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The X-ray absorption near edge structure spectroscopy is a unique powerful local and fast experimental
method to study complex systems since it probes the nanoscale structure around selected atoms giving evidence
for different local and instantaneous phases present in multiscale highly correlated granular systems. Transition
metals and rare earth oxides like manganites, cuprates or pnictides superconductors show a rich variety of different
competing structural, electronic and magnetic phases, which spatially coexist forming complex lattice textures.
Many recent experimental data have pointed out the presence of arrested phase separation and the interplay of
different phases occurring from nano- to micrometer-scale. This scenario opens the possibility to manipulate the
mesoscopic phases to get new material functionalities. Therefore there is increasing need to develop methods
to probe morphology and phase distribution at multiple length scales. Actually, combining X-ray imaging at
high spatial resolution with µ-XANES spectroscopy both mesoscale, nanoscale and atomic structural changes
can be identified. The µ-XANES spectroscopy technique is rapidly growing to investigate adaptive matter, high
temperature superconductors, complex materials showing arrested phase separation at the mesoscale.
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1. Introduction
It is well known that phase separation occurs where
two or more phases with comparable free energies coexist giving two or more macroscopic phases each one
with a large coherence length, however there is growing
scientific interest for the case of arrested phase separations in transition metal oxides where two or more phases
form complex textures extending in the mesoscale between the atomic scale and the macroscopic world, made
of small domains with a size ranging from nanoscale to
micron-scale. The mesoscale phase separation leads to
strong anomalies or dramatic changes of system properties and material functionality. Clear anomalies are
observed in the behaviour of different observable quantities such as the resistivity and the optical transmission [1, 2]. The origin of the mesoscale phase separation
phenomenon responsible for a variety of unusual phenomena is due to the appearance of voxels of competing thermodynamic phases inside a host phase [3–6]. Transition
metals and rare earth oxides, as for example high temperature superconductors, as cuprates or pnictides present
multiple electronic states with different orbital symmetries at the Fermi energy and competing anisotropic
Coulomb, magnetic and electron–lattice short range interactions together with long range Coulomb and elastic
interaction, giving complex lattice architectures and a
rich variety of different coexisting electronic and magnetic phases. Their interplay plays a key role in colossal
magnetoresistance materials [7, 8], ferroelectrics [9, 10]
and in high temperature superconductors (HTS) showing
arrested phase separation at mesoscopic or nanoscopic
length scales [11–15].

∗ e-mail:

marcelli@lnf.infn.it

Many experimental data support the scenario that
the competition and interplay among different phases
at nano-, meso-, and micrometer scale are at the origin of the macroscopic behaviours observed in these systems. As a consequence, techniques suitable to probe
morphology and phase distribution at multiple length
scales are required to characterize these complex materials. Moreover, to study the multiscale phase separation
from the nano- to the micronscale we need bulk experimental methods not averaged in time and in space, complementary to other techniques sensitive only to highly
ordered/crystalline phases such as X-ray diffraction with
micron size spots (µXRD).
Actually, macroprobe techniques, e.g., XRD, angleresolved photoelectron spectroscopy, inelastic neutron
scattering, etc. are excellent methods for characterizing
materials but are not able to spatially separate the contributions of different coexisting phases in the nano- and
microscale domain. Therefore, to image micrometer-scale
lattice fluctuations of ordering of oxygen interstitials (Oi )
in single crystals, we need microprobe based techniques
such as µ X-ray absorption spectroscopy (µ-XAS) and
µ-XRD, which take advantage of the highest spatial resolution made possible by synchrotron radiation sources.
Being a fast and local probe of a selected atom, the
X-ray absorption near edge structure (XANES) spectroscopic technique represents a unique method suitable to
investigate the distribution of a polymorph and of multiscale correlated systems at the nanoscale being a measure
of multiple scattering resonances of the excited photoelectron in a nanocluster [16–18] and it has been used to
probe the coexistence of different perovskite local structures [18, 19].
Highly correlated electron systems can be described as
complex systems having a multiscale structure and a dynamics, unavoidably entangled well beyond the definition
of a poorly-ordered or a disordered system. Combining

(264)

Phase Separations in Highly Correlated Materials
X-ray imaging at high spatial resolution with µ-XANES
spectroscopy both small structural distortions occurring
at the atomic scale and weak chemical changes can be
identified and correlated with 2D and 3D morphologies
of complex systems. The technique has been already successfully applied to several systems such as high temperature superconductors, correlated materials where different “phases” coexist at the mesoscale.
It is important to underline here that high-resolution
experimental probes such as electron microscopy or the
atomic force microscope, provide information only on surface atoms and from a limited numbers of layers below
the surface. Both are not able to probe the presence of
different nanoscale phases below the surface. Other experimental probes looking at the k-space such as XRD,
neutron diffraction, and angular resolved photoemission,
may provide only non-local and space averaged information.
Local structural probes with micrometer size spots
such as the pair distribution function (PDF) or microXANES (µ-XANES) may investigate also nanoscale
structures [19, 20] and nanoparticles [21, 22]. However,
being an extremely fast probe (≈ fs resolution) only XAS
spectroscopy may provide information on local electronic
and lattice fluctuations, in a complementary way to other
techniques such as scanning µXRD [23, 24].
It will be shown in the next section how µ-XANES
data of La2 CuO4+y , the simplest cuprate superconductor
with mobile oxygen interstitials whose µ-X-ray diffraction data clearly show the presence of a bulk multiscale
structural phase separation. This result is extremely important because in this sample we may observe the coexistence of two competing macroscopic phases associated
to two c-axis lattice constants [24].
The presence in the La2 CuO4+y of two coexisting networks of ordered defects point out that for superconductors with higher Tc and, in general, for more complex
materials the number of networks can be higher. Moreover, both the network number and the distribution of
phases inside a phase-separated system are related to the
superconductivity or to other peculiar properties of the
material.
2. µ-XANES spectroscopy and heterogeneous
materials
Figure 1 shows a simplified scenario describing cuprate
heterostructures, in particular the distribution of different puddles, which can be formed in the CuO2 plane and
their different active atomic layers. Indeed, the phase
separation occurring in cuprates may form different networks with different types of voxels. In this figure we
simplified the description of the La2 CuO4+y , i.e., the simplest cuprate, where two different types of puddles can
be considered. Blue regions are magnetic puddles of ordered Cu spins, in Cu 3d orbital, while red are puddles of
charge ordered holes in oxygen 2p orbital. These puddles
can be associated to spin density wave (blue regions) and

265

charge density wave (red regions) where superconductivity takes place in the interstitial space [23–26].

Fig. 1. A simplified description of a mesosystem like
the CuO2 showing active atomic layers in cuprate heterostructures. A complex phase separation forms networks of two different types of domains: magnetic puddles (blue) and superconducting puddles (red). Top left:
Magnetic puddles comprise horizontal (or vertical) spin
stripes in the Cu sublattice (blue dots), with spin indicated by black arrows. Top right: CDW puddles are
made of diagonal stripes.

The blue puddles (Fig. 1, upper left) form magnetic
domains of the spin density wave order probed by magnetic nuclear and X-ray scattering. Spatially separated
are the red puddles (Fig. 1, upper right) that contain
the charge order probed by X-ray diffraction, extended
X-ray absorption fine structure (EXAFS) and XANES,
where within the oxygen sublattice we may found oxygenpoor and oxygen-rich stripes. Recently it has been shown
that the distribution of the CDW domains shows a scalefree distribution, which determines a hyperbolic space
for the superconducting phase [25] called superstripes
phase [25, 26]. The difference observed among cuprate
superconductors depends on the interplay and distribution of three different spatial domains, CDW, SDW, and
the hole rich space in dopant rich domains. This last
type of space is determined by self-organization of mobile dopants in the space layers [27, 28]. There are
three fundamental parameters controlling the phase diagram of cuprates, namely temperature, doping and misfit
strain [29, 30], they control the diversity of CDW scenario
in different cuprates and the onset of SDW only beyond
a critical value of the misfit strain.
The superconductivity is expected to take place at the
interface and at the surface of CDW puddles giving a superstripes phase with spontaneous symmetry breaking of
both gauge symmetries and lattice symmetries [25, 26].
The striped metallic phase induces a Fermi surface recon-
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struction that originated mini-bands and the opening of
partial gaps in the density of states of ≈20–50 meV. This
mechanism favours the occurrence of shape resonances in
the striped puddles [31].
Actually, to fully understand the complex stripetopology in layered systems or the presence of networks of
voxels it is necessary to use techniques like micro/nanoXRD and micro/nano-XANES, the latter capable to
probe the local lattice structure within a nanoscale cluster centered at the selected absorption site, being the
only method suitable to support the reconstruction of
the “network structure” at the atomic scale.
Previous neutron powder diffraction studies have
shown the occurrence of a phase separation in
La2 CuO4−y for y < 0.055 [32] but only the average location of the oxygen interstitials (Oi ) [33] was obtained.
The intrinsic self-organization of oxygen interstitials is
better observed in layered crystals such as La2 CuO4−y
where due to the lattice misfit between the active and
spacer layers, a large tensile strain occurs [29, 34, 35].
Moreover, oxygen interstitials shows a larger mobility in
crystalline systems where an extra strain occurs due to
the difference between the thermal expansion coefficients
of the active and spacer layers.
The phase separation of oxygen-rich and oxygen-poor
phase at higher concentration of Oi for y > 0.055 was
not possible to be detected by neutron diffraction on single crystals but there were observed only superstructure

satellites [36–38] with no information on the spatial location of multiple phases.
The spatial distribution of puddles in an optimally
doped La2 CuO4.1 (Tc ≈ 40 K) [23] and in an underdoped La2 CuO4.06 [24], was first obtained by scanning
micro X-ray diffraction. It was pointed out that, at the
optimum doping, Oi -rich puddles (ORP) form a scalefree network of superconducting puddles, which favours
the high temperature superconductivity (HTS).
Using µ-XANES, we have collected space-resolved
XANES spectra, probing the local structure around the
La ion in the spacer layers [20]. Although, a XANES
spectrum recorded over a µm size spot returns only the
averaged ratio between ORP and Oi -poor puddles (OPP)
in the same spot, XANES spectra collected in different
points are different.
As a consequence, the underdoped sample (y = 0.06)
shows a content of Oi intermediate between that of the
La2 CuO4 and of the optimally doped La2 CuO4.125 sample. After establishing the relation between the variation
of the main multiple scattering resonance (MSR) peak of
the XANES spectra and the presence of Oi in the illuminated spots, it is possible to measure the variation of the
intensity of the main MSR peak in the XANES spectra
using X-ray spots of few µm. The distribution of ORP
and OPP puddles is clearly shown by the maps of the
space variation of the MSR in Fig. 2 [20].

Fig. 2. Maps of the position dependent intensity of the MSR in the XANES spectra at the La L3 -edge of a La2 CuO4.06
crystal (intensity in the colour bars). The maps shown are ≈ 145 × 32 µm2 (the bar is 10 µm) and has been collected
at 10 s/step. In the central panel the probability density function PDF(x) of the multiple scattering resonance (MSR)
for the two regions with different distributions of oxygen interstitials.

In this figure two regions of ≈ 145 × 32 µm (left and
right panels) with different distributions of ORPs are
compared. The patterns are obtained starting from the
statistical analysis of the two regions shown in the central
panel of Fig. 2. The x-axis of the central panel is the intensity of the XANES resonance (MSR) observed at the
La L3 edge, which ranges from ≈2.4 to 2.75 in units of
the absorption jump. The Gaussian distribution corresponding to the left panel refers to an oxygen-rich region.

It is peaked at ≈2.6 and its width ranges from 2.45 to
2.75 (red), while the distribution of the right panel corresponds to an oxygen-poor region. It is peaked at 2.5 and
its width ranges from ≈2.4 to 2.65 (blue). Different distributions of ORP’s and OPP’s clearly occur in different
locations of the investigated crystal.
µ-XANES mapping at the La L3 -edge provides also
a strong experimental support to the percolative superconductivity scenario in high temperature cuprates su-
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perconductors [20]. Moreover, percolation of superconducting puddles has been recently observed also in iron
selenide superconductors [15, 39–41].
3. Mesoscience and the phase separation
scenario in correlated materials
Also transition metal oxides (TMO) offer a wide spectrum of properties, which provide the foundation for a
broad range of potential applications. Many of these
properties originate from interactions among spin, lattice, and charge degrees of freedom. Among TMO’s,
the vanadium dioxide (VO2 ) is one of the most challenging and studied systems because it undergoes to a
hysteretic metal–insulator transition (MIT) [42, 43] and
a structural phase transition (SPT) from monoclinic to
rutile phases [44], upon heating or cooling through a temperature range near room temperature (≈340 K) with a
change in conductivity by several orders of magnitude.
This complex multiphase material is actively investigated
because of its potential application as switching devices
as well as for fundamental researches looking at the understanding of multiphase correlated electron systems.
Still now, the driving mechanism of the MIT transition
is still matter of debate setting against the strong electron
correlation present in many Mott–Hubbard systems with
the electron–lattice coupling describing a Peierls transition [45–49].
Nanoscale phase separation and lattice complexity are
key elements of all transition metal oxides including VO2 ,
which show a MIT [50, 51]. The vanadium K-edge
XANES high-resolution spectroscopy has been shown to
have the sensitivity to probe the local structure changes
associated with the MIT transition [52]. Moreover, a
local probe such as XANES may investigate simultaneously both the MIT and the SPT, monitoring the local
behaviour of VO2 films at the O K-edge [53].
The MIT transition in VO2 films is strongly affected
by doping and/or strain induced by the substrate, with
large changes in the resistance of the material, shifts of
the transition temperature and even the formation of new
intermediate structural phases [54, 55]. Moreover, at the
onset of the phase transition, nanoscale metallic domains
emerge from the insulating host of VO2 .
Recent results using X-ray absorption spectromicroscopy [53] showed that it is possible to induce an electronic transition without inducing a structural transition
in thin film of VO2 during a heating–cooling cycle. This
experiment is an additional demonstration of the relevance of used techniques with high spectral, time and
spatial resolution, to accurately study inhomogeneous
media such as phase separated materials and with complex multi-dimensional phase diagrams.
4. Conclusions
The mesoscale science represents an extraordinary opportunity for discovering and controlling new materials
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where atomic granularity, quantization of energy, and
simplicity of structure and function mix together offering a new horizon to materials science. In the last
half-century, and especially in the last decade, great advancements in the observations at small length and time
scales allowed to reveal many atomic and molecular contributions that are responsible of many macroscopic behaviours. Moreover, many experiments pointed out the
presence in many materials of a mesoscale architecture
that promotes the emergence of new behaviours and new
functionality to materials [56].
Being a fast and local probe a selected atomic element,
XANES spectroscopy is a powerful fast and local spectroscopic method suited to investigate the distribution of
phases of a sample in the mesoscale domain, down to the
micrometer scale and below using small spots [16]. Actually, this technique is also unique when applied to investigate the nature of multiscale highly correlated systems
such as transition metal and rare earth oxides or superconductors such as cuprates or pnictides [57]. All these
systems offer a rich variety of nanoscale structural, electronic and magnetic phases sometimes coexisting among
them, which are at the origin of their mesoscopic and
macroscopic behaviours so that the capability to probe
morphology and phase distribution at multiple length
scales is mandatory.
µ-XANES spectroscopy allows probing the local lattice
structure within a nanoscale cluster centered at the selected absorption site. Mapping the edge of a RE or of a
TM provide the opportunity to describe and measure the
distribution of two or more coexisting networks, e.g., of
ordered defects, spin stripes and/or lattice stripes. The
experiments performed on the La2 CuO4 samples show
that the arrangement of ORP’s in the real space points
out the presence of different percolation regimes. Moreover, the percolation phenomenon has a strong influence
in the superconducting properties as shown in the case
of La2 CuO4 .
Recently arrested mesoscale phase separation has been
confirmed in uranium oxides [58–60] as recently shown
in the UO2+x system [60, 61], iron based superconductors [62], BaPb1−x Bix O3 systems [63] and it is expected
in a new high temperature superconductor, pressurized
sulphur hydride with Tc =203 K [64, 65]. A new quantum physics of complex system is growing where the Fano
resonances (called also the Feshbach resonances or shape
resonances in different fields) between localized and delocalized states or between the Bose–Einstein condensate
(BEC) and Bardeen–Cooper–Schrieffer (BCS) condensates, contribute in the presence of anisotropic interactions, multiband Hubbard models, or near Lifshitz electronic transitions [66–69]. Finally, the interplay of nanoand micrometer-scale factors is typically at the origin of
mesoscopic and macroscopic behaviours so that the capability to probe morphology and phase distribution in
complex systems at multiple length scales is now mandatory.
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