Effect of K substitution on Magnetoresistivity and activation energy of Bi-2212 system
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Abstract

In the present work, magnetoresistivity performance of polycrystalline Bi>Sr>Ca;_ K CuyOg:y
superconductor with x=0.0, 0.05, 0.075, and 0.1 has been studied by the change of the flux
pinning mechanism using magnetoresistivity measurements. The samples were prepared by
using a polymer solution technique. The effects of K substitution for Ca on the irreversibility
field, upper critical magnetic field, coherence length and activation energies have been
investigated. The magnetoresistivity of the samples has been measured under applied
magnetic fields ranging from 0 to 9 Tesla. Broadening of superconducting transition is
observed under magnetic field, explained on the basis of Thermally Activated Flux Flow
(TAFF) model. The upper critical magnetic field H.»(0) and the coherence length ({(0)) at
T=0 K were calculated using the resistivity data and from H.»(0), respectively. Hc,(0) and
&(0) values have been calculated as 62, 72, 75, 53 and 23, 21, 20, 25, for the 0.0, 0.05, 0.075,
and 0.10 K doped samples, respectively. TAFF model has been studied in order to calculate
the flux pinning energies. In particular, the flux pinning energies of Bi,Sr,Ca;.K<CuyOg+y

where x=0.075 are calculated as 0.0147 eV for 9 T and 0.29 eV for 0 T.
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1. Introduction

Since Bi-based superconductors Bi,Sr,Ca,-1Cu,O, (n = 1, 2, 3) were discovered by Maeda et
al. [1] many substitutions have been made in BSCCO system in order to improve their
physical and magnetic properties [2-5]. The interest in both, the fundamental research and
applications in technology, in the last decades increase day by day owing to the fact that
BSCCO is the most promising material for potential industrial applications such as
superconducting wires, tapes, and thin films [6]. High-7, Bi-based superconductor family is
characterized by a high superconducting transition temperature 7c ~ 90 and 110 K for the
phases with n = 2, and 3, respectively, and a high upper critical magnetic B, which can reach
150 T [7].

It is rather difficult to realize the mixed state of high-temperature superconductors due to their
short coherence length, large anisotropy and thermal energy. The critical current density of a
superconductor is a very important parameter for technological applications. Flux pinning
mechanism determines the maximum current density that can be driven through a
superconductor without dissipation. Flux motion is a mean of dissipating energy in
superconductors which was first predicted by Anderson [8]. After this prediction of flux
creep, large amounts of research have been recently addressed to the effect of applied external
magnetic field on resistive transition in order to better understand the mechanism of flux
pinning and flux motion [9-15]. There are several models for understanding the resistivity
broadening under a magnetic field, such as thermally activated flux creep [11], flux flow [10],
flux line melting and flux cutting [16], etc. The flux line can be thermally activated over the
pinning energy barrier, even if the Lorentz force exerted on the flux bundle by the current is
smaller than the pinning force. Some researchers have pointed out that a thermally activated
flux creep model can describe the data quite well for resistivity region near 7¢(p = 0) [13,17-
20].

In addition, the material preparation technique plays a crucial role, as important as the
substitutions, creating pinning centers in BSCCO systems. Moreover, these HT¢ systems
possess a high crystallographic anisotropy which can be exploited by an adequate grain
alignment to produce high quality tapes and wires, as well as bulk materials with improved
electrical properties. In order to easily obtain very homogeneous samples, solution methods
have been shown very adequate and among them, one of best ones is the polymer matrix route
[21-26].

In previous studies the structural, physical and superconducting properties of K-substituted

BSCCO samples have been studied. In the present work, the effects of K substitution for Ca



on the irreversibility field, upper critical magnetic field, coherence length and activation
energies have been investigated. Moreover, the thermally activated flux creep model has been

applied on the resistivity curves under various applied magnetic fields between 0-9 T.

2. Experimental details

Bi,Sr,Ca; «K«Cu,Oy samples, with x =0, 0.05, 0.075 and 0.1 K substitutions have been
prepared, using a polymer matrix route from Bi(CH;COO), (>99.99%, Aldrich),
Sr(CH3C00),20.5H,0  (99%, Panreac), Ca(CH3;COO0),2H,O (98%, Alfa Aesar),
Cu(CH3;CO0),*H,O (98%, Panreac) and Co(CH;COO),"H,O (99.9%, Alfa Aesar)
commercial powders. They were weighed in stoichiometric amounts and dissolved in a
mixture of glacial acetic acid (CH;COOH) (Panreac PA) and distilled water. Once obtained a
clear blue solution, polyethylenimine (PEI) (Aldrich, 50 wt% water) solution in distilled
water, in order to reduce the viscosity of commercial PEI, was added. The mixture becomes
dark blue immediately due to the formation of Cu-N coordination bonds. The solution was
then introduced into a rotary evaporator to reduce its volume (~80%) followed by heating on a
hot plate at about 100 °C for total solvent evaporation, producing a thermoplastic dark blue
paste. Further heating at around 350 °C produces a decomposition step. The resulting powder
was then milled in an agate mortar and calcined twice at 750 and 800°C for 12 h in order to
decompose the alkaline-earth carbonates. Finally, the prereacted homogeneous powders were
pressed into pellets with 13 mm in diameter, and thermally treated in order to produce the Bi-
2212 superconducting phase. This process was performed under air, and consisted in two
steps: 60 h at 860 °C, followed by 12 h at 800 °C and, finally, quenched in air to room

temperature.

Magnetoresistivity and magnetic measurements were carried out in a Quantum Design PPMS
system. Upper critical magnetic field (H.,) values of the samples were calculated from the R-
T curves. The samples Bi,Sr;Ca;.KCuyOg+y samples, with x =0, 0.05, 0.075, and 0.1will be
hereafter named as A, B, C and D, respectively

3. Results and discussion

3.1 Magnetoresistivity Measurements

For the investigation the effect of K-doping on the superconducting properties of the samples,

the magnetoresistivity experiments have been performed on the samples in the range of 150 K



down to 20 K, for various magnetic fields between 0 and 9 T. In Figure 1, the field dependent
resistivity of the samples A, B, C and D as a function of temperature is presented. The onset
(T.°) and offset (7,%“) temperatures concerning the transition of isolated grains to the
superconducting state and to the volume fraction of Bi-2212 phase and/or characteristic of
intergranular component, respectively, are summarized in Table 1. The T.”*“ values are
deduced from the crossing point of the linear fit of the highest slope and the metallic high
temperature part of the p(7) curve for each sample. It can be seen that the onset transition

onset

temperature (7.”"") is above 90K pointing out the high-7c Bi-2212 phase is the dominant in
the samples. The entire samples exhibit metallic behavior down to 7.”* and the resistivity
linearly decreases with decreasing temperature. It is evident from the results displayed in
Table 1 that at zero magnetic field both 7.”** and T, oty alues diminish from 91.43 K to
90.70 K, 80.01 K, and 76.76 K with raising K-content in the samples. This decrease in the
temperature values is originated due to the decrement in the number of charge carriers in the
CuO; planes, together with the impurity-induced pair breaking [27-29] or the excess of
oxygen-content caused by the substitution [28,30].

While the applied magnetic field increases, slight shifts in the 7,”"“ are observed. This is
probably associated with small changes between the normal and the superconducting
resistivity meaning that only a small fraction of the carriers are superconducting [31]. Also,
this behavior could be attributed to the strong intragrain pinning energy not allowing any
vortex motion in the vicinity of 7c [13]. On the other hand, while the temperature lowers, the
electrical resistivity becomes more sensitive to the applied magnetic field and the resistivity
tail appears at lower temperatures. This is a clear indication that at lower temperatures more
charge carriers become superconducting, so the change between the resistivity measured at
zero and the applied field becomes greater [32], and weak Josephson type links concerning
the grain-boundaries or intergranular effects should be considered [33]. It is very important to
emphasize that the zero resistivity temperature is strongly affected by the applied magnetic
field revealing a shift to considerably lower temperature as the applied magnetic field

increases.

3.2. Irreversibility Line and Upper Critical Field

The IL is one of the basic properties of HTSC, fundamentally displaying the change from the
flux pinning dominated regime to that dominated by the thermally activated flux flow
(TAFF), where resistance appears. The irreversibility field, H;,., has been defined from [34]

and plotted in Figure 3a. Plotting the irreversibility limits Hj, of the samples for various



applied fields in an H-T diagram generates an IL that separates the H-T plane into two
regions: a low temperature one, in which the flux dynamics is dissipative and thus
irreversible, and a high temperature one, where the flux motion is free and magnetically
reversible. As seen in Figure 3a, Hj, increases and IL shifts to higher temperatures up to
x=0.075, then it decreases with increasing K-content. These results indicate that the strength
vortex fluctuations are getting stronger with increasing K-content. The graph of upper critical
magnetic fields H., (T) versus temperature 7c for all the samples is shown in Figure 3b. It has
been found that H., (7) values increase with decreasing temperature. Hc,(0) is the upper
critical magnetic field at the temperature 7=0K and can be estimated by using Werthomer-

Helfond-Hohenberg (WHH) formula [35]:

A2 (T

Heo(0)= -0.693Te(™——) 1 (1)

Using T¢ values determined from the midpoint of the linear fit of the highest slope of the
resistivity curves at zero field given in Figurel, Hc(0) values have been calculated and
plotted in Figure 4. Initial substitution of K-content up to x=0.075 increases the Hc»(0) value
but further substitution lowers it. Calculated Hc¢,(0) values are 62, 72, 75, and 53 Tesla for the
samples A, B, C, and D, respectively.

The coherence length £ is one of the characteristic parameter of the superconductors. The

coherence length & is often calculated from the equation,

_ gt
HEZLDJ = u/ﬂ:,-a-j:: ’ (2)

where H.,(0) is the upper critical magnetic field at the temperature 7=0 K and @, is the
magnetic field flux quantum (2.07 x 10" Tmz) [9,14,34,36,37]. By using Eq.2, the coherence
lengths of the samples at 7=0 K have been calculated and displayed in Figure 4. As it is seen
that &(0) varied from 23, 21, 20, and 25, for the samples A, B, C and D, respectively. Similar
results are reported for the coherence length &) and H.,(0) values for Bi-based

superconductors [14].

3.3 Activation Energy

It is well established that the resistive transition broadening under magnetic fields can be
interpreted to be a result of TAFF in the vortex liquid state [6-9] where the vortex system is in
a liquid state with no long-range order and vanishing shear modulus immediately below
Tc(H). The pinning potential hindering the free flow of vortices is caused by a combination of

point-like defects and the correlated defects of the columnar microstructure. As can be seen



easily in Figure 2, In(p/pg) vs. 1/T plots at different magnetic fields, for pure and K-substituted
materials, show nonlinear behavior. Therefore, according to the thermally activated flux creep
model, the dissipated energy (resistivity) in the tail part of the magnetoresistivity plot is

defined by an Arrhenius-type equation [8,38]:

p(H,T)=poexpl-U(H)/ksT] (2)

where U is the flux pinning energy or activation energy for flux creep that depends on the
temperature and magnetic field, py is the pre-exponential factor or simply the prefactor, and kg
is Boltzmann constant. The activation energy can be directly deduced from the slope of the
plot of log(p/py) versus 1/T as shown in Figure 5, where the value of p, at the temperature of
110 K was used.

Figure 5 demonstrates the calculated activation energy from the linear data in the tail part of
the plots, for all the samples. It is evident from this figure that the activation energies of the
samples reduce significantly with the enhancement in both the K doping level and applied
magnetic field. This effect can be attributed to the raise of oxygen concentration in the grain
boundaries, revealing a reduction of the intergranular coupling and a raise of the amount of
weak links. With an increase of the weak links, the vortices creep easily, whereas the pinning
energy or activation energy decreases. These results are similar to those previously reported
[9,31,34]. It is also worthwhile to mention that the main differences between curves in Figure
5 have been observed for fields below 1 Tesla. Since below 1 Tesla, the applied magnetic
field has penetrated only the intergranular region, a possible interpretation for the differences
between curves can be ascribed to the existence of different superconducting levels within the
samples in these regions: the superconducting grains, the weak-links, and the superconducting
clusters [39-41]. Thus, it would be reasonable to assure that in sample C, the fraction of grains
interconnected by strong-links (clusters) is very large as compared with those of the other

samples.

4. Conclusions

In summary, polycrystalline Bi>Sr,Ca;_KCuyOg:y superconductors with x=0.0, 0.05, 0.075,
and 0.1 have been prepared by the polymer matrix method. The change of the flux pinning
mechanism has been studied using magnetoresistivity measurements. The activation energies,
irreversibility fields (H;,,), upper critical fields (H¢>) and coherence lengths at 0 K ({(0)) were
evaluated from the resistivity versus temperature (p-7) curves, under DC magnetic fields up to

9 T. The electrical resistivity broadening behavior in the magnetic field has been studied using



the thermally activated flux creep model. According to this model, initial substitution of K up
to x = 0.075 increases the flux pinning energy, U, which indicates higher slope in the energy
barriers. It is possible to say that the raise of the energy barriers may arise from the decreasing
of the weak links which, in turn, makes that the vortices does not creep easily and the pinning
energy or activation energy increases since the strong pinning centers develop in the system

by K addition.
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Table.1. 7. and T,%** values of the samples at various applied magnetic field

Sample OTesla 1Tesla 3Tesla 5Tesla 7Tesla 9Tesla
A TCO™ | 91.43K 91.33K 90.70K 90.60K 90.32K 90.23K
1.t | 80.01K 64.06K 54.78K 48.48K 44.59K 42.00K
B T°™ | 91.40K 91.18K 90.55K 90.07K 90.01K 89.89K
T %t | 80.13K 66.90K 58.52K 53.48K 49.64K 46.52K
C T.°™ | 91.36K 91.15K 90.44K 89.98K 89.68K 89.33K
T ot | 82.38K 68.43K 59.49K 54.56K 50.50K 47.70K
D T.°™ | 90.77K 90.28K 89.70K 89.10K 88.9K 88.6K
Tt | 76.76K 61.63K 52.56K 47.75K 44.32K 41.69K




Figure captions

Figure 1. Temperature dependence of resistivity for various applied magnetic fields for

samples A, B, C and D

Figure 2. Arrhenius plot of the resistivity of samples A, B, Cand D

Figure 3. Irreversibility field, H;,. and Upper critical magnetic field H,, (7) versus K content.

Figure 4. Variation of the upper critical magnetic field at a temperature 7=0 K, Hc»(0), and

coherence length, ¢, values versus K-content.

Figure 5. Flux pinning energy U versus applied magnetic field for samples A,B,C and D.
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Figure 5
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