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Abstract It is known that the mobile oxygen ions, y, in
the basal plane of YBa2Cu3O6+y (0.33 < y < 0.67) form
oxygen chains needed to create the metallic phase in the
CuO2 layers. Here we visualize the spatial organization of
oxygen chains in a crystal of YBa2Cu3O6+y very close
to the insulator-to-superconductor transition with y = 0.33
(Tc = 7 K). The distribution of oxygen defects chains has
been obtained by performing scanning micro X-ray diffrac-
tion measurements. This experiment provides mixed real
and reciprocal space information. We found a granular spa-
tial pattern due to the oxygen chains being segregated in
nanoscale puddles with ortho-II crystallographic structure
embedded in an insulating matrix of disordered oxygen ions.

Keywords X-Ray micro-diffraction · Granular matter ·
High temperature superconductors

The nanoscale distribution and ordering of dopants in high
temperature superconductors is nowadays considered to be a
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key point in the understanding of superconductivity mecha-
nism. YBa2Cu3O6+y (YBCO) is the most studied high tem-
perature superconductor due to its simple synthesis route
and because it was the first superconductor discovered with
Tc above the liquid nitrogen temperature. It is well known
that changing the oxygen concentration strongly affects the
superconductivity in this compounds as well as in other high
Tc systems. Furthermore, besides the variable concentration
of oxygen ions, also their arrangement in the host lattice pro-
duces relevant effects on transport properties. It is generally
accepted that oxygen ions get ordered in Cu–O chains at-
tracting electrons from the CuO2 layers. This ordering gives
rise to “guest superstructures” detected as satellite peaks in
diffraction patterns [1]. The variety of possible superstruc-
tures has raised the question of the interplay between differ-
ent ordering scheme and the characteristic Tc [2].

Recently, it has been demonstrated that a statistical ap-
proach of microstructure space distribution and correla-
tion provides an important tool for the understanding of
structure-function relationships in the high temperature su-
perconductors. At this aim local probes have been used
for locally investigate structural features in various systems
such as diborides [3], cuprates [4, 5], bismuthates [6] and
doped iron-chalcogenides [7]. Previous works on YBCO
system have already provided indications on the hetero-
geneity of the oxygen chains spatial arrangement. Neutron
and infrared studies have shown that large changes with
doping cannot be explained using the classical vibrational
shell models with changes in host site occupancies [8–10].
Electron microscopy [11–14] and electron diffraction [15–
18] studies reported local structural inhomogeneities due to
compositional domains on micron scale, while Beyers et
al. [19] reported evidence that phase separation occurred in
oxygen-deficient YBCO for narrow ranges of oxygen con-
tent.
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Fig. 1 (Open circles) X-ray
diffraction profile of the OII
superlattice with wavevector
qO−II = 0.5h + 3l, along a∗
and c∗ directions. Continuous
lines indicate the X-ray patterns
Gaussian fits

In this work, we employed micro X-ray diffraction
(µXRD) for visualizing the oxygen chains arrangement in
ordered domains in YB2C3O6+x compound with x = 0.33.
We measured the local variations of the oxygens order by
analyzing the satellite reflections associated to the domains
formed by ordered oxygen chains. Our observations clearly
show that the chains ordering in YBCO produces a phase
separation between 3D ordered and disordered domains.

The YBa2Cu3O6.33 single crystals were grown in yttrium-
stabilized zirconia crucibles by a flux-growth method us-
ing chemicals of 99.999 % purity for Y2O3 and CuO, and
99.997 % for BaCO3. The impurity level of the crystals has
been analyzed by inductively coupled plasma mass spec-
troscopy. The Zr content of the crystals was found to be
less than 10 ppm by weight. The major impurities were
Al, Fe, and Zn, the sum of which amounts to less than
0.2 % atom per unit cell. The oxygen composition of the
crystals was changed by use of gas-volumetric equipment.
The technique allows to determine the oxygen composition
with an accuracy better than �x = 0.02. The unit cell of
YBa2Cu3O6.33 single crystal is characterized by lattice pa-
rameters: a = 3.851 (12) Å, b = 3.856 (12) Å, c = 12.16
(2) Å, and a I4/mm space group.

µXRD measurements were performed in reflection ge-
ometry at the ID13 beamline of the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. We used a
monochromatic X-ray beam with an energy (E) of 14 KeV
(�E/E = 10−4). The beam was focused by Kirkpatrick
Baez (KB) mirrors down to 1 × 1 µm2 spot size on the
sample. A 16 bit two-dimensional Fast Readout Low Noise
charged coupled device (FReLoN CCD) detector with
2048 × 2048 pixels of 51 × 51 µm2 was used. In order to
increase the Intensity/pixel ratio the camera was binned to
512 × 512 pixels. Diffraction images were obtained after
correcting the 2D images for dark noise, flat field, and spa-
tial distortion.

We found superlattice reflections associated to the ortho-
gonal-II (OII) phase, located at positions of (h + 1/2, k, l)

with h, k, and l as integers. The occurrence of these reflec-
tions at every integer value of l indicates that oxygen chains
of subsequent layers stack on top of each other. Thus, the
OII phase is formed by 3D ordered domains with anisotropic
lengths along the crystallographic directions. In Fig. 1 we
show the diffraction profiles, of the (0.5,0,3) superstruc-
ture, along a∗ and c∗ direction, measured in a 1 × 1 µm2

area and fitted by Gaussian line profile.
This satellite reflection was then measured at each point

of the sample reached by the x–y translator with micron res-
olution in order to visualize the point to point spatial varia-
tion of both intensity and size of the OII domains. The in-
tegrated intensity of the superstructure peaks is shown in
Fig. 2a. The domains sizes of the OII puddles have been
derived from the measured FWHM via standard methods of
diffraction. The plot of domains size along a∗ and c∗ as a
function of intensity is plotted in Fig. 2b evidencing a strong
variability from point to point,

As previously determined by statistical analysis of do-
main sizes, some deviations from normal behavior are ob-
served in the distribution tails [18]. These deviations have
been quantified by the distribution skewness, sk, giving
ska = 0.3 and skc = 0.9 for the OII domain size along the
a∗ and c∗ directions, respectively. In order to get deeper in-
sights into these tails we calculated the spatial correlation
function, G(r), obtained by the correlations of any pairs of
spots in the 2D image separated by the vector �r = �Ri − �Rj ,
as described in Ref [5]. G(r) followed an exponential be-
havior, G(r) ≈ exp(−r

ξ
) where ξ is a characteristic length

indicating the typical distance beyond which the chains or-
dering decay. Although spatial correlations of the OII do-
mains size follow the exponential behavior along both the
a∗ and c∗ directions, we find a different coherence length in
the two directions. In particular we find a coherence length
of 22 and 67 microns for the domain sizes distribution along
the a∗ and c∗ directions, respectively. This indicate that the
OII domains are more correlated out-of-plane than in-plane.



J Supercond Nov Magn (2014) 27:987–990 989

Fig. 2 (a) Color map of OII
intensity: the OII superstructure
intensity is plotted as a function
of the illuminated spot position
XY in the sample surface,
where X and Y directions in the
image correspond to the a and b

crystallographic axis of the
sample. The black bar indicates
20 µm length scale on the
sample surface; (b) distribution
of domain size along a-axis and
c-axis of OII superlattice, as a
function of its intensity (Color
figure online)

Fig. 3 Semi-log plot of spatial correlation function, G(r), of domain
size along (circles) a-axis and (squares) c-axis; the continuous (black
and red) lines represent the exponential curve fits, while the green thick
line indicates the correlations of randomly distributed sizes (Color fig-
ure online)

These results encourage the tendency to consider the for-
mation of networks of striped puddles with different defects
organization an essential parameter in the pairing mecha-
nisms in cuprates [20–29] diborides [30, 31] and iron-based
superconductors [32–34] play a key role for determining the
symmetry of the lattice and of the multiple condensates con-
trolling the critical temperature (Fig. 3).

In summary, we have studied the oxygen order in
YBa2Cu3O6.33 near the tetragonal-to-orthorhombic phase
boundary. At this oxygen concentration superconductivity
coexists with the antiferromagnetism, although both are

strongly suppressed. We have visualized the spatial pattern
due to the OII oxygen chains arrangement in YBa2Cu3O6.33,
using scanning micro X-ray diffraction; then, this spatial
pattern has been studied by spatial correlation analysis. Our
spatial pattern is due to the formation of a network of the
ortho-II nanoscale domains embedded in more disordered
regions. The ordered OII domains have different size vary-
ing between 2 and 9 nanometers, with spatial correlations
along c∗ larger than along a∗ direction.
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