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Abstract
Using synchrotron x-ray diffraction as pump and probe, we show how the oxygen interstitials
(Oi) become ordered as a function of temperature under x-ray continuous illumination in an
optimum doped La2 CuO4+y superconductor. The evolution of Oi grain size and phase
segregation is shown by thermal treatments, providing a new experimental avenue for tuning
quantum size effects in the system through the direct control of the size of the Oi grains. Here
we report the ordering of oxygen interstitials, cooling the sample below 350 K and observing
the continuous formation of nanowires. We show the hysteresis in the order–disorder
transition controlled by x-ray flux in the sample irradiated with continuous illumination. The
shape of oxygen interstitial grains as they grow is anisotropic, showing Oi ordering under
x-ray illumination in the a–b plane and in the c-axis direction.
(Some figures may appear in colour only in the online journal)

1. Introduction

segregated in different spatial domains (see figure 1) formed,
for instance, by a self-organized superlattice of oxygen
interstitials (Oi). The control of the grain size, along each
of the three crystallographic directions, and of the lateral
spatial segregation is of importance for tuning quantum size
effects, which are known to be strongly dependent from
the material architecture [11–13]. Controlling directly the
architecture of the grains allows the manipulation of the
sub-bands which actually are a function of the grain size.
This is well established in film [14], where the enhancement
or suppression of the superconducting critical temperature

In the last 25 years, quantum complex phenomena have
been found in intrinsically heterogeneous bulks [1–3] and
interfaces [4–6]. A heterogeneous phase of matter is a
generic phenomenon, following doping of a highly correlated
antiferromagnetic insulating electronic system. Recently,
interstitial oxygen or oxygen vacancies have been shown to be
a useful detail of the structure for the control of functionalities
in complex oxides [7–10]. Therefore, the accumulated number
of experimental data supports the existence of charge carriers
0953-2048/12/124004+06$33.00

1

c 2012 IOP Publishing Ltd Printed in the UK & the USA

Supercond. Sci. Technol. 25 (2012) 124004

N Poccia et al

disordered in the crystal as a general consequence of the
radiation damage, gets ordered as a function of the x-ray
exposure time. Then, the annealing of the sample above the
order–disorder transition temperature, TOi = 330 K, allows
us to remove the Oi ordered complex pattern and to restore
a low Tc state [8]. The connection between the ordering
of dopant atoms like the out-of-plane oxygen interstitials
and the charges in the CuO2 planes is well verified for
La2 CuO4+y , but it has also been seen in other cuprates [40].
This connection has been used to describe the Oi ordering
time evolution, assumed to occur together with the planar
electronic phase separation [41]. Here we give a further
description of the character of the order–disorder transition
of oxygen interstitials, manipulating the sample by different
temperatures and incident x-ray flux.

A
C

B

Figure 1. Ordered grains of Oi (blue dots) associated to the Q2
superstructure peaks in the c–b plane (A) and in the a–b plane (B) of
the Fmmm crystal structure of La2 CuO4 . The red octahedra
represent the CuO coordination units in the CuO2 plane.
(C) Schematic view of the spatial distribution of the ordered Oi
grains (red polygons).

2. Materials and methods
Diffraction measurements on a single crystal of La2 CuO4+y of
size 3 × 2 × 0.5 mm3 , were performed on the crystallography
beamline, XRD1, at ELETTRA. The sample was grown
first as La2 CuO4 by the flux method and then doped by
electrochemical oxidation. The x-ray beam, emitted by the
wiggler source of a 2 GeV electron storage ring, was
monochromatized by a Si(111) double crystal, and focused
on the sample. The superconducting transitions of samples
with different levels of average ordered Q2 volume have
been established using contactless single-coil inductance.
Our sample showed a sharp superconducting transition at
Tc of about 37 K, as measured by surface resistivity in
the radiofrequency region [7, 8]. The temperature of the
crystal was monitored with an accuracy of ±1 K. We have
collected the data in the reflection geometry using a CCD
detector, a photon energy of 12.4 keV (wavelength λ =
1 Å) and a high x-ray flux reaching a maximum value of
1.6 × 1014 photons s−1 cm−2 . The beam size is of about
100 µm. We establish the photo-induced structural effects in
the illuminated area by measuring the time evolution of the
XRD pattern recorded by a CCD area detector. The CCD
area detector records the x-ray reflections from the illuminated
sample area and a surface layer of about 1.5 µm thickness.
The striped Q2 domains are photo-switched in the same
surface layer thickness of the sample. The sample oscillation
around the b axis was in the range 0◦ < 8 < 20◦ , where 8
is the angle between the direction of the photon beam and
the a axis. We have investigated a portion of the reciprocal
−1
space up to 0.6 Å momentum transfer, i.e. recording the
diffraction spots up to the maximum indices 3, 3, 19 in the a∗ ,
b∗ , c∗ directions respectively. Thanks to the high brilliance
source, it has been possible to record a large number of weak
superstructure spots around the main peaks of the average
structure. Twinning of the crystal has been taken into account
to index the superstructure peaks. The orthorhombic lattice
parameters of the single crystal were determined to be a =
(5.386 ± 0.004) Å, b = (5.345 ± 0.008) Å, c = (13.205 ±
0.031) Å at room temperature. The space group of the sample
is Fmmm.

through a Fano resonance has long been proposed [15]
and was later also proposed to be active in some more
specific superlattices [16–18]. However, things become more
complicated if we take account of recent data [8, 19] on
the formation of a ‘strange metal’, arising because of the
lateral self-organization of ordered defects, which are the
origin of intricate network structures. There are, in fact,
an increasing number of reports measuring the interplay
among defects and superconductivity [20, 21], the role of
defects in superfluidity [22], in quantum resonances [23] and
phase transitions [24]. These data point out the essential
role of heterogeneities for functionality as suggested by
some authors in the early period of high temperature
superconductivity [25, 26]. In fact, after the discovery of
the K-doped FeSe superconductors, phase separation and
iron vacancies have been immediately recognized [27–29].
Scanning tunneling microscopy (STM) has played a major
role in this change of point of view in the last ten years
both in colossal magnetoresistance [30] and high temperature
superconducting materials [31–34]. On the other hand, STM
focuses only on surface properties, and therefore it has not yet
provided any clue for the relevance of bulk defects.
Bulk defects in high temperature superconductors have
been investigated by synchrotron radiation scanning x-ray
microdiffraction, which delivers on the sample x-ray beam
with a spot size of one micron [35–37]. This technique has
unveiled a complex pattern of Oi, associated to a specific
reflection satellite called ‘Q2’, in the La2 CuO4+y cuprate
superconductor [7, 8]. Oxygen interstitials self-organize into
fractal patterns, which establish spatial correlations connected
with the measured Tc of the sample. As well as continuous
x-ray irradiation of some manganites allowing the system to
shift from an insulating to a metallic state [38], and in some
organic amphiphile peptides from disorder to a spontaneous
crystallization [39], it has been shown that continuous x-ray
irradiation of the La2 CuO4+y cuprate superconductor can be
used to tune the system from a disordered pattern of Oi with
a low Tc regime to a more ordered pattern of Oi, restoring a
higher Tc [8]. This happens because Oi instead of becoming
2
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Figure 2. The evolution of size, ξ , at fixed temperature of 250 K of
the Oi ordered domains along the a, b and c directions, 1a, 1b and
1c, as a function of the integrated intensity, hIi, of the Q2
superstructure. The fluence, ϕ, as a function of hIi is also shown.
The data used in this figure are from [7].

Figure 3. Integrated intensity of the q2 satellite reflections as a
function of temperature measured using a beam with a low photon
flux of 0.5 × 1014 photons cm−2 s−1 .

a rate of about 1.6 × 10−2 K s−1 and with a photon flux
of φ1 = 0.5 × 1014 photons s−1 cm−2 , which is above the
threshold required to trigger the Oi ordering process [7].
The thermal cycle was composed by a first heating ramp
from 300 to 350 K; afterwards, a descending ramp down to
200 K was performed. Finally, heating up to room temperature
allowed us to close the thermal cycle and restore the initial
condition of Oi order. Figure 3 shows a large hysteresis
as a result of this first experiment, suggesting a continuous
phase transition between an ordered and disordered phase.
Indeed, visual inspection of the loop does not show any sharp
jump between the ordered and the disordered phases of Oi,
but rather a smooth transition, with the presence, along the
curve, of tiny jumps. There is the formation of small local
domains in local regions—called avalanches—that move
from the ordered phase to the disordered one. Each small
domain transforms independently to a smooth, not sharp,
hysteresis at the macroscopic level. By adding disorder
(or an external field) until the critical value, the system
is subjected to catastrophic events, showing a power law
distribution [42–45] as revealed by micro-x-ray diffraction
and continuous x-ray illumination investigations [7, 8]. This
reveals a delicate balance between disorder, interactions,
and material anisotropy. In some cuprate superconductors,
in fact, analysis of the data extracted from STM shows that
the electron nematic is fractal in nature and that it extends
throughout the bulk of the material [46].
Figures 4(A) and (B) show the coherence length, ξ ,
as a function of temperature along the b and c directions
respectively. The anisotropic feature of the order–disorder
transition is shown by the different behaviour of the size
of the ordered domains, along the different crystallographic
directions. Indeed, the ordering in the early stage occurs first
in the a–b plane, involving about 15 × 15 lattice units in a
and b directions, while few cells, about three, are interested
in the c direction. During the cooling, the size of Oi grains
reaches the 40 × 40 unit cell size in the a–b plane, while it
has a slight increase from 4 to about 7 lattice units in the c
direction. Then, in the subsequent heating ramp, the ordering
appears to be favoured in the c direction; in fact, we pass from

3. Results and discussion
The superstructure peak with wavevector q2 = 0.09a∗ +
0.25b∗ + 0.5c∗ is associated with the Oi ions arrangement in
3D ordered grains (see figures 1(A) and (B)); in particular,
the Oi occupy the (1/4, 1/4, 1/4) site in the La2 O2+y layers
and pair to form stripes in the a direction with a period of
four lattice units along the b axis in the a–b plane. Then, these
stripes alternate in different layers with a c-axis periodicity
of two lattice units. Figure 1(C) shows a pictorial scheme of
the spatial distribution of the Oi ordered grains, whose size at
room temperature is obtained from line peak analysis, being
about 2.5 nm in the a-axis and b-axis directions, and 4 nm
along the c-axis direction [7, 8].
The dynamics of Oi ordering has been studied by thermal
cycle measurements, under continuous x-ray illumination.
The sample has been prepared by removing the Q2 order
by quenching the sample above TOi = 330 K, as shown
elsewhere [7, 8]. Reporting measurements done in [7],
surface resistivity in the radiofrequency region shows a
superconducting transition at Tc of about 34, 35, 37, 38.5
and 40 K respectively if the Q2 intensity measured is 0.12,
0.6, 1.0, 1.1 and 1.2. Figure 2 shows therefore the evolution
of the Oi unit cell grain size, ξ , under the effect of x-ray
illumination at fixed temperature. FWHM−1 in reciprocal
lattice units is ξ . The grain size has been measured using the
standard procedure in x-ray diffraction from the broadening of
the x-ray reflection lines in the k-space. For example, the size
of a grain along the b crystallographic direction is calculated
as b/(π × FWHM). During the x-ray illumination, the size of
Oi grains reaches the 45 × 45 unit cell size in the a–b plane,
while it has an increase from 9 to about 30 lattice units in
the c direction. However, the increase of lattice units in the
c direction is mostly affected when the ordering in the a–b
plane of the Oi grain size is around 25–30 unit cells. Then, we
removed the Q2 order by quenching the sample again above
TOi = 330 K and we started the next round of measurements
at room temperature from a totally disordered Oi state. We
collected the diffraction patterns at each temperature step at
3
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Figure 5. Integrated intensity of the q2 satellite reflections as a
function of temperature measured using a beam with a high photon
flux of 5 × 1014 photons cm−2 s−1 . The higher flux results in a
narrowing of the curve.

Figure 4. The coherence length, ξ , along b (A) and c (B) measured
at low flux 8 = 0.5 × 1014 photons cm−2 s−1 during the thermal
cycle. Cooling and heating processes are indicated by black and red
squares respectively.

45 × 45 to 50 × 50 lattice units in the a–b plane, and from
7 to 35 lattice units in the c direction. The character of the
transition is smooth and therefore these results point towards
a continuous nature of the Oi order–disorder phase transition.
In fact, phase transitions in scalar field theory indicate that the
strength of the transition is not a minor quantitative detail of
the transition, but of considerable impact concerning the phase
conversion mechanism [47–49].
Figure 5 shows a hysteresis as a result of a second
experiment in which the same thermal cycle was performed,
illuminating the sample with higher x-ray flux of φ1 =
5 × 1014 . In this case the resulting hysteresis curve was
narrow in comparison to that shown in figure 3, and thus
typical of a first-order phase transition. The higher x-ray
photon flux increases the dynamic of the Oi and speeds up
the ordering process, lifting the tiny jumps of the phase
conversion mechanism. As a consequence, the hysteresis is
closed at a temperature exceeding about 100 K figure 3.
Figures 6(A) and (B) show the coherence length, ξ ,
as a function of temperature along the b and c directions
respectively. The features of the order-to-disorder transition
are given now by the sharp increasing and decreasing of ξ ,
at T = 305 K during the cooling and T = 335 K during
the heating. This means the presence of two jumps in the
size of the ordered domains both in the a–b plane and along
the c direction, during the thermal cycle. The minimum
and maximum size values are the same found in the first
experiment; but, in this case, what is quite different is the
discontinuous character of size change. Indeed, we pass from

Figure 6. The coherence length, ξ , along b and c measured with
8 = 5 × 1014 photons cm−2 s−1 as a function of temperature,
during the cooling process (black square) and the heating process
(red square).

minimum to maximum size in a few kelvin, both in the cooling
and in the heating ramp, confirming the behaviour of a typical
first-order phase transition.

4. Conclusions
We have shown a new set of experiments probing the
evolution of Oi grain size and phase segregation by thermal
treatments and x-ray continuous illumination, providing a new
experimental avenue for tuning the grain size of the system.
The hysteresis of the Oi ordering has been shown for two
4
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different levels of x-ray flux irradiation of the sample. The
hysteresis width decreases with the increasing of the incident
photon flux, indicating that the photon flux increases the
ordering dynamics. The disorder–order transition of the Oi
is tuned from a weak first-order–disorder phase transition
towards an ordinary discontinuous first-order phase transition
by increasing the photon flux of the continuous x-ray
illumination. The present findings confirm the self-organized
nature of the oxygen interstitial ions in La2 CuO4+y and could
be of inspiration for the design of rewritable superconducting
devices in intrinsically disordered materials which show a
high ionic conductivity as well [50]. In fact, in a specific range
of temperature, thermal treatments remove the ion ordering
(oxygen interstitials) and x-ray continuous illumination could
be used as an efficient tool to restore the required and
functional level of ordering in the material.
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