)) is peaked at 2.6, while the lower panel (Fig. 5(b)) is at
2.5. Both regions display a Gaussian distribution. The distribution curves of the color-map in panel (a) of Fig. 5 (Fig. 5(b))
are plotted in panel (c) with red (blue) color dots. The width of
the oxygen poor distribution ranges from 2.45 to 2.55, while in
the oxygen rich region ranges from 2.52 to 2.65, showing a different distribution of ORP in the crystal and in different locations. The variation of the MSR intensity is 0.3 instead of the
calculated value of 0.4 since using a micron-size beam it is
impossible to probe a region free from ORP. This claiming is
further supported by scanning lXRD experiments in a similar
crystal,38 showing that region without ORP are <4 lm.
The surface complex resistivity experiment was performed
to measure the superconducting critical temperature.
The surface resistivity is shown in Fig. 6. The results
provide the critical temperature (Tc) evidence of a first resistivity jump at Tc1 ¼ 27 K and a second resistivity jump at
Tc2 ¼ 13 K, in agreement with previous data.38,58 The curve
illustrates a two-step resistance vs. temperature behavior

FIG. 5. (a) and (b) Colormaps of the position dependent intensity of the MSR
in the XANES spectra, of the investigated La2CuO4.06 crystal (intensity is
depicted in the colorbar). The maps are 36  18 pixels (4 lm pixel size). The
black bar corresponds to 10 lm. The exposition time is 10 s/step; (c) it shows
the probability density function PDF(x) of the MSR of the two regions.

similar to the case of superconductivity in a network of
superconducting islands.59
In conclusion, we have reported scanning lXANES investigation for an underdoped cuprate oxide with mobile Oi dopants, showing the spatial distribution of ORP on a micron scale.
The lXANES technique is perfectly suited to visualize the nature of these multi-scale systems, being a fast and local probe
of a selected atomic species. The results presented are complementary to other techniques such as scanning lXRD,37,38 and
provide further support to the scenario of percolative superconductivity in copper oxides and other high temperature cuprates
superconductors. Moreover, the arrangement of ORP in the real
space shows a compelling evidence of different percolation
regimes occurring in this system. The percolation phenomenon
has a strong influence in the superconducting properties measured, as shown by the occurrence of two critical temperatures
and is of support several proposed models that consider the
intrinsic percolative nature of superconductivity.11–31,44,57,58
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