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Abstract
The superconducting La1.85Sr0.15CuO4 ceramics has been studied by small angle neutron scattering, magnetization measure-
ments, and scanning electron microscopy. Experiments have shown that the intensity of the magnetic scattering is 2–3 times
higher in the field cooled regime than in the zero-field cooled regime. Additional magnetic heterogeneities due to closure of the
trapped magnetic flux cause the excess scattering in the field cooled regime. The isotropic nature of the scattering is associated
with the absence of a preferred direction of the Abrikosov vortices, which is caused by the random orientation of the ab planes of
the anisotropic superconductor granules.
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1 Introduction

The characteristics of the superconducting materials are
strongly affected by the parameters of the pinning centers,
which are located in these materials [1]. The method of the
neutron depolarization on the superconducting heterogeneity
[2, 3] is usually used to obtain information about the penetra-
tion of magnetic flux into a superconductor. In contrast to this
method, small-angle neutron scattering (SANS) potentially
can be used to directly observe pinning centers and obtain
information about their size and distribution. Comparison of
SANS, magnetic, and microstructural studies can provide a
complete picture of the magnetic flux pinning in type-II
superconductors.

Quite a lot of works are devoted to the study of single
crystals superconductors by SANS [4–9]. In this case,
Abrikosov vortices combine to a flux line lattice, which gives

clear peaks on the scattering map [10, 11]. The results of the
scattering experiments on the polycrystalline samples or ce-
ramics are not so obviously clear, because the scattering in-
tensity is low [12, 13]. But polycrystalline systems are very
attractive for investigations due to their simplify synthesis.

At that point, experiments of scattering of polarized neu-
trons with taking into account magnetic-nuclear interference
are especially interesting [14, 15]. These experiments make
possible to separate the scattering contributions from the mag-
netic and nuclear structures. Consequently, information about
a relation between the magnetic and nuclear structures also
can be gotten. Unfortunately, the polarized neutron flux is
currently unacceptably small for such weakly scattering sys-
tems as polycrystalline superconductors. The future solution is
seen by the authors either in enhancing the scattering contrast,
or in organizing a periodic scattering structure. This article is
devoted to some interesting results which can be obtained now
using the usual unpolarized neutron beam. An intensity of the
unpolarized neutron beam is sufficient for a reliable experi-
ment, which concerns a trapped magnetic flux. The trapped
magnetic flux corresponds to the pinning potential of the sys-
tem. Thermomagnetic prehistory is important for understand-
ing of penetration of the magnetic flux into a superconductor.
At the field cooled regime (FC), the magnetic flux penetrates
into the whole sample before the start of measurements. At the
zero-field cooled regime (ZFC), the sample has a transition to
the superconducting state without the external magnetic field,
and the magnetic flux penetrates during measurements. At
both regimes, the density of the trapped magnetic flux usually
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depends on the number of pinning centers. In the present
paper, the results of a study of the trapped field in
La1.85Sr0.15CuO4 (LSCO) superconducting ceramics by the
SANS are given.

2 Materials and Methods

Polycrystalline La1.85Sr0.15CuO4 with the critical temperature
Tc = 37.7 K was synthesized by the standard solid phase
sintering technique in Kirensky Institute of Physics.
Scanning electron microscopy was performed on microscope
Hitachi TM 3000. Magnetization curvesM(H) were measured
by using QD PPMS-6000 magnetometer. The sample had the
parallelepiped form with the size of about 0.5 × 5 × 10 mm3

and mass of about 21 mg.
The SANS experiment was carried out on the PA-20 small

angle machine of the Orphée reactor in Saclay CEA-CNRS
Laboratory Leon Brillouin [16]. PA20 is installed at the end of
the cold neutron guide; the wavelength of the incoming neu-
trons is produced from a white beam by a mechanical velocity
selector. The neutrons are then collimated by a series dia-
phragms and sections of moveable guides in an evacuated
collimator. The sample holder was equipped with a double
goniometer, height, and translation motions of a rotating table
that host cryomagnet and helium cryostat. In neutronmeasure-
ments, the external magnetic field was directed along an un-
polarized neutron beamwith a wavelength λ = 5.5 Å. The 3He
multi-detector, with 128 × 128 cells of 5 × 5 mm2, was posi-
tioned at 18 m distance from the sample in the longitudinal
direction in its vacuum tube.

3 Results and Discussions

Figure 1 a shows a microphotograph of the sample. The sam-
ple consists of sintered granules with sizes from 100 nm to
several micrometers. Themagnetization hysteresis loop at T =
4.2 K is presented in Fig. 1b. Such magnetization curves are
typical for type-II superconductors: the behavior of the mag-
netization hysteresis loop is determined by an entrance of
Abrikosov vortices into the sample (as the external magnetic
field H increases) and by a trap of the magnetic flux (as H
decreases). The magnetic flux penetrates into the intergranular
space of the ceramic sample even at H less than 0.01 T [17].
But penetration into the superconducting granules starts at
higher fields μ0H ~ 0.01–0.02 T. The initial magnetization
branch (ZFC at Fig. 1b) begins to coincide with the full hys-
teresis loop (FC) at μ0H ≈ 0.2 T, which corresponds to a full
penetration field Hp. At H =Hp, the vortices penetrated into
whole volume of the sample [18]. At the fields above Hp, the
concentration of Abrikosov vortices in the sample increases
with H. The magnetic flux density in the sample is higher

during decrease of H than at the same value of increasing H.
This is due to the pinning of Abrikosov vortices and results in
the hysteresis on the magnetization curve.

Figure 2 shows the dependence of an integrated intensity I
on a momentum transferQ obtained by radial averaging of the
SANS map at T = 60 K. This temperature is significantly
higher than the Tc so that the observed scattering is purely of
nuclear origin. A fit of the experimental data is also shown in
accordance with the Beaucage model [19]:
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where Rg is the radius of gyration of the granules, G is an
exponential prefactor, B is a constant prefactor, and p is a
parameter defined by a scattering type. There is a high Q
region, which is corresponded to the Porod law. It indicates
a sharp border of the ceramic granules. In the region of small
Q < 0.01 A−1, the Porod law (p = 4) is not satisfied and one
can only estimate the size of scattering centers using the

b

Fig. 1 Typical microphotograph of the sample (a), the dependence of the
magnetization versus the external magnetic field (b). The inset shows a
complete magnetization hysteresis loop
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Guinier law. We take the shape of granules as a sphere for
simplicity and obtain a diameter of granules about 250 nm
from the radius of gyration. This value is close to the size of
the granules in the microphotographs.

At T < Tc, the scattering is a mixture of the magnetic and
nuclear contributions. The intensity measured at T = 60 K,
where there is only nuclear scattering, was subtracted from
the total intensity to obtain the magnetic part of the scattering.
Figure 3 a shows a typical map of the magnetic part of the
small-angle scattering. The neutron scattering occurs only if
the scattering vector is perpendicular to the magnetic moment
of the scattering region. The observed scattering is equally
distributed over all azimuthal angles of the SANS map. The
isotropic distribution indicates the magnetic moments for
magnetic heterogeneity are randomly oriented in the sample.

The figure also shows the radial averaging scheme. The
scattering data were averaged along the radius of the white
circle on the SANS map. The dependencies of the scattering
intensity versus momentum transfer obtained by this radial
averaging are presented in Fig. 3b. It can be seen that the
scattering intensity depends on the cooling regime.

Figure 4 shows the dependencies of the integrated intensity
on the applied magnetic field at different temperatures. Small
negative intensity values near zero can be associated with
insufficient background measurement statistics. The intensity
increases with increasing magnetic field up to Hp (μ0Hp ≈
0.2 T at 5 K and μ0Hp ≈ 0.15 T at T = 15 K). This increase is
caused by an increasing of the number of magnetic heteroge-
neities in the sample.

The intensity of the magnetic scattering of unpolarized
neutrons for structures without long-range order is proportion-
al to the number of magnetic irregularities and to the magnetic
contrast Δρmag between the magnetic irregularity and the con-
taining matrix.

Fig. 2 Momentum transfer dependence of the integrated intensity of the
nuclear part of scattering at T = 60 K b

Fig. 3 A typical map of the magnetic part of the scattering at μ0H = −
0.3 T in the FC regime (a) and the momentum transfer dependencies of
the radially averaged magnetic scattering (b)

Fig. 4 Integral intensity versus the applied magnetic field at the ZFC
regime and different temperatures
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I Qð Þ ¼ a∙Δρ2mag N V2∙ F2 Qð Þ� �
− F Qð Þh i2∙ 1−Sint Qð Þf g

h i
;

where a is a scaling constant, N is the number of scattering
centers, V is the characteristic volume of the magnetic irregu-
larities, F(Q) is the form factor, and Sint(Q) is an interference
function taking into account the local correlation between
magnetic irregularities (Sint(Q) = 1 for a random distribution).
The magnetic irregularities have borders where local magnetic
field jumps. In our case, the magnetic irregularities are
Abrikosov vortices and the magnetic flux passing through
the intergranular boundaries. The matrix is the superconductor
volume free from magnetic field.

In small external magnetic fields, the sample excludes
the magnetic flux, so there is no magnetic heterogeneity
inside the sample. An increase of the magnetic field
leads to the penetration of Abrikosov vortices into the
sample. At H > Hp, the scattering intensity practically
does not increase. Also, as one can see, the intensity
values decreases as the temperature increases. An in-
crease of temperature leads to increase in the magnetic
penetration depth; therefore, the contrast of the irregu-
larities and the corresponding intensity of the scattering
decrease. At temperatures higher than Tc (T = 45 K in
the figure), the intensity is equal to zero within the er-
ror. This means that the magnetic field completely pen-
etrates into the sample, and the magnetic heterogeneity
and scattering disappear.

Figure 5 shows the dependencies of the integrated intensity
on the applied magnetic field in various modes of sample
cooling. Temperature and magnetic field were changed during
the experiment as follows: firstly, the sample was cooled till
T = 5 K at zero external magnetic field. After that, the mag-
netic field was applied and SANS measurements were carried
out (ZFC mode). When the field value reached μ0H = 1 T, the
system was heated to 60 K. Then the temperature was again
dropped to T = 5 K in the external magnetic field μ0H = 1 T

(FC mode). Further, the magnetic field was decreased from 1
to − 1 T and then increased to 1 T again. In Fig. 5, the temper-
ature changes are shown by arrows.

At H >Hp, the scattering intensity is mostly determined by
the number of defects: this situation is observed at ZFC re-
gime. At H =Hp, the vortices reach the central regions of the
granules, and the number of scattering irregularities saturates.
Consequently, the growth of the I(H) dependence stops too. At
the FC regime, the intensity values approximately correspond
to the values in ZFC mode at the μ0H = 1 T. But when the
magnetic field decreases from 1 T to 0, the intensity values
increase in 2–3 times. When the field returns from negative to
positive values, the intensity decreases only in 1.2 times, but
not to the values of ZFC regime.

The observed change in the intensity can be related to a
change of the effective magnetic field into the intergranular
space at ZFC and FC regimes. The lines of the magnetic in-
duction generated by the currents circulating in the granules
are closed into the intergranular space. These lines are co-
directed with the external magnetic field at the ZFC regime
and opposite to the external field at the FC regime [20]. At the
FC regime, opposite direction of the magnetic flux into the
intergranular space appears and additional magnetic heteroge-
neity may occur, as shown in the inset of Fig. 5. The inset
shows that a granule at the FC mode has 4 magnetic bound-
aries, where the direction of magnetic induction changes.
There are only two such magnetic irregularities for a granule
at ZFCmode. Thus, the additional magnetic irregularities lead
to the increasing intensity with the decreasing external mag-
netic field.With a further change of the external magnetic field
from − 1 to 1 T, the value of the contrast is kept, while the
sample traps the magnetic flux. At FC regime, a slight de-
crease of the intensity is observed at high fields. This can be
attributed to suppression of superconductivity by the magnetic
field and corresponding decrease of the magnetic heterogene-
ity. We expect the disappearance of scattering at magnetic
fields close to the upper critical field Hc2. The additional

Fig. 5 Integral intensities versus
the applied magnetic field for
various cooling modes. The inset
shows the schemes of the
appearance of the additional
magnetic heterogeneity
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magnetic irregularities correlate well with a fact that the field
is trapped in the type-II superconductors in a form of “inverse”
domains (of the superconducting state in a normal state ma-
trix). Such domains were observed using Faraday effect
[21–23]. A pair of the “inverse” domains have oppositely
directed magnetization and separate by an “annihilation”
zone. That “annihilation” zone seems to be the additional in-
homogeneity, which is origin of additional neutron scattering.

The isotropic nature of the scattering on the SANS
maps can also be explained by the trapped magnetic
flux in the sample. The direction of the Abrikosov vor-
tices of the anisotropic granules can differ from the
direction of the external field. It is known [24, 25] that
the flow of supercurrent occurs predominantly in the ab
planes of anisotropic superconducting granules. The
Abrikosov vortices enter into anisotropic granules per-
pendicular to the ab planes. For ceramic samples, gran-
ules have an irregular shape and are randomly oriented.
Due to the fact that any directions of the magnetic mo-
ments of the irregularities are possible, scattering occurs
in all directions.

4 Conclusions

In conclusion, although the LCSO superconductor does not
have sufficient contrast for the study by polarized neutrons,
magnetic scattering is still quite significant and suitable for
unpolarized neutron fluxes. The study of the LSCO
superconducting ceramic by the SANS method showed a sig-
nificant dependence of the scattering on the thermomagnetic
prehistory of the sample. When a magnetic flux is trapped into
the sample, the scattering increased by a factor of 2–3, which
is due to the induced magnetic heterogeneity into the sample.
Precious information about the initial stage of the penetration
of a magnetic field into a superconductor can be obtained by
SANS below the first critical field of a superconductor.
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