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Vortex pinning and magnetic peak effect in Eu(Eu,Ba), 1,5Cu304
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Abstract Eu-Ba—Cu-O composition was synthesized by
solid state reaction technique. To determine optimum
growth temperature, heat treatment was examined on the
material at 880-1,100 °C. Microstructural evolution, phase
formation and elemental distribution depending on heat
treatments were examined by using X-ray diffraction,
scanning electron microscope, energy dispersive X-ray
spectroscope analysis. Optimum fabrication conditions
were determined as 1,020 °C for 24 h under oxygen
atmosphere and detailed characterization of corresponding
compound was performed. The magnetization hysteresis
loops are expounded to be the product of superconducting
Eu-123 grains and magnetic Eu>" ions. The peak effect on
the magnetization curves was described by the extended
critical state model. Scaling of the pinning force was found
such that the peak position is proportional to the irrevers-
ibility field Hj, and the maximum pinning force is pro-
portional to Hizrr.
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1 Introduction

After discovery Y-Ba—Cu—O materials in 1987 [1], many
efforts were devoted to improve superconducting transition
temperature 7. and current carrying capacity. There are
three different phases on YBCO family as Y-123, Y-124
and Y-247 and the superconducting transition temperatures
were obtained at about 90, 80 and 80 K respectively [2-5].
The main importance of the YBCO family is high current
carrying capacity at the liquid nitrogen temperature and
simple fabrication compared with Bi- or Tl-based high-T,
superconductors [6, 7].

Rare earth elements (Re = Nd, Eu, Sm, etc.) were
substituted/doped into the Y site to increase T, and also the
critical current density J. [8—11]. While the T, value of the
Re-123 system remained almost unchanged in the range of
~92-96 K compared to the Y-123 system, it was found
that the J. value increased from 10* A/cm? for the Y-123
system to 10° A/cm? for the Re-123 system. The Re-123
materials contain defects such as dislocations, impurities,
stacking faults, point defects, grain boundaries, which
improve the magnetic flux pinning in the superconducting
state and the J,. value of the system. This feature of the Re-
123 system makes it a suitable candidate for technological
applications such as cables, magnets, etc. [12].

Fishtail or magnetic peak effect is frequently observed
on the hysteretic magnetization of Re-123 systems. The
magnetic peak effect, when the magnetic moment increases
with increasing applied field, is one of the important sub-
ject for high magnetic fields applications [13]. Its origin is
not clear and one of the models is based on the dynamic
flux transition from collective creep to plastic creep or the
other is a thermodynamic vortex phase transition from an
ordered vortex glass to an entangled vortex glass [14]. In
melt processed superconductors, the peak position and the
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magnetization amplitude could be modified by processing.
It is found that the peak effect depends on the defect
structure in the sample [15].

In presented work we investigated Eu(Eu,Ba), 1,5Cu3;04
composition synthesized by solid state reaction technique.
Heat treatment was examined on the material at
880-1,100 °C for 24 h. Microstructure and phase evolution
on the samples was investigated by X-ray diffraction
(XRD), scanning electron microscope (SEM) and energy
dispersive X-ray spectroscope (EDX) analysis. Electrical
and magnetic properties were investigated that allows
selecting the optimal heat treatment conditions. Magneti-
zation of the sample heat treated at 1,020 °C was investi-
gated in detail. The extended critical state model was
applied to fit and parameterize the hysteretic magnetization
loops with the peak effect.

2 Experimental details

The samples were prepared using solid state reaction
technique. High purity powders of Eu,0O3, BaCO3; and CuO
were weighed in the appropriate amounts to give nominal
composition of Eu(Eu,Ba); 1,5Cu304. The powders were
mixed using an agate mortar and then sintered at 900 °C
for 24 h with intermediate grinding and mixing. After
sintering, the powders were pressed into pellets by load of
4 t. The pellets were heat treated at temperatures between
880 and 1,100 °C for 24 h under oxygen atmosphere.
Heating and cooling rates were chosen as 10 °C/min. The
sample heat treated at 1,100 °C had nonstochiometric
formation and it has stuck to the alumina crucible after the
heat treatment cycle.

The structural characterization of the materials was
investigated by XRD. Scan speed was selected as 2° min~"
in the range of 20 = 30°-80°. Automated Rigaku RadB
Dmax X-ray diffractometer with CuK, radiation was used
for the XRD analysis. Calculations of crystallite size and
strain were performed using XRD pattern.

The microstructural and compositional characterization
of the materials was performed with Leo EVO-40 XVP
SEM and BRUKER X-flash detector 4010 EDX.

Temperature dependence of resistivity (p—7) of the
samples fabricated was carried out by closed cycle Leybold
LT-10 cryostat system combined with SRS ac bridge sys-
tem using 17.7 Hz frequency. For resistivity measure-
ments, the four probe electrical contacts were performed by
silver paste. The cooling rate was 1.5 K/min for all the
samples. The T, values of samples were determined by the
resistivity differentiation dp(7)/dT as the peak temperature
on the dp(7)/dT plot. Magnetization measurements (tem-
perature dependence M-T and hysteretic loops M—-H at
T =10, 20, 30, 40 and 50 K) were performed using
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Fig. 1 XRD patterns of the Eu-based system prepared under different
heat treatment conditions

Quantum Design PPMS system up to 9 T. The critical
current density was calculated using the Bean model. The
pinning force was calculated from M—H measurements.

3 Results and discussion
3.1 XRD analysis

XRD patterns of the samples heat treated at different tem-
peratures are shown in Fig. 1. All the peaks in the XRD
patterns were assigned to EuBa,Cu3Og¢, « phase without any
impurity phases. After the Rietveld refinement of the XRD
data, it was determined that the samples showed ortho-
rhombic symmetry. The calculated unit cell parameters,
depending on the heat treatment conditions, are given in
Table 1. It was found that the unit cell parameters are the
same as the parameters of the Eu-123 system [16]. The
results clearly indicated that the Eu-123 phase was obtained.

Crystallite size and lattice strain due to imperfections,
impurities and dislocations can be found from the XRD
peak broadening. The crystallite size D was calculated by
using the Scherrer equation [17]:

kA

:ﬂCCOSG (m

where A is the wavelength of the X-ray (Acuke=
1.54056 A), k is a constant as 0.94, f3. is the peak width at
half maximum intensity and 6 is the XRD peak position.
The calculated average crystallite sizes were given in
Fig. 2. The smallest crystallite size as 40 nm was found in
the sample heat treated at 1,020 °C. The specific surface
area and the Gibbs free energy increase with lowering the
average crystallite size. The increase of the crystallite size
after the minima is related to the nonstochiometric crys-
tallite formation.
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Table 1 Lattice parameters and EDX data of the samples fabricated at different heat treatment cycles

Heat temp. (°C)  a (A) b (A) c (A) Lattice % Eu % Ba % Cu
volume (10\3)

880 3.895 £ 0.02 3.850 = 0.02 10.322 £+ 0.04 154.79 22.09 £ 1.0 28.78 £ 1.1 49.13 £ 09
900 3.891 £ 0.03 3.843 £+ 0.02 10.300 & 0.03 154.02 21.36 £ 0.9 2751 £ 1.0 51.13 £ 0.9
950 3.898 &+ 0.02 3.889 &+ 0.03 10.230 & 0.04 155.07 1541 £ 1.9 33.54 £ 2.0 51.06 &+ 0.8
1,000 3.908 £+ 0.03 3.873 £ 0.02 10.229 4+ 0.03 154.82 158 £ 2.0 33.66 + 2.0 50.54 £ 0.9
1,020 3.909 £+ 0.02 3.845 4+ 0.03 10.314 &+ 0.04 155.02 21.18 £ 1.0 28.43 £ 1.3 50.39 £ 0.8
1,050 3.930 £+ 0.03 3.841 £ 0.02 10.258 £+ 0.03 155.84 2095 £ 1.0 28.01 £ 1.0 51.04 £ 0.9
1,080 3.942 £+ 0.03 3.832 £ 0.03 10.222 + 0.02 154.41 20.87 £ 1.0 28.17 £ 1.0 50.96 £ 0.8
1,100 Partially melted during heat treatment

Theoretical elemental distribution for Eu(Eu,Ba); 1,5Cu30, composition: Eu: 20 %, Ba: 32 %, Cu: 48 %, and for the pure Eu-123 phase: Eu:

16.7 %, Ba: 33.3 %, Cu: 50 %
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Fig. 2 Strain field and averaged crystallite size of the Eu-123
samples as a function of heat treatment temperature

The Williamson—Hall method [18] can be used for
analysis of a strain in the samples. The peak broadening on
the XRD can be given by f5;:; = . + P, where [, is the
full width at half the maximum of the XRD peak, f5. is the
crystallite size contribution and f§; = 4etan 0 is the strain
induced broadening with the microstrain ¢. The crystallite
size contribution on f3,; is calculated by using the Scherrer
Eq. (1). It is convenient to write the combined equation as
below:

B €08 Oy = % + 4esin 6 (2)

The strain & was calculated from the slope of the depen-
dence f;,;;cos Opy on 4sin 0 (see results on Fig. 2). The
lattice strain has the lowest value (<10™%) for the sample
heat treated at 1,020 °C which indicated the optimum heat
treatment temperature of the sample. The strain below and
above 1,020 °C is related to diffusion of atoms which can
cause an increase of lattice dimensions.

@ Springer

3.2 Microstructural analysis

The surface morphology of the samples obtained is shown
in Fig. 3a—g. According to EDX data, the atomic concen-
tration in the samples is presented in Table 1. As seen in
Fig. 3a—c, the grain size in the samples prepared at
880-950 °C changed in the range between 1 and 5 um and
some porosity was observed on the surface of the samples.
When the heat treatment temperature was increased above
950 °C, the compacted and large grains with size of
5-20 pm were formed on the sample (Fig. 3d—g). For such
heat treatment the porosity on the surface of the samples
disappeared. It should be noted that the grains formed
between 1,000 and 1,080 °C were in the cubic form and
tightly connected. These tightly connected grains are very
important for transport properties of the samples because
the charge carriers participating to the transport phenomena
undergoes a minimum scattering on the large grains and so
the resistivity of the samples reduces. The sample fabri-
cated at 1,100 °C has layered crystallite formation but the
grain connection is poor and so the sample is not super-
conducting as seen in the electrical properties section. EDX
analysis of the samples demonstrates (Table 1) that the
elemental ratios of the sample which heat treated at
1,020 °C are very close to the theoretical calculation. The
deviation of the elemental ratio with heat treatment is
related to the structural formation, evaporations, etc.

3.3 Electrical properties

Temperature dependence of the resistivity of the samples
prepared by different heat treatments is shown in Fig. 4a.
The sample prepared at 880 °C exhibited highest normal
state resistance, which can be attributed to porosities on the
sample surface and weak-connection among the grains due
to insufficient heat treatment (see Fig. 2a). The temperature
T, at which dissipation appears and 7, of the sample
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«Fig. 3 SEM photographs of the samples prepared at a 880 °C,
b 900 °C, ¢ 950 °C, d 1,000 °C, e 1,020 °C, f 1,050 °C and
g 1,080 °C
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Fig. 4 Electrical properties of the samples prepared at different heat
treatment temperatures. Temperature dependence of resistance (a)
and temperature dependence of the Arrhenius pinning potential (b).
Inset on a demonstrates

Table 2 Superconducting properties and the room temperature
resistance of the samples fabricated at different heat treatment cycles

Heat temp. (°C) T, (K) To(K) AT(XK)  Rioom (mQ)
880 87.53 74.27 13.26 17
900 83.25 62.25 21 14
950 75.65 68.47 7.18 9.7
1,000 84.63 79.62 5.01 12
1,020 93.47 89.53 4.17 52
1,050 92.77 87.63 5.14 8.7
1,080 91.81 88.47 5.34 9.3

prepared at 880 °C are equal to 62-88 K, respectively.
When the heat treatment temperature was increased, it was
observed that the normal state resistance at the room

@ Springer

temperature (R,oom) reduced and the 7, and T values of the
samples increased (Table 2). The best T, and T, values
were obtained for the sample prepared at 1,020 °C.

When we consider the electrical resistance results
together with the surface morphologies, it is seen that the
samples which have large and tightly connected grains
showed higher T, and T, values. Samples heat treated at
low temperatures showed zero resistance at lower tem-
peratures, which can be attributed to a large number of
grain boundaries and porosities in these samples. This is a
result of scattering of the charge carriers on grain bound-
aries, as mentioned in the SEM analysis. So the lowest
room temperature resistance value was obtained in the
sample heat treated at 1,020 °C.

The activation energy U plays an important role for
determination of the flux dynamics in high-7,. materials.
U also reveals the height of energy barriers of the high-T,
materials which control the vortex motion in the vortex
liquid [19]. In the thermally activated flux flow (TAFF)
region, the thermally activated resistivity is defined by the
Arrhenius equation:

(J/(/H.T)) ‘
p=per T/ (3)

where pq is the pre-exponent factor, kp is the Boltzmann
constant and U is the activation energy for the flux motion
which depends on the temperature 7, the current density J,
and the applied magnetic fields H. At constant current, the
functional dependence of U(H), can be calculated from the
slope of In(p/py) versus 1/T as shown on inset in Fig. 4a.

It should be mentioned that the decrease of the activa-
tion energy promotes the thermally activated dissipation
due to the vortex motion in a single-crystal sample. For a
polycrystalline superconductor dissipation begins in inter-
grain boundaries. So the U values determined from the
Arrhenius equation are related to transparency of the
intergrain boundaries in the samples.

The activation energy values calculated from Eq. (5) are
given in Fig. 4b. The U values were changed with heat
treatment temperature. The lowest activation energy is
obtained for the sample heat treated at 1,020 °C that shows
the transparent intergrain boundaries.

3.4 Magnetic properties

We have investigated the sample heat treated at 1,020 °C
which has high quality crystal formation and highest T,
value among the sample. Figure 5 shows magnetization
hysteresis loops of the sample at 10-80 K. The hysteresis
loops are tilted in the anticlockwise direction. The mea-
sured M—H curves are the superposition of a hysteresis loop
Mg(H) of the superconducting crystallites and a paramag-
netic magnetization curve Mp(H) such that the full
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Fig. 5 Hysteretic magnetization curves of the sample heat treated at
1,020 °C, T = 10-80 K (a) and T = 40 K (b). Solid lines are ECSM
curves

hysteretic loop M(H) = M¢(H) + Mp(H). The noticeable
paramagnetic contribution is surprising because Eu" ions
in Eu-123 have the local magnetic moment equal to zero.
However Eu’" may be reduced to Eu”" during high-tem-
perature solid state reaction and Eu®" ions substitute for
Ba®" in Eu-123 [20]. The magnetic Eu®>" ions can provide
the observed paramagnetic contribution. The paramagnetic
magnetization is given by Mp(H) = NgJug B (gJugH/
(kgT)), where N is the number of the magnetic ions per unit
volume, pp is the Bohr magneton, kg is the Boltzmann
constant, g is Lande’s g-factor, J is the angular momentum
quantum number, and B, is the Brillouin function.

The extended critical state model [21, 22] was applied to
fit the Mg(H) loops. Decreasing field dependence of the
local critical current density is described by.

= )
c )

~ B
Bo + exp (B_I

where j. is the local critical current density at B = 0, By
and B; determine the decreasing rate at different scales of
magnetic fields. The peak effect is introduced by.

1471
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Fig. 6 Temperature dependence of the critical current density of the
sample heat treated at 1,020 °C. Lines are a guide for eyes. Inset
demonstrates /.(H) dependence of the same sample at different

temperatures (10-80 K)

)
Jje(B)=i.(B)| 1+ A exp —% :
2(i)
where B, is the peak position, B,, and A determines the
peak width and the height.

Given Bpe, €qual to experimental HoHpeqa values and
Eu®" ion parameters (J = 7/2, g = 2) for Mp(H), the
hysteretic magnetization loops are successfully described
for all temperatures. Solid lines on Fig. 5 are fitting curves
(the curves computed for 7= 10 and 40 K are showed
only to not overload the figure). Successful fitting validates
the used suggestions and allows to parameterize the Mg(H)
and Mp(H) curves. The estimated magnetic ion concen-
tration N is equal to 1.6 x 10*° cm™>.

The critical current density averaged by the sample

cross-section was calculated by using the Bean formula for
polycrystalline superconductors:

I, = 30AM/d (6)

(5)

here 1. is the critical current density in Alcm?, AM is the
hysteresis loop width in emu/cm?® and d is the average grain
size in cm. The d value for the sample heat treated at
1,020 °C, resulted by both the microstructural analysis and
ECSM fitting [23], is equal to 8 um. The resulted /. values
at different T and H are plotted on Fig. 6. The critical state
model is valid for applied fields larger than the first critical
field of superconductor so the presented data given at
1 kOe is some underestimated [24]. The I.(H) dependen-
cies demonstrate the fishtail effect with a spreading peak
(inset in Fig. 6). Due to this peak, the sample has a high
critical current density right up to highest fields at a wide
temperature range.

@ Springer
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Fig. 7 Field scaling. a Scaling of pinning force for the sample heat
treated at 1,020 °C. b Irreversibility field Hj,, peak field Hpcax
(increased in 5 times) and field of full penetration H, (increased in
300 times) versus temperature. Solid line is H(T) = 1,000 kOe x
(1-T/T.)*. Also Fﬁos is plotted to display the relation F,, ~ HZ,

The dependence of the pinning force density on the applied
magnetic field was determined from F,(B) = I.(B) x B, here
B = npH. OnFig. 7athe normalized pinning force f = F,/F )y
is plotted as a function of the reduced field » = H/H;,,, where
F, is the maximal pinning force density, Hj, is the irrevers-
ibility field. To define accurately H;,, the I.(H) curves were
decreased on the noise level. Data for T = 80 K are omitted
on Fig. 7a due to a high noise level. We found that obtained
values of F),, are proportional H2, (Fig. 7b), so only H;,, was
the variable parameter during scaling procedure. There is a
connection between H;,, and the thermodynamic critical field
H,.. Which is supported to be a single scaling parameter [25].
The resulted f{h) curves are coincide: all points lay on the one
curve and the peak of pinning is at h = 0.2 atall 7. To fit f{h)
curves the scaling law [26] is applied:

F,(H,T) (1 —h)*
Fpo(T) — hy(1 = ho)”’

(7)

where h is the position of the maximum, hy = p/(p + q).
Using the Kramer parameters (p = 0.5 and g = 2) [27]

@ Springer

does not give good coincidence that is rather typical for
high-temperature superconductors [28]. The scaled curves
are fitted when p = 1 and ¢ = 4 (solid line on Fig. 6).

Scaling of F,(H) curves is evidence of the vortex lattice
transition [14, 29]. The observed temperature evolution of
H;,, is fitted by the power function H(T) = 1,000 kOe x
(1—T/TC)3 (Fig. 7b). At all T, Hpe, equals 0.25 H;,. The
fitting parameters of the extended critical state model
determine the full penetration field H,, which has the
similar temperature dependence as Hj, and Hpc.. The
concave Hpe,(T) curve agrees with the line of the rhom-
bohedral-to-square phase transition of the vortex lattice
[30].

4 Conclusion

Microstructure and phase evolution on the Eu(Eu,
Ba);.155Cu30, samples were investigated by XRD, SEM
and EDX analysis. The lowest strain and crystallite size
were obtained for the sample heat treated at 1,020 °C. The
same sample has the highest 7, and lowest R, among
others.

Detailed investigation of magnetic characteristics was
performed for the sample heat treated at 1,020 °C. Hysteresis
loops were found to be superposition of the magnetization of
superconducting grains and paramagnetic magnetization of
the Eu®" ions substituting for Ba®*. Parameterization of
hysteresis loops with the peak effect was performed by the
extended critical state model. Correlated behavior of H;,. and
Hpeac and scaling of F,(H) curves with the single scale
parameter H;, sustain that the peak effect is caused by the
vortex lattice transition.

The sample heat treated at 1,020 °C has the best
superconducting properties in the investigated series. In
addition the second peak arisen on the hysteretic loops
retards the decrease of critical current. Thus the optimum
heated Eu(Eu,Ba), ;,5Cu;0 material is promising for
electronic application.
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