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Abstract
TheY1-xNixBa2Cu3O7-δ superconducting samples with low level ofNi concentrationwere prepared by
the standard solid-state reaction. TheAC susceptibility,magnetoresistivity, microstructure and the
critical current density, Jc, of samples as a function of temperature,magnetic field andNi doping are
investigated. TheAC susceptibilitymeasurements show that the displacement of the peak temperature
Tp of the imaginary part of the susceptibilityχ″ versusmagnetic fieldwas reduced strongly byNi
doping up to an optimum level, which shows the increasing offlux pinning byNi doping. The Jc of
samples was derived fromAC susceptibility utilizing the Beanmodel. It shows an increasing in Jc byNi
doping, at any temperature ormagneticfield, consistent with the results of Jcmeasurements. The
magnetoresistancemeasurements were carried out undermagnetic fields up to 1 T and explained by
TAFCmodel. Utilizing thismodel, the vortex dynamic behaviour and the activation energyU (H) of
the compound are investigated.We found that theU (H) increases and the resistive broadening is
strongly reduced byNi doping. The SEMmeasurements show that the grain sizes are clearly increased
and the grain connections are improved byNi doping. The results of all the observations taken from
differentmeasurements are consistent together and indicate theNi doping has an effective role to
improve the intergranular coupling andflux pinning.

1. Introduction

YBa2Cu3O7−δ (Y-123), the first discovered superconductor with critical transition temperature,Tc, higher than
the boiling temperature of liquid nitrogen, has grownwidely in industry and applications [1, 2] due to its highTc.
However, due toweakflux pinning, this high temperature superconducting (HTSC)material has limitations
[3–5]. After the discovery ofHTSC, various efforts have been carried out to increase the value of the critical
current density, Jc, in thesematerials. It is well known that, by eliminating fluxmotion, the Jc increases.Many
experimental efforts have beenmade to study the relationship between the dissipative fluxmotion and theflux
pinningmechanisms. They have proposed some reasons such asflux linemelting [6, 7], thermally activated
phase slip (TAPS) [8], fluxflow [9] and thermally activatedflux creep (TAFC) [10] for vortex dynamics. On the
other hand, the complex vortex dynamics, poorflux pinning andweak intergrain links aremajor limiting
factors. Substitutions like oxides [11–13], nanoparticles and carbon nanotubes (CNT) [14, 15] andmetals
[16–21] in cuprates have enhanced their prospectus for promising applications. It is found that Y in Y-123
system could be replaced by almost all the rare earth (RE) (Gd,Ho,Nb etc) elements [16–18]. Doping ofGd [16],
Ho [17], Nb [18] and composites withNiO [11], graphene [14], Au [19], graphene oxide [22] have resulted in the
enhancement offlux pinning. Also, substitution of nonmagnetic andmagnetic elements such as Zn andNi, for
Cu site in Y-123,modify the flux pinningmechanisms in the compound then led to Jc increasing. However, to
have high Jc through these kind of doping it needs a large amount of doping to addwhich led to strong
suppression ofTc. It is believed that these impurities sit on theCu of theCuO2 plane and reduceTc strongly. In
spite ofmany efforts to reduce the dissipative fluxmotion and to increase Jc inHTSChowever no clearway has
emerged yet.
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Here, we have investigated a possible way to improveflux pinning in Y-123 by substitution of very low
concentrations ofmagneticNi element for the Y site.We study themagnetic susceptibility,magnetoresistivity,
microstructure and the critical current density of Y1-xNixBa2Cu3O7-δ compound as a function of temperature,
magnetic field andNi doping to investigate the vortex dynamic behaviour, pinning forces and intergranular
coupling in theseHTSCmaterials.We found that by substitution of a low amount ofNi forY atom (0.4%), the
flux pinning, the grains coupling and the critical current density increase strongly, which is an efficient way for
the technological application.

2. Experimental

TheY1-xNixBa2Cu3O7-δ samples with x=0.000, 0.002, 0.004, 0.006, 0.008, 0.010 and 0.020 have been prepared
by a solid-state reactionmethod.High purity powders of Y2O3, BaCO3, CuOandNiOweremixed according to
exact stoichiometric amounts. The aforesaidmixture was thoroughly ground and calcined in air at 840 °C for
24 h and then cooled down slowly to room temperature. The calcinationwith intermediate grindingwas
repeated twice. After final calcination the powder product was pressed into pellets under a pressure of 40 bar. In
order to obtain the fully oxygenated samples, the pellets were sintered in the presence of pure oxygen flow at
950 °C for 24 h [23]. The samples have the rectangular shapewith dimension of 10×2×1.3mm3.

The powder x-ray diffraction of the samples was taken usingCuKα radiation. The Rietveld analysis of XRD
of all samples was performed using Fullprof program. The results showed that all the samples are crystallized in
single phase, having an orthorhombic structure with a space groupPmmm and no detectable impurity
phases [24].

The electrical resistivity andmagnetoresistancemeasurements were carried out by aDC four-probemethod
over the temperature range 20–300 K. The appliedmagnetic fieldwas from0 up to 1 T. The applied current was
10 mA. TheACmagnetic susceptibilitymeasurements were performed using a Lake Shore AC Susceptometer
Model 7000. TheACmagnetic field,HAC, was in the range 0.8–800 Am−1 with a frequency of 333 Hz, in the
temperature range 77–100 K. The transport critical current density wasmeasured using the four-probe
technique at 77 K. The SEM images of the samples were taken using a Philips XL 30 Scanning Electron
Microscope.

3. Results and discussion

3.1. AC suseptibilty
ACmagnetic susceptibility ismade of two parts (χ′,χ″), real part,χ′, and imaginary part,χ″. The real part,χ′, is
ameasurement of themagnetic shielding generated by supercurrents or ameasure of flux penetration into the
sample, while the imaginary part,χ″, is ameasure of the energy dissipation and the power losses in thematerial.
Figure 1 shows the temperature dependency of the real,χ′, and imaginary,χ″, parts of AC susceptibility for all
Y1-xNixBa2Cu3O7-δ samples at different ACfield amplitudes, HAC=0.8, 200, 400 and 800 Am−1. By lowering
the temperature, the real part shows a transition fromnormal state to the diamagnetic superconducting phase, at
a transition temperature consistent withwhat is reported in the literatures. Also, looking at the imaginary parts,
it can be seen from the curves that the peak ofχ″ shifts to lower temperatures and also broadenswhen the
magnetic field increases (see figures 1(a) and (b), for example). The strength of the shift and broadening ofχ″
peak as a function offield amplitude is proportional to the strength of the vortex pinning force in the compound
and is due tofield penetration and the hysteretic losses for themotion of Abrikosov vortices between the
grains [25].

Moreover, the shift and the broadening of the peak is reduced, byNi doping up to the optimumdopant,
x=0.004,figure 1(c). Figure 1(c) shows the strength of the shift of imaginary peak in Y0.996Ni0.004Ba2Cu3O7-δ

sample is too small andmuch less than in all other samples with differentNi-dopant concentrations. By
increasing ofNi doping above 0.4%, the displacement of the peak and the broadening increase (see figure 1(e) for
x=0.02 sample).

Infigure 1(f), the variations of the imaginary peak temperature,Tp, as a functionofACmagneticfield amplitude
HAC, for all samples, have beenplotted.Tp is the temperaturewhere the imaginary peak appears, at each appliedfield
amplitudeHAC; See arrows infigure 1(a). For example, forY-123 sample,Tp∼90.3 KatHAC=0.8 Am−1. Each
plot for each sample infigure1(f) shows that by increasingfield amplitude, theTp is shifted to lower temperatures,
due to thefluxmotion.Also, it shows that the rate of theTp shift as a functionoffield amplitude is reducedbyNi
doping, up to theoptimumlevel (x≈0.004); for x=0.004 sample, all imaginarypeaks, related to each appliedfield,
appear at one temperature point and shownearly oneTp,figures 1(c) and (f). These observations suggest that the
pinning force and the intergranular couplinghave improvedbyNidopingwhichwould lead to an increase in the
critical current density of the sample too (see below).
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Themeasurement of AC susceptibility is widely used as a powerfulmethod for characterization of the
intergrain behaviours and critical current density concerning theweak links [26] inHTSC. It gives useful
information on the vortex pinning force,magnetic losses and fluxon dynamics [25, 27]. There are somemodels
for interpreting AC susceptibility data, such asClem [28], Kim [29], single-loop (or surface-sheath) [30, 31],
Peterson andEkin [32, 33], and the critical state Beanmodel [27, 34, 35]. The lattermodel ismost used for
estimating the critical current inHTSC [36].

Figure 1.Temperature dependence of the ACmagnetic susceptibility of Y1-xNixBa2Cu3O7-δ sampleswith (a) x=0, (b) 0.002,
(c) 0.004, (d) 0.006 and (e) 0.02, in various ACfield amplitudesHAC=0.8 , 200, 400, 800 A m−1. The position of the appeared
imaginary peak at eachfield is calledTp, shown by arrows in (a). It is clearly seen that theTp is shifted to low temaperatures and
the peak becomes broaden by increasing field amplitude. Also, the shift and the boadening of the peak is reduced, byNi doping
up to the optimumdopant, x=0.004 (c). The degree of shift of the peak is lowest for x=0.004 sample (optimaly doped sample (c)).
Above the optimal dopant, the shift and the broadening increase (d), (e). (f) Field amplitude dependenceHAC of the peak temperature
Tp in Y1-xNixBa2Cu3O7-δ (x=0, 0.002, 0.004, 0.006 , 0.002). For each sample, theTp is reduced by increasing ofHAC. By incresaing of
Ni doping up to x=0.004, the rate ofTp reduction versusHAC becomes stronglyweak (see red data for optimally doped sample
x=0.004;Tp is nearlyfield independent (f)). The amount of theTp shift as a function of the appliedfield amplitude is proportional to
the strength of the pinning force in the sample.
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In order to analyse the AC susceptibility data and to obtain the temperature dependence of the intergranular
critical current density, we utilize the Beanmodel, for bar-shaped samples [35]:

=
ab

J
H

1c
AC

1
2( )

( )

where 2a×2b, a<b, is the cross section of the rectangular bar-shaped sample, HAC is the amplitude of the
appliedACfield and Jc is the intergranular critical current density atTp. The Beanmodel use the observed values
ofχ′ andχ″, atTp, to determine the intergranular shielding currents. The theoretical treatment of themodel
involves discussion of the Lorentz force on vortices that is proportionate to the product of the current and the
localfield at that point [27].

Figure 2 shows the temperature variation of the calculated Jc by equation (1), for all the samples. It is obvious
that the Y0.996Ni0.004Ba2Cu3O7-δ sample has higher Jc than that of other samples (at each temperature point); see
red data for x=0.004 sample infigure 2. For example, Jc is 50 A cm−2 atT=86 K for pure sample (black data
for x=0.0 infigure 2). However, at the same temperature, it would be too large for 0.4%Ni-doped sample (red
data infigure 2). Xu et al [37] andZhang et al [38] inGdBa2Cu3O7-δ/magnetic powder, Lau et al [39] in BiSCCO/
nanorod Fe2O3 composite and El-Aziz et al [40] in YBCO/NiO composite were reported an increasing in Jc and
in the strength of pinning.

3.2. The resistivity
Another prominentmethod to studyHTSC is to investigate the electrical resistivity transition under applied
magnetic field. The resistivity transition, due to granular nature of cuprates [13], ismade of two parts [41, 42].
Thefirst part, near the onset of superconductivity, is due to superconductivity in grains. Another broadened part
is observed along the tail of transitionwhich is attributed to the coupling between grains. This resistive
broadening undermagnetic field can be interpreted by some differentmodels, such asflux linemelting [6] and
TAPS [8], TAFC [10],flux entanglement [43]. TAPSmodel was described by the Ambegaokar andHalperin [8]
theory. It was used to describe the observed broadening in the resistance curves of granular YBCO [44, 45],
BSCCO [46], GdPrCa-123 [23] andTmBa2-xPrxCu3O7-δ [47].Most authors [48, 49] pointed out that the TAFC
model can describe the broadening of superconducting transition. Thermally activated flux creepmodel
explains the percolation nature between grains and the broadening behaviour in the low-resistance region near
Tc0 (ρ=0) (when the pinning force dominates, U? kBT) [41, 42, 50], while thefluxflow regime appears near
the onset transition temperature, whereU≈kBT. According to TAFCmodel, the resistivity data in the
broadening tail part can be described by theArrhenius relation (see below).

The electrical resistivity of samples wasmeasured versus temperature and under appliedDCmagnetic field.
The normal state resistivity is unaffected by the appliedmagnetic field. In fact,magnetic fields up to 1 T are too
weak to affect the normal state of YBCO.

Figure 3(a) shows ρ(T) of Y0.996Ni0.004Ba2Cu3O7-δ sample, for instance, underH=0, 0.3, 0.6 and 1 T. By
application ofmagnetic field a broadening is appeared in ρ(T) at low temperatures where ρ(T) goes to zero. This
broadening is strong in pure sample and decreases withNi doping up to the optimal dopant [51]. The smallest
broadening is observed in the optimally doped sample (x=0.004) (figure 3(a)).

Figure 2.Temperature dependence of the intergranular critical current density Jc of Y1-xNixBa2Cu3O7-δ samples. Jc is derived from
figures 1(a)–(e) and using the Beanmodel and utilizing equation (1). By considering of a vertical guide line at each temperature point,
it is clearly seen by increasing ofNi concentration up to x=0.004, the Jc increases and the 0.4%doped sample has the highest Jc
among all samples. Above the optimally doped, Jc reduces (see x=0.02 sample).
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The broadening of superconducting transition under appliedmagnetic field can be analysed in terms of
activation energy of vortices, according toArrhenius equation [52]:

r r= -T, H exp
U H, T

Tk
20

B

⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )

Figure 3. (a)The electrical resistivity versus temperature at various appliedmagnetic fields: H=0, 0.3, 0.6 and 1T, in
Y0.996Ni0.004Ba2Cu3O7-δ sample. By increasingmagneticfield, a resistive broadening is appeared at low temperatures nearTc (ρ=0).
This broadening is smallest in x=0.004 optimally doped sample [51]. Fitting of the low temperature broadening part within TAFC
model, shown in (b)–(f), give good information about the vortex dynamic behaviour in the compound. (b)–(f)The logarithmof
resistivity versus 1/T is plotted (Arrhenius plot), for Y1-xNixBa2Cu3O7-δ samples with x=0, 0.002, 0.004, 0.006, 0.002. The slope of
the linearfitting part, shown by solid lines on the data, is proportional to the activation energy of vortices (see equation (2)).
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where ρ0 is a field independent factor, kB is the Boltzmann constant andU is the activation energy. The resistive
broadening in the Arrhenius plot was explainedfirst by Palstra et al by considering dissipative fluxmotionwithin
theflux creepmodel [52]. The activation energy at different fields is extracted using standard technique by
plotting lnρ as a function of 1/T, see figures 3(b)–(f). TheU values are extracted by afitting procedure within a
temperature regionwhere lnρ versus 1/T shows nearly a linear behaviour, which is shown by the solid lines in
figures 3(b) to (f). Solid lines are the results of linear regression analysis and the slope is proportional to the
magnetic field dependence of the activation energy, U (H). The extractedU (H) for Y1-xNixBa2Cu3O7-δ

(x=0.00, 0.002, 0.004, 0.006, 0.02) samples is shown in table 1.
Table 1 indicates two points. First, the activation energy, U (H), is larger for all Ni-doped samples, in each

appliedmagnetic field, compared to pure YBCO.Also, it is largest for the sample with x=0.004, nearly
2660 meV atH=0 T, four times larger than of the pure sample (U (0)=668 meV). It is interesting that in
other appliedmagnetic fields the activation energy in the x=0.004 sample is 10 times larger compare to the
pure sample ones (for example, atH=1 T,U (H) is 30 and 300.8 meV for pure and x=0.004 samples,
respectively, see table 1). Thismeans the flux pining gets strongerwithNi doping up to the optimumdoping
(x=0.004 sample). The value ofU (H) has been reported nearly 300 meV to 100 meVunderH=0.3 to 4.5 kG
inGd123 [53], 350 meV to 200 meVunderH=0.3 to 4.5 kG inGdBa2Cu2.95Ru0.05O7−δ [53], 400 meV to
100 meVunderH=0 to 1 T in YBCO+4%BZO [13] and 2400 meV to 400 meVunderH=0 to 1 T in YBCO
+%15Ag [54].

Second, looking at themagnetic field dependence of the activation energy, U (H) drops by increasing
of H (table 1). The variation of pinning energy versusmagnetic field can be represented with a power law
relation:

~ b-U H H 3( ) ( )

where theβ power is a constant. It seems theβ value depends on the different type of defects andweak links in
each compound [55]. As a result, we obtainedβ=0.35, 0.26, 0.24, 0.25 and 0.26 for Y-123, Y0.0998Ni0.002-123,
Y0.996Ni0.004-123, Y0.994Ni0.006-123 andY0.98Ni0.02-123, respectively. The power law dependency ofU (H) has
also been reported by others. Some authors have shown the value ofβ to be 0.5 in Y123 [44], 0.6 in the granular
composite of Y123/Y211 [45], 0.36 inGd123 [23], 0.35 inGdPrCa123 [23], 0.26 inGd0.85Ca0.15123 [23], 0.5 in
GdBCO thinfilm [56] and 0.60 in Y358 [57].

3.3. Critical current density
The critical current density of the samples wasmeasured at liquid nitrogen temperature, 77 K (called Jc measu).
Figure 4 shows potential difference as a function of current density, V–J, curves for samples with x=0.00,
0.002, 0.004, 0.01 and 0.02. Jc of the samples has been obtained by the extrapolation of the linear part of the
curves, where the linear extrapolation cut the horizontal axis; see dashed line on the top of x=0.004 data in
figure 4(a), for example. Figure 4(a) shows that the Jc increases byNi doping up to the optimumdoping. Then, by
over-doping, the Jc reduces, figure 4(b). Themeasured Jc values are summarized in table 1. Amore detailed
examination of table 1 tells us that the Jc andU (H) increase byNi doping up to x=0.004, whichmay be
attributed to the enhancement in the inter-grain connectivity. Themaximum Jc of 400 A cm−2 was obtained in
the optimally doped sample at 77 K (figure 4(a)), which is consistent with the derived Jc by Beanmodel (from the
susceptibilitymeasurements).

3.4. The SEMmeasurements
The scanning electronmicroscopic (SEM) images of sampleswith x=0.00, 0.004, 0.02 are shown in
figures 5(a)–(c). It is clearly seen that the optimally doped x=0.004 sample has better surface texture than pure

Table 1.The derived activation energyU (H)using TAFCmodel applied on the
resistivitymeasurements atmagneticfields m0 H=0.1, 0.3, 0.6 and 1 T in
Y1-xNixBa2Cu3O7-δ samples with x=0, 0.002, 0.004, 0.006, 0.02. Jc ismeasured
at 77 K (called Jc measu).

Y1-xNix-123

U

(0.1 T)
meV

U

(0.3 T)
meV

U

(0.6 T)
meV

U

(1 T)
meV

Jc measu

(77 K)
A cm−2

x=0.000 668 45.6 35.4 30 100

0.002 2620 149.8 221.5 180 300

0.004 2660 403.6 329.7 300.8 400

0.006 2536 317.3 293.1 229.6

0.020 1634 369.8 315.2 267.3 180
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sample and porosity level decreased strongly byNi doping; see figures 5(b) and (c). The grains with different sizes
are distributed in the samples. Fromfigure 5, it is observed that the grain size increases byNi doping too.
Increasing the size of grains is one of the effective ways tominimize the grain boundary area and increase the
coupling of superconducting grains and flux pinning. The observation ofmaximumgrain size for 0.4%Ni-
doped sample, around 11 μm, (figure 5(b)), is consistent with the observedmaximumactivation energy
(table 1), and themaximummeasured and estimated Jc (figures 2 and 4) for this optimally doped sample.
Increasing of the grain size byNi dopingmay be related to increasing of the unit cell volume by doping, where
the optimally doped sample has the highest unit cell volume, as was reported in [24].

Furthermore, figure 5(c) shows that in x=0.02 sample, the inter-grain connectivity is good (this also can be
confirmed and consistent with no observation of any extra kink or shoulder in susceptibilitymeasurements of
the same sample at low temperatures, see figure 1(e) at 0.8 Am−1). However, it has lower Jc compare to
x=0.004 sample. It seems themain key to increase Jc in 0.004 sample is theflux pinning by the doping. This
increasingwould have an optimum regarding to the doping. To note, in the literatures it has been also reported
that the Jc is proportional to the inverse of the gain size; the smaller grains would lead to higher Jc. In this view,
although, the x=0.02 sample has smaller grain size compare to x=0.004 one, but has lower Jc. This also
confirms themain key of the flux pinning by the doping.

Figure 4.Measured potential difference as a function of current density (Voltage–J) curves for Y1-xNixBa2Cu3O7-δ sampleswith
(a) x=0, 0.002, 0.004 and (b) x=0.004, 0.01 and 0.02. Jc of each sample is where the extrapolation of the linear part of the V-J curve,
cut the horizontal axis; see dashed line on the top of x=0.004 data in (a). (a)By increasingNi dopant to the optimumamount
x=0.004, Jc increases. (b)By further doping, Jc reduces.However, all Ni-doped samples have higher Jc than that of the pure sample.
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4. Conclusion

In conclusion, we have investigated themicrostructural and the flux dynamic behavior in superconducting
Y1-xNixBa2Cu3O7-δ samples, through SEM,ACmagnetic susceptibility,magnetoresistivity and the critical
current densitymeasurements.We have studied the variations of vortex pinning, grains coupling and the Jc as a
function ofNi substitution forY atom.We observe an increase in the pinning force and in the grains coupling by
Ni doping up to the optimumdoping 0.4%, through susceptibilitymeasurements. The temperature dependence
of the AC susceptibility has been analyzed by the Beanmodel and the variation of the Jc versus temperature and
dopingwas derived. It indicates that the intergranular critical current density increases withNi doping, which is
consistent with the results of Jcmeasurements. Themagnetoresistancemeasurements have been studiedwithin
TAFCmodel. The results of ρ (T, H) show themagneticNi element doping has a beneficial effect on the
intergranular coupling and the activation energy strongly. The SEManalysis shows the grain size and the grains
connectivity were improved byNi doping, consistent with the obtained results fromothermeasurements.

We suggest that a small amount ofNi (0.4%) doping for Y atom inY-123 compound could improve the
electrical properties of thesematerials for their applications. The present study investigates the response of the
critical current density of cuprates to the substitution ofmagnetic impuritywith very low concentrations and for
theY atom.

Figure 5. SEMmicrographs (scanning electronmicroscope) of Y1-xNixBa2Cu3O7-δ samples with (a) x=0, (b) 0.004, and (c) 0.02. It is
seen that byNi doping, the grain size is increased strongly and the optimally doped sample, x=0.004 (b), has the largest grain size,
around 11 μm.Also, porosity is reduced byNi doping and grains coupling increased. Themicrographs are shown in (Left) 5 μmand
(Right) 10 μmresolutions.
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