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A series of high quality BaFes_;NizAss pnictide superconductors were studied using magnetic
relaxation and isothermal magnetic measurements in order to study the second magnetization peak
(SMP) and critical current behaviour in Ni-doped 122 family. The temperature dependence of the
magnetic relaxation rate suggests a pinning crossover, whereas, it’s magnetic field dependence hints
a vortex-lattice structural phase-transition. The activation energy (U) estimated using the magnetic
relaxation data was analyzed in detail for slightly-underdoped, slightly-overdoped and an overdoped
samples, using Maley’s method and collective creep theory. Our results confirm that the SMP in
these samples is due to the collective (elastic) to plastic creep crossover as has been observed for
the other members of 122-family. In addition, we also investigated the doping dependence of the
critical current density (J;) and the vortex-pinning behaviour in these compounds. The observed
Je is higher than the threshold limit (10° A/cm?) considered for the technological potential and
even greater than 1 MA/cm2 for slightly underdoped Ni-content, x = 0.092 sample. The pinning
characteristics were analyzed in terms of the models developed by Dew-Hughes and Griessen et al,

which suggest the dominant role of di-type pinning.

PACS numbers:



I. INTRODUCTION

The study of vortex dynamics in type-1I superconductors gained the interest of experimentalists and theoreticians as
soon as the creep phenomenon in magnetization was observed in conventional low T, systems . From a technological
point of view, the creep behaviour in magnetization is directly related to a creep in the critical current showing the
importance to understand the vortex pinning mechanism. Later, the study of vortex dynamics gained attention in
the late 80s with the discovery of the high-T, cuprates, which shows an intrinsic giant thermal activated magnetic
relaxation” as well as the so called second magnetization peak (SMP) effect in the isothermal magnetization curves
which renders a peak in the critical currents’™", as also observed in the low T, superconductors, such as, Nb”’. More
recently (2008), the study of vortex dynamics regained the attention of the scientific community due to the discovery
of the iron-pnictide and iron selenide superconductors with a moderately high-T, (from 20 K up to 56 K)'*,
large upper critical fields, He.o """, small anisotropy '~'~ and better intergrain connectivity than the cuprates™”
These salient features of iron pnictide superconductors are potentially suitable for applications purposes””. Besides,
pnictides are known as multiband superconductors, which may play a role on the pinning of vortices through the
inter-band and intra-band electron scatterings®’. Since then, vortex dynamics studies were performed on different
pnictides compounds discovered over the years >~ | and, most of them are devoted to the study of the mechanism
responsible for the appearance of SMP in isothermal magnetization curves. Contrary to the cuprates, where the SMP
is mostly observed only for H || c-axis, in Fe-pnictides, due to the low anisotropy, it is observed for both, H || c-axis

and H || ab planes. A rich variety of mechanisms were proposed as responsible for the SMP in different iron-pnictide

superconductors, such as, crossover from elastic to plastic’””*°”, order-disorder transition”">*" and vortex-lattice
phase transitions””. However, the mechanism responsible for SMP in Ni-doped BaFesAs, pnictide superconductors
is as yet unresolved~"""»"". Interestingly, in iron-pnictide superconductors, it has been observed that the existence of

the SMP is doping dependent” "

This motivated us to investigate the vortex-dynamics in a series of high quality BaFes_,Ni Asy (x = 0.092, 0.108,
0.12, 0.15, 0.18, 0.065) pnictide superconductors. In addition to the detailed study of the SMP in different Ni-
content samples, a complementary study of the critical current density and the pinning behaviour is also performed
on all samples using magnetic relaxation and isothermal magnetic measurements. A detailed analysis of the magnetic
relaxation data using Maley’s method””’ and collective pinning theory™’ unambiguously shows that the SMP in Ni-
doped BaFeyAss compounds is due to the collective (elastic) to plastic creep crossover, which might be accompanied

by a vortex-lattice structural phase transition, similar to the Co-doped BaFesAss superconductor. The critical current
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FIG. 1: Distribution of the superconducting transition temperature (7¢) in (a) x = 0.092 and (b) x = 0.108 samples, measured
using a scanning Hall probe magnetometer. Variation of the T, over the scanned surface is identified by labels in each panel.

Both images show the good quality of the samples.

density is found to be higher than the threshold limit (> 10° A/cm?) considered for technological applications. The
doping dependence of critical current density, J.(x), does not follow the variation of superconducting transition
temperature with Ni-content, T.(x), and shows a spike-feature at x = 0.092. The dominant pinning in these crystals

is found to be related to the variation of the charge carrier mean free path, generally known as dl-type pinning.

II. EXPERIMENTAL DETAILS

A detailed study on a series of six BaFes_,Ni,Asy pnictide superconductors is performed. Details of the crystal
growth are described in Ref."'. Large crystals were cut into small pieces with typical dimensions of 2.5 mm x 1 mm
x 0.15 mm, using a clean scalpel and the samples with sharpest superconducting transition were chosen for each

concentration to study. Surface maps of T,, measured for two chosen samples (x = 0.092, 0.108) using a scanning



Hall probe magnetometer with a 5 pm X pm active area of the Hall sensor (2.5 pm thick InSb epilayer on undoped
GaAs substrate)’” are shown in Fig. 1. A 4 T split coil superconducting magnet and a continuous flow helium
cryostat (Oxford Instruments Ltd.) were used to perform the measurements. The imaging was performed by applying
1 mT magnetic field (parallel to the c-axis) in zero field cooled state below T., and mapping the Meissner current
profile across the crystal. At low temperature the screen current perfectly follows the edge of the sample. The
mapping shows that the T, distribution within the crystals studied, are rather uniform and of high quality. The
screening diminishes from the edges towards the center of the sample as expected within the measured transition
width, consistent with the global magnetometry M (T') data. Magnetization measurements were performed using a
vibrating sample magnetometer (VSM, Quantum Design, USA), where the sample was mounted between the two
quartz cylinders in a brass sample holder. The temperature and magnetic field dependence of the magnetization,
M(T), M(H), and the magnetic relaxations, M (¢), were measured for H || c-axis down to 2 K and up to 9 T magnetic
field, in zero field cooled (zfc) mode. To investigate the behaviour of SMP in the samples, each M (t) was measured
over a period of approximately 90 minutes at fixed magnetic field in the increasing cycle of the isothermal, M (H)

curves.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of magnetization, M (T'), measured for all samples in zfc mode with
H =1 mT. The sharp drop in the magnetization for diamagnetic signal is considered as the onset of the supercon-
ducting transition (T}), shown with an arrow in Fig. 2. The sharp superconducting transition is an indication of the
good quality of the samples and the obtained T, values are in fair agreement with the available literature”"°. For
BaFes_ . Ni, Asy superconductors, the optimal doping is x = 0.1, with 7, = 20.1 K*"*°. In the present study, the
maximum 7T, = 19.5 K, is observed for x = 0.108, which is slightly overdoped and for more overdoped samples T,
decreases. Similarly, x = 0.092 is slightly underdoped and shows the T, = 18.8 K, which further decreases for more

underdoped samples.

A. Magnetic relaxation and the second magnetization peak (SMP)

Figure 3 shows selected isothermal M (H) curves, measured in zfc mode at various temperatures below T, down to

2 K. The symmetric behaviour of isothermal M (H) suggests the dominant role of bulk pinning for all samples under
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FIG. 2: (a-f) Temperature dependence of magnetization, M (T"), of BaFes_;Niz Ass pnictide superconductors measured in zfc

mode with H = 1 mT.
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FIG. 3: Isothermal magnetic field dependence of magnetization, M (H), for x = (a) 0.092, (b) 0.108, (c) 0.12, (d) 0.15, (e)

0.18, and (f) 0.065 BaFes_;NizAss pnictide superconductors, in field increasing and field decreasing cycle. Each sample show

the second magnetization peak feature below T, except the highly underdoped, x = 0.065 sample.



study. A clear signature of the SMP is observed for each doping content, except for the highly underdoped, x = 0.065
sample. The absence of SMP in x = 0.065 sample is might be due to the static antiferromagnetic long-range order,
which exists in low doped BaFes_,Ni Asy"". The onset and the peak position of the SMP are defined as H,,, and Hp
respectively. The magnetic hysteresis in the field increasing and field decreasing cycles of the M (H) vanishes at higher
fields, defined as the irreversibility field, H;,,. Interestingly, in slightly underdoped composition, x = 0.092, the SMP
is smeared out below 5 K. This is called faded SMP, as seen in Fig. 4 (a). To confirm this anomaly, we repeated the
measurements on another crystal with same x content (same T,) and observed the same behaviour. Similar anamolous
behaviour has also been observed in Bi-Sr-Ca-Cu-O single crystal, where, the SMP was only observed in a temperature
range of 20-40 K below T, ”"". In contrast to that, a recent study on Bag 75K 25FesAss superconductor showed the
SMP only at temperatures below T../2 and vanished at higher temperatures

To investigate the origin of the SMP in BaFes_,Ni,;Asy, with x = 0.092 (slightly underdoped), x = 0.108 (slightly
overdoped), x = 0.15 (overdoped) superconductors, we performed magnetic relaxation, M (t) at selected temperature
and magnetic field values for ~ 90 minutes in the lower branch of the M (H) curves. In Fig. 4 (b), magnetic relaxation
results are shown for x = 0.092 at 7' = 5 K. A circle in Fig. 4 (b) highlights the initial 15 seconds of relaxation, which
corresponds to ~ 40 % of the total magnetic relaxation in a period of 90 minutes of measurement. This feature is
observed in all samples under investigation and is also found in a recent study on Bag 75K o5FesAsy””. All magnetic
relaxations follow the usual logarithmic behaviour with time, |M| ~ log(¢) and the plots of In|M| vs Int allowed us to
obtain the relaxation rate, R = -dlnM /dInt.

Figure 5 shows the relaxation rate as a function of magnetic field for samples with x = 0.092, 0.108, 0.15 and 0.065.
For each Ni content, a peak in R(H) associated to the SMP is observed in each curve. A similar feature has also
been observed in the SMP study of Co-doped BaFe;Asy and explained in terms of the vortex-lattice structural phase
transition””’?. It is worth mentioning the absence of peak in R(H) for x = 0.065 sample, which do not show the
SMP.

The characteristic magnetic fields associated with the SMP, H,,, and H,, H;.,, and H,, are shown in Fig. 6 with
H,, and H, lying far below the H;,, line. It should be noted that the behaviour of the temperature dependence of
H),, is different in x = 0.092, compared to the other samples used in this study. It should also be noted that H,, lies in
between the H,, and H, lines as previously observed in the case of Co-doped BaFeyAsy“”°~. Since, the peak position,
H,,, in H-T phase diagram varies with temperature in a similar way as observed for Ba(Feqg.go5Co0g.075)2A82°", we

suggest that this behaviour might be associated with the vortex-lattice structural phase transition in the present
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FIG. 4: (a) Isothermal M (H) for BaFes_;NizAs2, x = 0.092 sample at some selected temperatures, where, below T = 4 K,
the SMP feature smeared out. (b) Isothermal M (H) at T'= 5 K with magnetic relaxation data measured for selected magnetic

fields. The circle highlights the rapid magnetic relaxations for first 15 seconds.
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FIG. 5: Magnetic field dependence of relaxation rate, R = -dlnM /dInt, for BaFes_,NizAso, x = (a) 0.092, (b) 0.108, (c) 0.15
and (d) 0.065 samples. Each sample shows the clear peak structure in every isothermal R(H), except x = 0.065 sample, which

also does not show the second magnetization peak feature.



FIG. 6: The H-T phase-diagram for x = (a) 0.092, (b) 0.108, (c) 0.12, (d) 0.15, (e) 0.18, and (f) 0.065 samples. The

characteristic fields, Hon, Hp, Hirr, and Hy, are well explained in the text.

study. However, it is argued that such vortex-lattice structural phase transition may be followed by a crossover in
creep behaviour”>*”»

Figure 7, shows the temperature dependence of the relaxation rate, R(T'), for x = 0.108 and 0.15 measured with
different magnetic fields. Each isofied R(T"), for both samples, shows a clear change of slope at T,,.. Interestingly, T,
values obtained from Fig. 7 (a)-(d) are well matched with the H, line in the H-T phase-diagram suggesting that a
pinning crossover is responsible for the SMP. A peak behaviour observed simultaneously in isofield R(T) and R(H)
has been argued as a possibility for a vortex-lattice structural phase-transition in different superconductors® """’
but in the present case the peak positions of R(H) and R(T) do not match. As we see in Fig. 5, each isothermal
R(H) shows a peak behaviour, however, the isofield R(T") shown in Fig. 7 (a-d), only show a change of slope and do
not exhibit a clear peak structure.

We exploited the temperature dependence of the relaxation rate, R(T'), to obtain the activation energy (U* = T/R),
and plotted it in Fig. 8 as a function of the inverse current density, 1/J, where J is obtained using the Bean’s critical
state model, as discussed later. A U*wvs.1/J plot has been extensively used to investigate the vortex dynamics in

pnictide superconductors’’>*#7%*%  To relate the activation energy (U*) with the critical current density (J.), we
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FIG. 7: Temperature dependence of relaxation rate, R = -dlnM /dlnt, for BaFes_;NizAss, x = (a, b) 0.108 and (c, d) 0.15
samples. Each isofield R(T") shows a crossover in slope, which is defined as Te-. The crossover in the slope suggests the crossover

in pinning behaviour and is apparently related to the second magnetization peak (Hp) in the sample.
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FIG. 8: Activation energy (U* = T/R) as a function of the inverse current density (1/J) for BaFe;_,Ni,Asz, x = (a) 0.108
and (b) 0.15 samples. For both samples, value of the parameters (¢ and p) in each curve suggests the elastic to plastic pinning

crossover and the crossover point is well matched with the Hp,.
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FIG. 9:  Variation of activation energy (U) scaled with a function, g(T/T.) = (1 — T/T.)'5, is plotted as a function of
magnetization (M), for BaFes_;NizAsz, x = (a) 0.092, and (b) 0.15 samples. Each scaled curve follow the power law behaviour.
Inset of each panel shows U(M) before scaling by g(T/T.) function. Similar results are also observed for x = 0.108 sample (not

shown here).

used an expression from the theory of collective flux creep’’, U* = Uy(J./J)*, where, u and J. depend on the
dimensionality and size of the flux bundles under consideration'’. Using this expression, the exponent pu may be
obtained by double logarithmic plot of U* vs. 1/J., which is shown in Fig. 8 (a) and (b) for x = 0.108 and 0.15
samples respectively. For a 3-dimensional system, the predicted values of exponent u are reported as 1/7, 3/2 and
7/9, for single-vortex, small-bundle, and large-bundle regimes, respectively'’>"”. However, the obtained p values for x
= 0.108 are 1.1 and 0.59 for H=15 and 25 kOe and u for x=0.15 are 0.8 and 2.7 for H = 8.5 and 15 kOe respectively
(see Fig. 8 (a), (b)). These p values are different than the predicted ones, as found in other studies on several
superconductors™ =7 . Similarly, values of he exponent (p) at higher temperature side (low J) is also found to
be different than the predicted value for plastic creep (p = 0.5)”"*. Although, the observed exponents in Fig. 8 (a,b)
are different than the expected values, the plots of U* vs. 1/J in the present study suggest a crossover in the pinning
mechanism is responsible for SMP.

In order to confirm a possible pinning crossover, observed in Fig. 7 and Fig. 8 for R(T") and U*(1/J) curves
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FIG. 10: Activation energy (U) scaled using the theory of collective flux creep is plotted as a function of magnetization (M)
in panles, (a)-(c)for x = 0.092 and panels (d)-(f) for x = 0.15, in different magnetic field regimes (see text). Each sample shows
the collective (elastic) to plastic creep crossover. Each inset shows the U vs. M without scaling in different magnetic field

regimes. Similar results are also observed for x = 0.108 sample (not shown here).

respectively, we plotted the activation energy, U, of the, x = 0.092, and 0.15, samples, as a function of magnetization,
M, by invoking the method developed by Maley et al”” (Similar results are observed for x = 0.108, but the not shown
here). Such methodology has been widely used to investigate the vortex dynamics associated with SMP in different

iron pnictide superconductors”’»”'7%2%2%°Y "and is expressed below.

U = —Tin[dM(t)/dt] + CT, (1)

where C is a constant which depends on the hoping distance of the vortex, the attempt frequency and the sample
size. The activation energy as a function of magnetization is plotted in Fig. 9 (a, b) for x = 0.0.092 and x = 0.15

samples respectively. The insets in Figs. 9 (a, b) show the U vs. M curves for x = 0.0.092, and 0.15 samples using



12

C = 16, 25, 15 respectively. Similar values have been previously reported”*°">"°. The U vs. M curves for each
sample, as shown in the insets figures, do not show a smooth behaviour. The curves showing a smooth power law
behaviour are obtained after divided U by g(T/T.) = (1 — T/T.)', as suggested in Ref.”’ and verified in numerous
studies’*%?%"". The smooth curves of U/(1 — T/T,)'® vs. M are shown in each main panel of Fig. 9. The values
of the parameter C' used in Fig. 9 are employed to extract the activation energy from the magnetic relaxation data
in different field regimes, such as, H < Hoy,, Ho, < H < Hp and H > H),, in order to investigate the SMP behaviour
in x = 0.092, 0.108 and x = 0.15 samples (Results for x = 0.108 are not shown here).

To demonstrate the origin of the SMP in a series of BaFes_,Ni, Asy, we plotted the activation energy as a function
of magnetization, U(M), shown in the inset of each panel of Fig. 10. For x = 0.092, and 0.15 samples, the U (M)
curves were plotted for T' = 6 K, and 3 K respectively in three different magnetic field regimes. These U(M) curves

were analyzed in terms of the theory of collective flux creep’ ", in which, the activation energy is defined as-

U(B,J)=B"J "~ H' M~ ", (2)

where, the exponents v and p depend on the specific pinning regime. According to the collective creep theory, the
activation energy (U) increases with the magnetic field (H) and if the activation energy decreases with increasing
magnetic field, it is suggestive of plastic creep behaviour’. Therefore, in equation 2, the positive value of v suggests
a collective creep mechanism and similarly, a negative value indicates plastic creep”"’. In order to examine the
collective (elastic) to plastic creep crossover in the samples, we scaled U with H” for each sample under investigation
in different magnetic field regimes for different values of v, as shown in Fig. 10. The positive and negative values of
the exponent v in H,, < H < H, and H > H, magnetic field regions for each sample (x = 0.092 and 0.15), clearly
demonstrate the collective (elastic) to plastic creep crossover as the origin of SMP in BaFey_,Ni, Aso. Similar, elastic
to plastic creep crossover is also observed for x = 0.108 sample, as the origin for SMP, but results are not shown here.
In Figs. 10 (a), and 10 (d), the scaling of U vs. M curves for H < H,, also shows the negative value of v which would
indicate the unphysical plastic creep nature. However, such behaviour is observed in other studies and has been well
explained in terms of single vortex pinning (SVP)”?:*#7%°Y The crossover from SVP to collective creep renders a

peak at H,,, which is entirely different in nature than the SMP at H,,.
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B. Critical current density and pinning behaviour

The magnetic field dependence of critical current density, J.(z), at T = 2 K, for each Ni content is shown in
Fig. 11 (a). Bean’s critical state model” is exploited to extract the J., using, J. (A cm~2) = 20AM /a(1 — a/3b),
where, AM (emu cm~3) is the difference between the upper and lower branches of the isothermal M (H) curves and
a, b are the dimensions of a rectangular shaped sample (¢ < b in cm) perpendicular to the applied magnetic field
direction’*””. The critical current density (J.) in iron-based superconductors is quite important for their potential
use in technological applications””"". The maximum, J, ~ 2 MA /ecm?, is observed for the slightly underdoped sample,
x = 0.092, in the zero field limit at 7" = 2 K. On the other hand, for overdoped compounds (x = 0.108, 0.12, 0.15),
J.. is found to be higher than the threshold limit for technological application (~ 10° A/cm?) in the zero magnetic
field limit, even at liquid helium temperature (7' = 4.2 K). For further Ni doping, x = 0.18, J,. decreases to the 10*
A/em? order of magnitude. It is found that the J. corresponding to the optimal doping (x = 0.1)”%"" is smaller
than the slightly underdoped (x = 0.9) regime”®, as has been also observed in the case of Ba;_,K,FesAsy””. The
J.. values above 10° A/cm? in overdoped samples and even more than 1MA /cm? in slightly underdoped compound
makes BaFey_,Ni,Ass a potential candidate for application purpose

Figure 11 (b) shows the behavior of J. as a function of Ni content (x) measured at T = 2 K for different magnetic
field values. It is interesting to see that J.(x) shows a spike like behaviour at x = 0.092 for each curve plotted for H
= 10 kOe, 50 kOe, 80 kOe. Interestingly, the J.(z) curve shown in Fig. 11 (b) is distinctively different than the T.(z)
plot presented in Fig. 11 (c) which shows a broad dome like behaviour' "' instead the spike like peak shown in Fig.
11. Such behaviour between J.(x) and T.(z) was also seen by Song et al, in Ba;_,K,FesAss

To investigate the pinning behaviour in BaFes_,Ni, As,, we estimate the pinning force density using, F'p = J. x H,
where, J. is the critical current density and H is the magnetic field. The normalized pinning force density is plotted
as a function of reduced magnetic field (h = H/H;,) in Fig 12 (a-f) and is analyzed using the model developed by
Dew-Hughes””, which has been widely used in many other studies’”>”"-°Y:°*. The magnetic irreversibility field (H,..) is
extracted by considering the magnetic field value where J. < 50 A /cm?, below which the J,. decreases to the noise level.
The scaling of the normalized pinning force curves shows a single peak for each sample under study. However, a close
inspection of the scaled curves for different T show a slightly poor scaling for x = 0.108, 0.12 and 0.18 samples, with
two nearby peaks, as shown with arrows in Fig. 12 (b), (c) and (e). On the other hand samples with x = 0.092, 0.15
and 0.065 shows a good scaling with only one peak (see Fig. 12 (a), (d) and (f)). A peak behaviour of the scaled curve

of pinning force suggests a single dominating pinning behaviour, which may be described in terms of a mathematical
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doping (x) contents in BaFez_;NizAss superconductors. (b) Critical current density at 7' = 2 K plotted as a function of Ni
content (x). The maximum in J.(x) corresponds to x = 0.092. (c¢) Doping dependence (x) of the superconducting transition

temperature (7). Peak in T¢(x) corresponds to the x = 0.108, however, the optimal doping for BaFe;_;Ni,; As, superconductors

isx = 0.1

expression, Fy,/Fp_mes = A(h)P(1 — h)4, where, A is a multiplicative factor, Fj_,,q, is the maximum pinning force
density at constant temperature, the parameters p and g provide the details about the pinning mechanism and the
peak position is defined by p/(p + ¢)"">*“. This expression was used to fit the scaled pinning force data shown in Fig.
12 (a-f), where, the solid line represents the fitting. The obtained parameters A, p, ¢ and the peak position p/(p + q)
for each sample are presented in the table I.

It is known from the Dew-Hughes model that the high value of the peak position (A > 0.33) is an indication of
dominant §7, pinning and peak position lower than, h = 0.33, suggests the dominant role of §/ pinning and point like
pinning centers~"°"""»"= Therefore, the peak positions shown in table I indicates the §/ pinning behaviour for almost
all investigated samples. However, for x = 0.065 (highly underdoped), the peak position is found to be 0.12, which
is quite smaller than the overdoped and nearly optimaly doped samples. This scenario suggests that the pinning

behaviour in overdoped and underdoped regimes are quite different in nature. It is to be noted that the peak position
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FIG. 12: The normalized pinning force density (Fp/Fp—maz) as a function of reduced magnetic field, h = H/H;, for for x =
(a) 0.092, (b) 0.108, (c) 0.12, (d) 0.15, (e) 0.18, and (f) 0.065 samples. For each sample, data collected at different temperatures
scaled to a single curve and the solid line is fit to the scaled curve using, f, = A(h)?(1 — h)%, where, the parameters p and ¢

defines the pinning characteristics of the sample.

of the scaled pinning force curves is found at A ~ 0.3 in the study on a slightly underdoped, x = 0.09 sample™®. In
other studies of optimally doped samples (x = 0.1), the scaled pining force curves show h > 0.4°7"" which would

)

suggest the 07, pinning. However, Ref.”” suggests the dominance role of §7, pinning in the sample, whereas, Ref.”"
claims a strong signature of dl-type pinning. As we know the peak position in the scaled pinning force curves is
dependent on the value of irreversibility field, H;.., and based on the criterion to chose the Hj,., one may get a
smaller or larger value of peak position (h). This shows that a method based on the peak position to describe the
pinning mechanism is not robust enough. Therefore, we used the another approach to clear the ambiguity between
the 0l and §T,.-type pinning in Ni-doped 122 superconductors.

In order to explore the nature of pinning in a series of BaFe;_,Ni, Ass superconductors, we investigate the tem-
perature dependence of J. at different magnetic fields and used the model developed by Griessen et al®. In this

model, the pinning due to the spatial variation of the charge carrier mean free path, él, and the spatial variation of

the superconducting transition temperature, 67,, have been described as, 61 (J.(t)/J.(0) = (1 — t2)%/2(1 + t2)~1/?)
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TABLE I: Parameters obtained by fitting the expression, Fp/Fp—maz = A(Rh)P(1 — h)?, to the experimental curves Fp/Fp—_max

vs. h

Samples A p ¢ p/(p+q)

x = 0.092 17.3 1.3 3.6

x = 0.108 25.4 1.5 3.8

x =0.12 24.5 1.4 4.0

x =0.15 35.1 1.7 3.9

x=0.18 18.2 1.2 44

x = 0.065 6.4 0.6 4.5

0.26

0.28

0.26

0.3

0.22
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J(TY (2K)

FIG. 13: The normalized critical current density, J./J:(0), as a function of reduced temperature, 7'/T. for x = (a) 0.092, (b)

0.108, (c) 0.12, (d) 0.15, (e) 0.18, and (f) 0.065 samples. The solid lines present the 6! and 67, pinning models. Each sample

shows close resemblance with the §l-type pinning mechanism.

and 8T, (Jo(t)/J.(0) = (1 — t*)7/6(1 + ¢)>/%). This model has been widely accepted to investigate the nature of

vortex-pinning in superconductors””"”. Figure 13 (a-f), shows J.(T)/J.(2K) vs. T/T. plots at different constant H

and suggest the close resemblance with the §l-type pinning mechanism in all six samples under study. This result is

consistent with the observation by Shahbazi et al”'. Bitter decoration patterns on optimally doped and overdoped,
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BaFe;_ . Ni,Assy, show a highly inhomogeneous including large and small-scale stripe-like vortex patterns™ preferably

due to the dominant role of §lI-type pinning.

IV. SUMMARY AND CONCLUSION

In summary, we studied a series of high quality BaFes_,Ni, Aso, pnictide superconductors to investigate the doping
dependence of the SMP, critical current density and the pinning characteristics. The SMP feature is observed in all
samples except in a highly underdoped one, x = 0.065. Interestingly, for x = 0.092, the SMP feature is not prominent
at low temperatures but is clearly visible above T' = 5 K. Temperature dependence of the relaxation rate, R(T"), suggest
a pinning crossover, whereas, it’s magnetic field dependence, R(H), at different isothermals shows a peak structure.
The peak position in R(H), Hg, lies in between the characteristic fields H, and H,, associated with the SMP. In
reference with other studies, such behaviour is described in terms of vortex-lattice structural phase-transition, which
is followed by a pinning crossover. In order to confirm the pinning crossover, magnetic relaxation data was used to
extract the activation energy (U) and was analysed using Maleys method and collective pinning theory. The analysis
unambiguously shows the collective (elastic) to plastic creep crossover as the origin of the SMP in Ni-doped BaFes;As,y
superconductors. Such pinning crossover may be accompanied with a vortex-lattice structural phase transition below
H,. The critical current density (J.) estimated using the Bean’s critical state model is found to be larger than the
threshold limit (> 10° A/cm?) considered for the technological relevance and even exceeds 1 MA /em? for x = 0.092
sample at low temperatures. However, for highly overdoped (x = 0.18) and underdoped (x = 0.065), the observed
J. is lower than the threshold limit. The pinning behaviour in the samples is analyzed by plotting the normalized
pinning force density (F,/Fp—maz) as a function of reduced magnetic field (h = H/H,,,), which suggests the point
like pinning centers in the samples. The plot of reduced temperature (7'/T.) dependence of the normalized critical
current density (J.(T')/J.(2K)) suggests that the pinning in the sample is related to the variation of the charge carrier

mean f{ree path (§l-type pinning).
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