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Abstract. Y3Ba5Cu8O18 (Y-358) and Y3Ba5Ca2Cu8O18 (YCa-358) compounds were prepared by the so-called
sol–gel method. The effect of doping Ca atoms into the Y3Ba5Cu8O18 superconductor is studied by employing
the electrical resistivity measurements at various magnetic fields. The possible degradation in microstructural
and superconducting properties due to the addition of Ca was discussed. The resistivity as a function of
temperature measurements shows that the depression in superconducting temperature is more pronounced
for both samples. A systematic analysis of the magnetoresistivity of the Y-358 and YCa-358 compounds has
been carried out by using the thermally activated flux flow (TAFF) model. The TAFF activation energy, U, is
field dependent and obeys the power law U = cH–α, where α increases while c decreases with the addition of
Ca. Furthermore, U and the calculated upper critical field, Hc2, decrease with the addition of Ca.
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Introduction

Y-based (YBCO) superconductors attract great technological interest, as their superconducting transition temperatures, Tc, exceed the liquid-nitrogen temperature. In
the YBCO system, the electrical transport properties1 are
drastically changed by the content of oxygen deficiency
and the ordering of oxygen ions in the CuO chain
sites which affects the doping level,2 the conductivity
mechanism and the property of the spin system.3 The
YBa2Cu3O7–δ (Y-123) has superconductivity transition
temperature between Tc 80 and 93 K,4 and many attempts
have been made to find new forms of the material offering higher Tc and better superconducting properties. A
great deal of studies have been carried out to obtain new
compositions of the YBCO superconductors, like
YBa2Cu4O8 (Y-124)5 and Y2Ba4Cu7O15 (Y-247),6 which
are different from the point of the numbers of their CuO2
planes and CuO chains or double chains and their relative
positions. Y3Ba5Cu8O18 (Y-358) has been in recent times
synthesized with a transition temperature of about 2 K
higher than that of Y-123.7–9 This compound consists of
five CuO2 layers and three CuO chains in the unit cell.
Among the many remarkable mixed state properties of
the high-temperature superconductors, the resistivity has
attracted much attention.10,11 Resistivity measurements
*Author for correspondence (ahmetcan@cu.edu.tr)

under magnetic fields yield important information about
the flux motions in the superconductors. For a finite
current density, the Lorentz force is sufficiently strong so
that the force on vortex lines in the vortex glass region
can overcome a certain class of pinning barriers, leading
to a flux creep, and a finite voltage.
The flux line dynamics can be divided into three
regimes (i) flux flow, J > Jc; (ii) thermally activated flux
flow (TAFF), J << Jc and (iii) flux creep, J ~ Jc in the transition region between Tc.on and Tc.off. Flux flow and flux
creep are common terms for low-temperature superconductors, but TAFF has been coined for a new aspect of
high-temperature superconductors. Flux flow phenomena
arise when the current and the applied magnetic fields in
a superconductor are high enough to essentially tear loose
of the flux lattice and thus to set the flux in sliding
motion. In high-temperature superconductors, it has been
observed that even for very low current densities, J << Jc,
superconductors under high enough magnetic fields may
display an exponential decay of resistivity with decreasing temperature well below Tc.on. This behaviour is due to
the phenomenon known as TAFF as suggested by
Hughes.12 Thus, the TAFF is closely associated with the
flux current density limit.
Therefore, in the TAFF region the resistivity is still
nonzero and its temperature dependence follows an
Arrhenius law of the form13

ρ (T , H ) = ρ0 exp(−U 0 (T , H )/kBT ).

(1)
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There have been many reports regarding temperature and
field dependence of the activation energy in various hightemperature superconductors. Palstra et al13 reported the
power law dependence of U under magnetic field, U ~ H–α,
whereas Kucera et al14 suggested that U ~ H–1/2(1 – T/Tc),
where Tc is the critical temperature. The same relation
was suggested by Wagner et al.15 In a recent report by
Zhang et al,16 an empirical form as U ~ H–α(1 – t)β(H) was
suggested.
In this work, we report the effect of the addition of Ca
to the Y3Ba5Cu8O18 (Y-358) compound, Y3Ba5Ca2Cu8O18
(YCa-358), from the point of the activation energy and
flux flow mechanisms using the transport data of the
compounds under magnetic field.
2.

Experimental

Y3Ba5Cu8O18 (Y-358) and Y3Ba5Ca2Cu8O18 (YCa-358)
compounds have been prepared by the sol–gel method
and these will be labelled as Y-358 and YCa-358, respectively. Appropriate amounts of Y2O3, Ba(NO3)2, CuO and
CaCO3 were first dissolved in dilute HNO3 solution at
150°C and then citric acid and ethylene glycol were added to the mixture. Afterwards residual material was dried
slowly at 300°C until a dry-gel was formed. Finally, the
residual precursor was burned in air at 600°C. The materials thus obtained were first ground by using an agate
mortar to have a fine powdered form and then the pellets
with 13 mm radius and 2 mm thicknesses were produced
from each powdered composition by pressing them
under a pressure of 3 t. The pellets were then separately
sintered at 890 and 900°C for 72 h in air, respectively,
and then cooled down to the room temperature in the
furnace. The resistivity measurements of the compounds,
under magnetic fields up to 2 T, were carried out by
employing the standard four-probe method with silver
paint contacts. For measurements at low temperatures
from 50 to 100 K under magnetic fields up to 2 T, we
have used a Quantum Design PPMS with a closed cycle
helium cryostat.
3.

Results and discussion

The resistivity vs. temperature plots for the samples of Y358 and YCa-358 under magnetic fields of 0.0, 0.1, 0.5,
1.0 and 2.0 T are shown in figure 1a and b, respectively.
The trends of the curves for both of the compounds are
more or less the same with the increase in the applied
fields. It has been found that the resistivity values of the
samples in their normal states decrease almost linearly
with the decrease in temperature, indicating a metallic
behaviour, and then sharply drop to lower values leading
to transitions to the superconducting states of them. Table 1
shows the superconducting transition temperatures
associated with the onset, Tc.on, and offset, Tc.off, of the

Figure 1. The influence of applied magnetic fields on the
resistivity vs. temperature plots for the compounds: (a)
Y3Ba5Cu8O18 and (b) Y3Ba5Ca2Cu8O18.

compounds under the above-mentioned applied magnetic
fields. As it can be seen from table 1, Tc.on values for the
compound YCa-358 are considerably lower than that of
the main compound Y-358, at the corresponding magnetic
fields, however, it is the reverse for the Tc.off values,
especially at high fields, and as expected Tc.on and Tc.off
values decrease with the increase in the applied magnetic
field. In particular, the Tc.off values quickly shift to lower
temperatures. This behaviour can be explained as following: it is well known that in type-II superconductors, an
electric field arises, and hence an electrical resistivity and
energy dissipation occurs when the driving Lorentz force
is increased with the increase in the magnetic field per
unit volume. As lowering the temperature increases the
pinning forces at lower temperatures, higher magnetic
fields are needed for the depinning the flux lines. These
are the reasons why Tc.off shifts to the lower temperatures
with the increase in the applied magnetic fields. As a
result, the application of higher magnetic fields causes a
shift of the zero resistivity temperatures downward to the
lower temperatures. Table 1 also includes ΔT = Tc.on –
Tc.off values which, as expected, increase with the
increase in the magnetic field. Table 1 clearly shows that
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Table 1. The magnetic field dependence of transition temperatures of the compounds Y3Ba5Cu8O18 and
Y3Ba5Ca2Cu8O18.
Transition temperatures (K)
Sample code

0T

0.1 T

0.5 T

Y-358

Tc.on = 92.7
Tc.off = 87.6
ΔT = 5.11

Tc.on = 91.3
Tc.off = 72.2
ΔT = 19.1

Tc.on = 90.24
Tc.off = 65.1
ΔT = 25.14

Tc.on = 90.24
c.off = 62.3
ΔT = 27.94

Tc.on = 89.24
Tc.off = 59.7
ΔT = 29.54

YCa-358

Tc.on = 86.5
Tc.off = 79.4
ΔT = 7.10

Tc.on = 85.6
Tc.off = 71.1
ΔT = 14.5

Tc.on = 85.0
Tc.off = 67.3
ΔT = 17.7

Tc.on = 84.7
Tc.off = 65.5
ΔT = 19.2

Tc.on = 84.2
Tc.off = 63.0
ΔT = 21.2

the ΔT values of Y-358 obtained in magnetic fields
decrease with the addition of Ca.
The data of magneto-resistive transition can be used to
determine the temperature dependence of the irreversibility field. Here, we define the zero resistivity transition
temperature under the application of magnetic fields as
the temperature Tirr (Tc.off) and call the corresponding
magnetic field at the irreversibility field Birr. The plots in
figure 2 show the irreversibility magnetic field values vs.
the onset and offset temperatures, for the compounds Y358 and YCa-358, deduced from the magnetoresistivity
data given in figure 1a and b. It is obvious that within
the studied magnetic field range, while the amounts of
variations of the onset temperatures are only about 5 K,
they are about 27 and 17 K for the offset temperatures of
Y-358 and YCa-358, respectively. All these results strongly
suggest that the superconductivity can completely diminish with a high enough magnetic field, as expected.
Certainly, apart from the effect of strong magnetic fields
the formation of weak coupling between the superconducting grains and the intergrowth of the impurity solid
solution phase within the superconducting regions also
play a crucial role in diminishing the superconductivity.
However, an optimum applied magnetic field can hinder
the negative effects arising from the impurities on the
superconductivity.
The study of TAFF is manifested as a broadening of
the superconducting transition. In the presence of an
applied magnetic field, such broadening is interpreted in
terms of energy dissipation caused by vortex motion. The
resistivity in the TAFF region is caused by the TAFF of
the vortices. As the resistivity in the TAFF regime may
be expressed as

ρ (T , H ) = ρ0 exp(−U 0 (T , H )/kBT ),

the activation energy, U0, can be obtained by plotting the
ln(ρ/ρ0) vs. 1/T. The graphs for the samples of Y-358 and
YCa-358 are given in figure 3a and b, respectively.
From the figures, it is clear that the broadening for YCa358 is apparently reduced as compared to that of Y-358,
as expected. It is obvious that the resistive broadening
caused by an applied magnetic field manifests itself with

1.0 T

2.0 T

Figure 2. A comparison and variation of the irreversibility
magnetic fields against the Tc.on and Tc.off of the compounds
Y3Ba5Cu8O18 and Y3Ba5Ca2Cu8O18.

the Tc shifts to the lower temperatures. As mentioned
above, this well-known behaviour is attributed to the flux
flow resistivity. It is well established that lowering the
temperature increases the pinning strength and hence the
pinning force increases as well. When the Lorentz force
per unit volume, FL, exceeds the pinning force per unit
volume, FP, a flux flow arises and an electrical resistivity
appears due to the flux flow. Hence, a higher magnetic
field is needed to depinning the flux lines at lowest
temperatures. As we have also mentioned earlier, this
results in a shift of the zero resistivity temperature
downwards as the magnetic field increases.
The other result, which can be deduced from the semilogarithmic Arrhenius plots of figure 3a and b, is that
indeed there is nearly an exponential dependence of ρ on
1/T, for T << Tc.on, indicating that in the TAFF region the
energy dissipation is due to the thermal activation of
fluxes across the pinning barriers. Therefore, U-values
can be obtained from the slopes of the nearly straight line
portions of the curves at lower temperatures. In order to
see the magnetic field dependence of the thermally activated flux flow activation energies, U, for the samples of
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Y-358 and YCa-358, they are plotted as a function of
applied magnetic fields as shown in figure 4. It is obvious
that when the magnetic field is gradually increased from

0 to 2 T, the rate of decline in pinning energy, U,
decreases. Figure 4 also shows that U(H) of YCa-358 is
lower than that of Y-358 at the same field values. The
activation energy reduces with the increase in the applied
magnetic field, as well as doping Ca into the Y3Ba5Cu8O18.
The U-values are found as 0.138 and 0.087 eV in the
Y-358 and YCa-358 samples under 2 T magnetic field,
respectively. This confirms the destruction of weak link
in the intergranular coupling the contraction of distance
between the pinning centres and decrement of the energy
barriers in the materials. It is attributed the decrease of
flux pinning energy to a local suppression of the superconducting order parameter in the vicinity of Ca ions.17
Under magnetic fields below ~ 0.2 T, the pinning energy
strongly depends on the value of the magnetic field. This
indicates that below ~ 0.2 T, the applied magnetic field
can penetrate only into the intergranular media. On the
other hand, a possible interpretation for the differences
between the two curves can be ascribed to the existence
of different superconducting levels within the samples at
the intergranular regions.18–20 Figure 4 also shows that the
data quite well fit the power law equation
U = c ⋅ H–α(H)

Figure 3. Arrhenius plot of the resistivity of the compounds
(a) Y3Ba5Cu8O18 and (b) Y3Ba5Ca2Cu8O18.

Figure 4. The magnetic field dependence of the activation
energy, U0, for the compounds Y3Ba5Cu8O18 and Y3Ba5Ca2
Cu8O18. Dotted lines are the theoretical fit of U0 = c⋅H–α(H) to
the data.

(2)

where α (H) is a function of field and c a constant. Thus,
from the curve fitting, it is revealed that for both of the
compounds U obeys the power law behaviour with
respect to the applied magnetic field, but has slightly different exponents. The value of α depends on the orientation of the magnetic field with respect to the basal plane
and the range of magnetic field.19 Table 2 shows the values of c and α obtained from the fitting of the data of
figure 4 to equation (2). Comparing the c and α values it
can be concluded that while the values of α increase
those of c decrease with Ca doping into the YBCO compound. As α is small and so that U is almost field
independent above 0.2 T, one may also conclude that both
of the compounds exhibit flux flow and impartial flux
pinning. The slight difference in the values of α might be
related to be due to the sensitivity of the pinning energy
based on crystal structure characteristics such as oxygen
contents, the real position of atoms, the quality of weak
links, etc. Thus, the observed slight difference of α might
be associated with the influence of microstructural
defects. A comparison of X-ray diffraction (XRD)
patterns of the samples of Y-358 and YCa-358 are
represented in figure 5. The structure of the sample of
Y-358 was determined to be predominantly monophasic
with Pmmm47 symmetry, according to the powdered XRD
analysis; however, small impurity peaks are observed,
marked by asterisks, on the spectrum. It is assumed that
some CaCO3 remains as an impurity in the YCa-358 as
seen in figure 5. The lattice parameters are obtained from
the refinement process and found to be a = 3.88 Å,
b = 3.84 Å and c = 31.71 Å. Least-squares fit to the
Pmmm47 space group shows a systematic decrease of the
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Figure 5. XRD pattern of the compounds Y3Ba5Cu8O18 and
Y3Ba5Ca2Cu8O18.

orthorhombic distortion and a slight increase of the lattice
parameters a, c with the doping of Ca, i.e., a = 3.90 Å,
b = 3.84 Å and c = 31.74 Å in the sample of YCa-358. The
small increase in the lattice parameters may be due to the
fact that Ca2+ has a bigger ionic radius than that of Y3+
(ionic radii; Y: 1.01 Å, Ba: 1.35 Å, Cu: 0.47 Å, O: 1.35 Å
and Ca: 1.34 Å). Furthermore, electrons may be introduced
into the antibonding Cu–O orbitals on the a–b plane by
the doping that tends to expand the a-dimension and
suggest a strong disorder in the a–b plane. These results
may be attributed to the existence of much more disorder
due to a greater number of Cu sites to be doped by Ca in
Y-358 to Y-123. By comparing the XRD pattern of the
Y-358 with that of Y-123, it is seen that the main peaks
are the ones which exist in Y-123 except for the presence
of some additional reflexions with low intensities. The
lattice parameters of free added Y-358 are in agreement
with Akhavan’s report;7 the a and b parameters are very
close to those of Y-123 (ref. 4) and the c parameter of
Y-358 is almost three times to that of Y-123.
The temperature and field dependence of the –T ln(ρ/ρ0)
data for the samples of Y-358 and YCa-358 are shown in
figure 6a and b. In the field range 0.0 ≤ H ≤ 2.0 T and
below Tc, the data are clearly temperature and field
dependent. As it can be seen the data first increase then
decrease, forming a kind of peak (kink) with the decrease
in temperature. In addition, the peaks shift to the lower
temperatures with the increase in field. Furthermore, the
magnitudes of –T ln(ρ/ρ0) curves (roughly the values of U)
monotonously decrease with the increase in the magnetic
field, as also demonstrated in figure 4. In addition, well
below the mentioned peak type of maxima the data seem to
be field independent and attain linear temperature dependence. This region corresponds to the low resistivity portion
of the Arrhenius curves depicted in figure 3a and b, i.e.,
the regime where vortex motion is determined by

Figure 6. Experimental –T ln(ρ/ρ0) data against temperature
for the samples of (a) Y3Ba5Cu8O18 and (b) Y3Ba5Ca2Cu8O18.

the TAFF. The appearance of peaks has been explained
by the possibility of showing either transition from flux
flow/creep to TAFF region or the crossover from
two-dimensional (2D) to three-dimensional (3D) vortex
nature.18
The upper critical fields, Hc2, of the compounds were
found by using the ρ = ρN (90%) relation, where ρNs are
the normal state resistivities at the critical temperatures
Tc.on, related to each field value.20 The calculated upper
critical fields, Hc2, vs. the critical temperatures are plotted
in figure 7. As it can be seen from the figure, the temperature dependence of Hc2 for both of the compounds exhibit
similar behaviours. However, as expected, the curve for
YCa-358 is shifted to lower temperatures as compared to
that of Y-358. As, at low temperatures, experimentally
finding the Hc2 is not possible, in order to see the behaviours of the upper critical fields at temperatures close to
zero, we have used a theoretical model defined by the
Werthamer–Helfand–Hohenberg (WHH) formula21
⎡ dH (T ) ⎤
H c2 (0) = 0.69Tc ⎢ c 2
⎥ ,
⎣ dT ⎦Tc

(3)
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where the (dHc2(T)/dT)s are determined using the slopes
at Tc of the curves in figure 7. The values of calculated
upper critical fields at zero temperature for the compounds Y-358 and YCa-358 are tabulated in table 2.
Those are quite acceptable values for a good type-II
superconductor. It is found that the Hc2(0) decreases from
40.65 to 38.18 T with the doping of Ca into the Y-358
compound because of the pair-breaking mechanism. This
shows that the addition of Ca deteriorates superconducting properties, which is also consistent with XRD measurements. This result is also compatible with our other
results, such as, the decrease of the critical temperature,
the critical current density and the superconducting volume fraction with the addition of Ca, reported in our previous study.9 We can also point out that due to the doping
of Ca into Y-358, the flux pinning centres are negatively
affected, as the decrease in the upper critical field value as
well as the decrease in U. This conclusion is also verified
by the increase in the Tc.off values with the addition of Ca to
Y-358 (see table 1 for high applied fields).
One of the most important parameters in the superconductivity is the coherence length, ξ. In this work, it is
calculated by using the Ginzburg–Landau relation

H c2 (0) =

Φ0

2πξ 2 (0)

,

(4)

where Φ0 is the quanta of flux (2.07 × 10–15 T m2), Hc2(0)
is the upper critical field at zero temperature.22 The

calculated values of the coherence length at zero temperature are tabulated in table 2. The ξ(0)-values increase with
the addition Ca to the compound Y-358 from 28.47 to
29.38 Å, presenting that the doped Ca ions play an important role on the pair-breaking mechanism in the Y-358
system. In fact, doping of Ca ions with a comparable
ionic radius of Y, Ba, Cu and O may increase the hole
concentration in Y-358 system, and so doped Ca might
supply the mobile holes into CuO2 planes and increases
hole carrier concentration per plane. It seems also that the
depression of Tc with the addition of Ca may be either
due to the decrease in oxygen content in CuO chains, or
due to the trapping of mobile holes or other mechanism
connected with oxygen vacancy disorder for others.23–25
Therefore, in general, the above results indicate that doping of Ca into the compound Y-358 causes a negative
effect in its superconducting properties.

4.

Conclusion

In summary, we have investigated the effects of the
applied magnetic fields on the superconducting properties
of the superconductor Y3Ba5Cu8O18 with the addition of
Ca. The important physical properties of the compounds,
Y-358 and YCa-358, such as Tc, U, Birr, Hc2, ξ(0) values
are inferred from the ρ–T curves under DC magnetic
fields up to 2 T. The temperature dependence of the resistivity values well below Tc.on can be described by a TAFF
model. Namely, the resistivities in the TAFF regime of
the samples of Y-358 and YCa-358 under magnetic fields
can be described by the TAFF resistivity formula

ρ (H, T) = ρ0 exp(–U(T, H)/kBT),

Figure 7. Upper critical fields Hc2(T ) as a function of temperature for the samples of Y3Ba5Cu8O18 and Y3Ba5Ca2Cu8O18.

where a power law dependence of U on magnetic field of
the form U ~ H–α has been observed. The α-value obtained
for Y-358 sample is less than that for YCa-358 sample,
showing that the sensitivity of Y-358 with magnetic field
is also less than that of YCa-358. The superconducting
transition temperatures, Tc.on, decrease whereas Tc.off
increases with the addition of Ca into the Y3Ba5Cu8O18
superconductor in the increasing applied magnetic fields.
The electric resistivity shows a strong sensitivity with
applied magnetic fields and it is related to the considerably
weaker connections between the superconducting grains
in the Y-358 system. In addition, the activation energy,
U, is also found to decrease with the addition of Ca into

Table 2. The Hc2, ξ, α and c parameters of the compounds Y-358 and YCa-358 defined in
equations (3)–(5).
Values of parameters

Sample code
Y-358
YCa-358

α

c

Upper critical field
(T) Hc2(0)

The coherence length (Å)
ξ (0)

0.13
0.14

0.165
0.094

40.7
38.2

28.5
29.4

Ca doping on TAFF in the Y3Ba5Cu8O18 superconductor
the compound Y-358, but its magnetic field dependence
does not change. Furthermore, the Hc2(0)-value decreases, whereas the coherence length, ξ(0), increases with
the doping of Ca into Y-358. As the coherence length is
related to the vortex size, non-superconducting regions
increase with Ca addition. All of these results are compatible with our previous observations, such as the
decrease of the critical current density and flux pinning
force with the addition of Ca into the compound Y-358.9
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