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Abstract
The primary contributions of this study are not only to explore the role of diffusion annealing temperature interval 650 to 
850 °C on the formation of effective electron–phonon coupling or cooper-pair probabilities (percentage of clusters in the 
superconducting path), densities of active and dynamic electronic states at Fermi energy level, stabilization of superconduc-
tivity in the homogeneous regions, overlapping of Cu-3d and O-2p wave functions and bond strengths in the crystal matrix 
of Ni surface-layered Bi-2223 polycrystalline ceramics, but also to determine the temperature-dependent diffusion fast-rate 
and required minimum activation energy for the diffusion of Ni foreign impurities into the bulk Bi-2223 superconducting 
crystal structure for the first time. The dc electrical measurement results obtained show that the optimum diffusion annealing 
temperature is found to be 700 °C for the penetration of optimum Ni concentration into the Bi-2223 crystal lattice so that the 
ceramic compound exposed to 700 °C annealing temperature exhibits the highest electrical and superconducting properties. 
In this respect, the material with the minimum electrical resistivity parameters of Δρ, ρ115K, ρres and ρnorm obtains the maxi-
mum superconducting characteristics of Tonset

c
, Toffset

c  and RRR. Accordingly, the annealing temperature of 700 °C promotes 
the Bi-2223 ceramics for usage in the engineering, electro-optic, industrial and large scale applications. At the same time, 
the diffusion coefficients [D = Doexp(E/kBT)] determined at annealing temperature ranging from 650 to 850 °C are observed 
to be much more significant at rather higher temperatures as compared to lower temperatures. The temperature-dependent 
Ni diffusion coefficient is determined to be D = 3.9707 × 10− 7exp[− 1.132 eV/kBT] for the Bi-2223 particulate solid mate-
rial. Namely, the diffusion coefficient is calculated to be about 3.9707 × 10− 7cm2 s− 1 when the required minimum activation 
energy for the introduction of heavy metal Ni ions to the bulk Bi-2223 crystal structure is computed to be about 1.132 eV, 
being one of the most striking points deduced form this work.

1 Introduction

Throughout the history of superconducting materials, the 
interest has enhanced constantly due to their own intriguing 
and developing properties as regards largely higher magnetic 

field and current carrying capacity, extremely small energy 
losses, dissipations and power consumption [1–3]. Type-I 
and type-II are accepted to be two fundamental classes for 
the superconducting compounds. The superconductivity 
era begins with the discovery of type-I materials while the 
high-temperature cuprates (type-II compounds) described 
as the ceramics are composed of the perovskite structures 
with the Cu–O2 consecutively stacked layers [4, 5]. Hence, 
the latter materials exhibit different phases with regard 
to the stacked layer numbers in the unit cell. The type-II 
compounds crystallize in the tetragonal crystal system 
except for the Y-based superconducting ceramic compound 
that obtains the orthorhombic crystal structure and Cu–O 
chains [6, 7]. It is another difference between the type-I and 
type-II compounds that the ceramic compounds with easier 
and faster phase formation, lower material cost and easier 
availability of the starting powders, environmental benefits, 
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inexpensive and innocuous chemical contents seem to be 
the focus of attention for the potential industrial applications 
[8, 9]. Moreover, the ceramic materials have easier been 
adapted to the application-oriented material science, indus-
trial, metallurgical, and technological as compared to the 
ordinary conductors and type-I superconductors. Similarly, 
the cuprates are promising candidates for the practical and 
engineering applications as a consequence of the consider-
able decrease in the weight and size of motor, generator and 
supporting equipment for the production processes [10–12]. 
Furthermore, the intrinsic optical, electronic and magnetic 
performances give a direct to the type-II ceramics for the 
usage in the theoretical modelling studies, electro-optics, 
heavy-industrial technology, future renewable energy sys-
tems and large scale application fields [13–17]. On the other 
hand, the fundamental usage problems (serious obstructions) 
such as the narrow operating temperature ranges, excessive 
brittleness towards the applied loads, sensitivity against the 
magnetic field and current as well as the inherit physical 
problems including the structural layers, default (random 
distribution) of the grain connectivity coupling, large pen-
etration depths low charge carrier densities, and short coher-
ence lengths limit the usage of type-II ceramic materials in 
the new applications of scientific and electric power equip-
ments [18, 19]. Different production procedures such as the 
change of preparation materials and conditions (dopant type/
quantity, composition, operational procedure, calcination/
annealing ambient environment, heat-treatment including 
pressure, time and temperature) and the altered crystalline 
structure by the chemical doping/substitution/addition into 
the system, transition metal diffusion onto the sample sur-
face enable the handicap properties given above to over-
come the limitations in the novel applications (to amend the 
physical problems) of the type-II superconducting ceramics 
[20–23]. Foremost among the production procedures, the 
transition metal diffusion takes the lead as a consequence 
of simple and easy reproducible to prevent the restrictions 
of ceramic materials [24]. However, the thoroughly under-
standing of diffusion mechanism is hard phenomenon due to 
its intrinsic physical and mathematical quantities. Accord-
ingly, in this part we need to explain the mechanism with the 
related quantities in more details.

Diffusivity (directly related to the diffusion fast-rate 
or diffusion coefficient) is interested in not only how the 
impurity particles diffuses or separates throughout the pore 
space of porous media but also how fast the foreign atoms 
penetrate into the crystal structure [25]. The term is the pro-
portionality constant between the molar flux (known as the 
movement of impurity from high concentration region to low 
concentration region = Fick’s first law) and the gradient in 
the impurity concentration. Moreover, the transfer (move-
ment) rate of particles across a unit area paves way to gather 
the information about the environment concentrations. 

Accordingly, the impurity more rapidly diffuses into the 
target material with the increment of the gradient difference 
or diffusion fast-rate. There are many useful available rela-
tions in the physical chemistry to describe the diffusivity 
of any solid impurity material through the crystal lattices. 
Foremost among the relations, the equations based on the 
Fick’s laws become the leaders for the solutions of exchange 
rate of a gas across a fluid membrane, radiation transfer, neu-
rons, pharmaceuticals, biopolymers, porous soils, population 
dynamics, nuclear materials, semiconductor and supercon-
ducting substitution/addition/doping process, hydraulic flow, 
model transport processes in foods, charge and heat. Fur-
thermore, the diffusion equation of Fick’s second law delves 
strongly into the innovative and novel technological products 
deduced from the integrated circuit fabrication technologies 
and model processes such as the chemical vapor deposition, 
physical vapor deposition, thermal oxidation, wet oxidation, 
addition, substitution and doping. The long and short of it is 
that the Fick’s Laws are responsible for the best understand-
ing of diffusion mechanisms in the solids, liquids and gases. 
In this respect, the four main methods from the application 
of Fick’s second law can be used to define the diffusivity of 
the superconducting compounds,

 (i) Radio tracer,
 (ii) EDXRF,
 (iii) Variation of the lattice cell parameters deduced from 

the XRD experimental results after the successive 
removal of thin-layers on the specimen surface,

 (iv) Change of resistivity/conductivity after removal of 
thin-layers on the sample surface.

The first two methods (radio tracer and EDXRF) consist-
ing of the expensive procedures are scarce for the scien-
tific studies although the other methods (iii and iv) exhibit 
the similar and closer results. Besides, the latter methods 
(especially the fourth one) enable us to collect the reliable 
results for the diffusivity of any foreign impurity into the 
crystal structure. In the present study, the diffusion fast-rates 
of nickel foreign impurities throughout the bulk Bi-2223 
superconducting crystal system (received as the diffusion 
space) are found at the different diffusion annealing tempera-
tures (650 ≤ T ≤ 850 °C) by using the dc electrical resistiv-
ity variations as a function of the thin-layer removal from 
the specimen surface with the aid of error function. The 
temperature-dependent diffusion coefficient parameter being 
interested in the relation between the Ni diffusion coeffi-
cient and annealing temperature is calculated by use of the 
mean diffusion fast-rates determined. At the same time, the 
required minimum activation energy for the penetration of 
Ni impurities into the bulk Bi-2223 crystal lattice is com-
puted by the Arrhenius equation for the first time. Thus, this 
study develops a strong methodology between Ni impurity 
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concentration in the Bi-2223 crystal system and the crucial 
characteristics of ceramics such as the electrical, supercon-
ducting and structural properties. Further, to the best of our 
knowledge, so far there has been no detailed research on 
either the temperature-dependent diffusion coefficient or 
required activation energy for the introduction of Ni nano-
particles to bulk Bi-2223 superconducting ceramics, being 
one of the most striking point inferred from this work.

2  Experimental measurement details 
and computational approaches

The experimental details related to the sample preparation 
procedures as well as the variation in structural, supercon-
ducting, flux pinning and mechanical properties of the Ni 
surface-layered bulk Bi-2223 superconducting materials 
produced by the conventional solid-state reaction method at 
different diffusion annealing temperature changing between 
650 and 850 °C were previously provided in Ref [26, 27]. In 
the current study, we focus not only on strongly the changes 
of electrical and superconducting properties of Ni surface-
layered Bi-2223 ceramic materials in more detail by means 
of the dc resistivity measurements, but also on the descrip-
tion of nickel diffusion fast-rate (coefficient) and required 
activation energy for the penetration of nickel impurities 
into the Bi-2223 crystal lattice for the first time. For the first 
part, dc electrical resistivities are measured from the sample 
surfaces under 5 mA dc current. We record the experimental 
dc electrical resistivity values against the temperature range 
of 90–115 K with the aid of the four-point contact method by 
using Helium closed-cycle cryostat system (provided from 
CRYO Industries) with provision for the vacuum. Every con-
tact is covered by the silver paint to avoid the extra contact 
resistance. The experimental signals within the temperature 
accuracy of about ± 0.01 K are collected by the combination 
apparatus of a Keithley 2700 nano-voltmeter and a Keithley 
220 programmable current source controlled by LabVIEW 
computer program. Onset critical transition temperatures 
(Tonset

c
) are evaluated from the superconducting transition of 

isolated grains (related to the intragrain region) when off-
set critical transition temperatures (Toffset

c ) are deduced from 
the inter-granular regions. The other electrical character-
istic parameters as regards the room temperature resistivi-
ties (ρ300K), residual resistivities (ρres), residual resistivity 
ratios (RRR), ρ115K, ρnorm, and Δρ are also extracted from 
the dc electrical curves. For the second part of the study, the 
change of specimen resistivity after the successive removal 
of thin-layers of about 10–150 μm from the material surface 
layered Ni ions allows us to easily calculate the physical 
quantities given above. One can observe the detailed cal-
culation methods below for the determination of tempera-
ture-dependent diffusion fast-rate (coefficient) and required 

activation energy value of the Ni impurity for the Bi-2223 
superconducting crystal system.

The diffusion equation (Fick’s second law) is the deriva-
tion of Fick’s first law (the diffusive flux) and is used to 
define how the concentration of species changes with the 
time. The diffusivity can be obtained from the solution of 
partial differential equation in one-dimension by using quick 
approximation of complementary error function [28]. In this 
study, through the computations for temperature-dependent 
diffusion coefficient, the Ni impurity diffusion is accepted 
to move from a constant source into a semi-infinite solid 
(diffusion space). In other words, the Ni impurity begins at 
0 at the surface and spreads infinitely deep in the material 
[29]. Namely, 

here the diffusion length of 2
√

Dt displays a measure of how 
far the impurity concentration can propagate in one-direction 
by the diffusion in the certain time of t [30]. Moreover, 

3  Results and discussion

In our research for the current paper, we advance in-depth 
understanding of not only two fundamental physical quan-
tities as regards diffusion coefficient and corresponding 
activation energy of Ni foreign impurities throughout the 
Bi-2223 superconducting crystal system but also crucial 
changes in the electrical and superconducting characteris-
tics of the Bi-2223 polycrystalline ceramics exposed to the 
evaporation of Ni inclusions on one surface of the materi-
als. In the first part of the paper, we are directly interested 
in both the experimental electrical resistivity measurement 
results of the pure and Ni surface-layered Bi-2223 cuprate 
ceramics annealed at different diffusion temperatures in a 
range of 600–850 °C, and the deduced parameters regard-
ing the critical onset/offset critical transition temperatures, 
residual resistivities (ρ0), normal state temperature resistivi-
ties at 300 K (ρ300K), residual resistivity ratios (RRR), Δρ 
and ρnorm, parameters. At the end of the paper, we deter-
mine the temperature-dependent diffusivity by means of the 
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resistivity changes against the thin-layer removal from the 
specimen surface and required minimum activation energy 
value for the nickel impurities along with the polycrystal-
lized Bi-2223 superconducting crystal lattice by using the 
Arrhenius relation for the first time.

3.1  Experimental dc electrical resistivity 
measurement results

In this part of paper, we survey centrally the influence of 
nickel foreign nanoparticles embedded in the Bi-2223 crys-
tal structures (annealed at different diffusion temperatures of 
650–850 °C) via the variation of dc electrical resistivity val-
ues versus the temperature ranging from 90 K until 115 K. 
The experimental dc electrical resistivity results measured 
are graphically gathered in the inset of Fig. 1. One can also 
show the normalized resistivity curves in the same figure 
to easier investigate the influence of diffusion annealing 
temperature (650 ≤ T ≤ 850 °C) on the dc electrical resistiv-
ity measurement results. According to the inset of figure, 
initially, the conductivity tends to enhance with the anneal-
ing temperature and in fact reaching the global maximum 
point in case of the critical annealing temperature value of 
700 °C. However, from higher annealing temperature such 
a value of 700 °C onwards, the electrical resistivity sud-
denly increases as a result of differentiation of conducting 
mechanism in the crystal system. In more detail, the deduced 
parameters regarding the offset–onset critical transition tem-
peratures, normal state resistivities at room temperature of 
300 K (ρ300K), residual resistivities (ρ0), residual resistivity 
ratios (RRR), ρ115K, ρnorm and Δρ parameters enable us to 
determine the role of annealing temperature on the nature 

of materials. According to the inset of Fig. 1, it is clear that 
the change in the annealing temperature affects remarkably 
the resistivity curves of materials studied in this work except 
for the truly-metallic behavior. This is attributed to the loga-
rithmic divergence of the densities of active and dynamic 
electronic states (related to the electron–phonon interactions 
in the Cu–O2 consecutively stacked layers) at the vicinity 
of Fermi energy level [31–33]. In other words, the bulk 
superconducting materials each exhibit positively linear 
temperature dependence of electrical resistivity (dρ/dt > 0) 
in the normal state as a result of the intrinsic truly-metallic 
feature (correlated with Matthiessen’s rule, �T = �res + �iT

) during the electrical transition from normal state into the 
superconducting state [34]. In relation of Matthiessen’s 
rule, the total resistivity (abbreviated as �T) consists of two 
main parts: (I) the temperature-dependent resistivity (�iT
) is directly related to the environmental temperature and 
changes at any temperature values; (II) the residual resistiv-
ity (�res) received to be opposite of conductivity nature is 
not the first order temperature-dependent term and can be 
changed by the presence of omnipresent flaws and structural 
defects (point, line, planar or bulk) throughout the Cu–O2 
consecutively stacked sheets in the crystal structure [35]. In 
the present work, the intercept of extrapolation of electrical 
resistivity values to zero on the temperature axis enables us 
to determine the �res parameters for every material. In this 
respect, the Ni-700 sample with the smallest residual resis-
tivity (0.05 mΩ cm) obtains the minimum defects whereas 
the Ni-850 sample with the highest residual resistivity value 
of 2.06 mΩ cm presents the worst material quality due to 
the increased permanent defects, omnipresent flaws (stress 
raisers and crack initiation sites), distortions, disorders in the 
orientation of adjacent layers and the connectivity coupling 
problems between the grains in the crystal structure [36, 37]. 
To sum up, the major result with the truly-metallic scenario 
obtained from Fig. 1 is the fact that the metallic behavior 
systematically develops with increasing the diffusion anneal-
ing temperature until such a certain value of 700 °C above 
which the truly-metallic character falls into the decrement 
trend. When the diffusion annealing temperature is in the 
maximum (excess) point of 850 °C, the metallic character 
is damaged significantly because of the enhanced structural 
problems, the densities of active and dynamic electronic 
states, σ gap anisotropy and electron–phonon interactions 
as they do.

As for the second noteworthy characteristic parameter: 
normal state resistivity values at 300 K, the diffusion anneal-
ing temperature up to the critical value of 700 °C affects 
positively the metallic connections between the supercon-
ducting grains along with the consecutively stacked layers 
in the Bi-2223 crystal system due to the formation of more 
homogeneous regions (the considerable decrement of cou-
pling boundary problems) and stabilization and (degradation 
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Fig. 1  Normalized dc electrical resistivities versus temperature inter-
val 90–115 K for pure and Ni surface-layered Bi-2223 superconduct-
ing ceramics prepared at different diffusion annealing temperature 
between 650 and 850 °C. Inset: Original experimental dc resistivities 
as a function of temperature for the polycrystalline ceramic materials
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of structural problems in the crystal matrix). In this respect, 
the optimum annealing temperature results in more forma-
tion of effective electron–phonon coupling probabilities 
(percentage of clusters in the superconducting path) and the 
mobile hole carrier concentration gets more and more opti-
mized [38]. Conversely, the excess annealing temperature 
value (introduction of excess Ni foreign impurities to the 
crystal structure [26, 27]) augments the interaction coupling 
problems between the isolated grains (meaning the break of 
both homogeneous regions and stabilization). Shortly, the 
metallic characteristics of polycrystalline ceramics stud-
ied are demolished considerably. Numerically, the normal 
state resistivity of pure material at the room temperature is 
observed to be about 7.25 mΩ cm (Table 1). The increment 
in the metallic connectivity with the annealing temperature 
up to the value of 700 °C truncates the ρ300K value towards 
to the value of 5.56 mΩ cm as given in Table 1. This is in 
association with the fact that the optimum diffusion anneal-
ing temperature (leading to penetration of the optimum Ni 
impurities into the crystal texturing) improves significantly 
the coupling probability between isolated superconducting 
grains. However, the resistivity value increases again to 
11.24 mΩ cm, which is the global maximum point for the 
normal state resistivity value at the room temperature. The 
long and short of it is that highly conductive (1.4 × 107 S/m) 
Ni host-impurities embedded in the crystal lattice favor the 
electrical properties of the Bi-2223 system on the condi-
tion of optimum annealing temperature (700 °C for the Ni 
surface-layered bulk Bi-2223 superconducting system).

The parameters of RRR, ρnorm, ρ115K and Δρ are another 
results deduced from the dc electrical resistivity measure-
ments. In advance, the RRR parameter is in accordance 
with the material quality (deformation and bond strength 
in the crystal lattice) and described to be the ratio of 
ρ300K/ρ115K [39]. According to the experimental evidences, 
the RRR parameters tend to increase from 3.42 until 7.32 
with ascending the diffusion annealing temperature up to 
the critical temperature value of 700 °C beyond which the 
RRR constant begins to decrease monotonously and in 
fact locating in the global minimum value of 2.23 for the 

Ni-850 compound (Table 1). This is in association with the 
fact that the optimum diffusion annealing temperature of 
700 °C augments the sample quality and bond strength in 
the crystal matrix. From the critical annealing temperature 
value of 700 °C onwards, the coupling boundary problems, 
omnipresent flaws and especially structural problems are 
observed to harm the electrical properties of Ni surface-
layered Bi-2223 superconducting materials.

Further, the parameter of ρ115K ascribes to the existence of 
crack-producing flaws, impurity scattering and lattice strains 
through the crystal structure. As for the experimental val-
ues ranging from 0.71 to 5.02 mΩ cm (Table 1), the former 
(minimum) parameter of 0.71 mΩ cm is attributed to the 
Ni-700 superconducting ceramic whereas the Ni-850 mate-
rial exhibits the latter (maximum) value of 5.02 mΩ cm. 
Besides, the ρ115K parameter is found to be about 2.07 
mΩ cm for the pristine sample. This is in correspondence 
to the fact that the omnipresent flaws (known as the stress 
raisers and crack initiation sites), impurity scattering and 
lattice strains considerably diminish with the increment of 
the diffusion annealing temperature up to 700 °C after which 
the structural problems begin to increase suddenly again and 
reach to the maximum points.

Additionally, we are interested in the other crucial param-
eters of Δρ = ρ300K–ρ115K and ρnorm = ρ115/Δρ that are related 
to the metallic characteristic and crystal quality. In the cur-
rent work, the Ni-700 superconducting sample exhibits the 
minimum Δρ of 4.80 mΩ cm and ρnorm of 0.16 whereas the 
maximum values of 6.20 mΩ cm and 0.59 are attributed 
to the Ni-850 inorganic compound. Thus, it is just this last 
descriptor that is a clue for the degradation of metallic char-
acteristic and crystal quality in case of the excess diffusion 
annealing temperature.

Moreover, one can encounter the effect of diffusion 
annealing temperature (650 ≤ T ≤ 850 °C) on the critical 
transition temperatures (onset, Tonset

c
 and offset, Toffset

c ) of 
the pure and Ni diffusion-doped Bi-2223 superconduct-
ing materials with the aid of experimental dc resistivity 
curves as displayed in Fig. 1. In case of the former 

(

Tonset
c

)

 
temperature, the isolated superconducting grains transit 

Table 1  Detailed electrical resistivity results (onset and offset critical transition temperatures, room temperature resistivities, residual resistivi-
ties, residual resistivity ratios, ΔTc, ρ115K, ρnorm and Δρ parameters) belonging to the bulk superconductors

Samples ρ300K (mΩ cm) ρ115K
(mΩ cm)

RRR
(ρ300K/ρ115K)

Δ ρ (ρ300K –
ρ115K) (mΩ cm)

ρnorm
(ρ115/Δ ρ)

ρres (mΩ cm) Tonset
c

 (K) T
offset
c  (K) ΔTc (K)

Virgin 7.25 2.09 3.47 5.16 0.41 0.72 110.34 108.23 2.11
Ni-650 6.32 1.35 4.68 4.97 0.27 0.32 110.74 109.55 1.19
Ni-700 5.56 0.76 7.32 4.80 0.16 0.05 112.18 111.35 0.83
Ni-750 8.74 2.72 3.21 6.02 0.45 1.02 109.55 105.47 4.08
Ni-800 9.76 3.60 2.71 6.16 0.59 1.42 108.59 101.23 7.36
Ni-850 11.24 5.04 2.23 6.20 0.81 2.06 107.53 97.46 10.07
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into the superconducting state and hence the formation of 
electron–phonon coupling drives the superconductivity. 
On the other hand, the latter critical temperature being the 
responsible for the features of inter-granular component is 
related to the different volume phase fractions appeared in 
the crystal system [40]. After the Toffset

c  value, the material 
exhibits totally superconducting behavior. Besides, the Tonset

c
 

value is always higher than the Toffset
c  value. In the current 

work, the diffusion annealing temperature affects sensitively 
both the temperature values (especially Toffset

c ). According 
to the experimental findings, it suffices to confirm that the 
annealing temperature more affects the features of inter-
granular component in comparison with the formation of 
electron–phonon coupling or cooper-pairs. Similarly, it 
is believed that the optimum annealing ambient leads to 
harshly improve the homogeneities in the oxidation states, 
mobile hole concentration, σ gap anisotropy, orientations 
of adjacent layers, connectivity coupling problems, elec-
tron–phonon interactions, densities of electronic states and 
structural problems [41, 42]. The value of 700 °C is, in this 
respect, observed to be the optimum diffusion annealing 
temperature for the Ni surface-layered Bi-2223 supercon-
ducting crystal structure.

The orientations of Cu–O2 consecutively stacked layers 
with higher mobile hole concentration and homogeneities 
in the oxidation states develop with enhancement in the 
diffusion annealing temperature up to 700 °C above which 
not only do the layers get more and more misorientated, 
but the mobile hole concentration level and oxidation state 
homogeneities deviate from the optimum values, as well. In 
more sophisticatedly, in case of the optimum temperature of 
700 °C (resulting in the optimum Ni impurity penetration 
into the Bi-2223 crystal matrix), intrinsically over-doped 
nature of Bi-based superconducting system transits into 
optimally doped state (optimum level of electron–phonon 
coupling) [43]. However, the excess annealing temperature 
(after the critical temperature value of 700 °C) makes the 
optimum doping state reside in the underdoped state posi-
tion for the Ni diffusion-doped (hole-induced) Bi-2223 
compound. The main reason of deviation in the optimiza-
tion stems from the localization (metastability) of density 
of active and dynamic electronic states at the Fermi energy 
level [44, 45]. In other words, the hole trap energy levels 
within the small energy intervals of mobile holes (being 
association with the order parameter of super-electrons) 
degrade significantly [46]. Moreover, it is necessary to 
underline that the excess introduction of Ni foreign impuri-
ties into the crystal lattice damages both the overlapping in 
the wave functions (hybridization mechanism) of Cu 3d-O 
2p orbitals [43] and the amplitude of pair wave function 
(Ψ = Ψ0e−iφ, here Ψ0 parameter ascribes to number of super-
electrons) [46].

As for the phenomenological interpretation of differentia-
tion in the Tonset

c
 and Toffset

c  parameters for the Bi-2223 ceram-
ics, the optimum incorporation of Ni impurities into the 
crystal structure hardens suddenly the O(2)SrA1g phonon; 
conversely, the O(1)CuA1g and B1g phonons soften exten-
sively due to the regression of both the internal pressure and 
oxygen level (valency) in the Bi–O double layers [47]. Simi-
larly, the optimum diffusion annealing temperature enhances 
the vibrational mode intensities of the atoms in adjacent lay-
ers as a consequence of the reduced metallic screening in the 
hole-induced Bi-2223 inorganic compounds. In conclusion, 
all the mechanisms given above are able to explain that why 
the diffusion annealing temperature changes the critical tran-
sition temperatures. In our research for this paper, the Tonset

c
 

values are found to change from about 107.53 K (for the 
worst sample of Ni-850) to 112.18 K (for the best sample 
of Ni-700) whereas the maximum (minimum) Toffset

c  value 
is observed to be about 111.35 K (97.46 K) for the Ni-700 
(Ni-850) material. The pure sample presents the Tonset

c
 and 

T
offset
c  values of 110.34 and 108.23 K, respectively. Addition-

ally, the changes between Tonset
c

 and Toffset
c  values (known as 

broadening degree, ΔTc = Tonset
c

− T
offset
c ) allow us to deter-

mine the practicability of Ni inclusions for the industrial, 
engineering and large scale applications of Bi-2223 inor-
ganic ceramic materials. In this respect, the smallest ΔTc 
value of nearly 0.83 K is noted for the Ni-700 material when 
the Ni-850 ceramic obtains the largest ΔTc value of nearly 
10.07 K. Hence, the change of ΔTc verifies the fact that the 
annealing temperature of 700 °C is the alluring value for the 
applications of Ni surface-layered bulk Bi-2223 supercon-
ductors. This is another probable result obtained from the 
degree of broadening that the optimum penetration of Ni 
individuals into the Bi-2223 crystal matrix promotes seri-
ously the purity of Bi-2223 phase.

3.2  Calculation of diffusion coefficient and required 
activation energy of Ni impurities for Bi‑2223 
superconducting system

In this part of paper, we examine the temperature-dependent 
diffusivity and required activation energy of heavy metal 
ions of nickel to penetrate into the Bi-2223 crystal matrix 
for the first time. For this purpose, firstly we determine the 
diffusivity of Ni foreign impurities along the Bi-2223 crystal 
structure for all the samples via the changes of electrical 
resistivity curves versus thickness values after the thin-layer 
removal from the material surface (showing the similar fea-
tures with the concentration distribution of the diffused 
impurity). Then, the appropriate error function enables us 
to find the temperature-dependent diffusion coefficient of Ni 
impurities in the Bi-2223 lattice system so that we under-
stand the relationship between the Ni diffusivity and anneal-
ing temperature. Finally, the required minimum activation 
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energy value for the penetration of the heavy metal ions of 
nickel impurities into the polycrystallized Bi-2223 super-
conducting crystal lattice by using the Arrhenius relation 
for the first time. According to the equations provided in the 
part of experimental measurement details and computational 
approaches, the differentiation of dc electrical resistivity 

parameters Δρ/ρ0 (ρ0 presents the electrical resistivity of 
pure region) with regard to the thin-layer removal thickness 
from the sample surface for all the materials prepared are 
displayed in Fig. 2 in detail. In the graphics given, the solid 
curve is attributed the concentration profile of Ni impurities 
diffused into the Bi-2223 superconducting crystal system. 
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Fig. 2  Variation of dc electrical resistivity parameters Δρ/ρ0 against thin-layer removal thickness from the sample surface for a Ni-650, b 
Ni-700, c Ni-750, d Ni-800 and e Ni-850 ceramic compound
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On the condition that the experimental results observed 
fit very well with the theoretical curves drawn, the diffu-
sion fast-rate belonging to the Ni impurity is perfectly 
satisfied by Eqs. 1 and 2. Thus, in the diffusion annealing 
temperature range from 650 to 850 °C the diffusion coeffi-
cients for the Ni foreign impurity through the consecutively 
stacked layers in the Bi-2223 crystal system are calculated 
to be about 8.4495 × 10− 8, 9.0716 × 10− 8, 9.6289 × 10− 7, 
1.0653 × 10− 7and 1.2203 × 10− 7  cm2 s− 1. The values are 
arranged according to the increment trend of annealing 
temperature (Table 2). In this respect, it is fair to conclude 
that the diffusion coefficient enhances systematically with 
increasing the diffusion annealing temperature, and hence, 
the excess annealing temperature makes the Ni impurities 
more and more penetrate into the isolated superconducting 
grains. We also gather the resistivity variation curves for 
every sample in Fig. 3 to achieve more detailed knowledges 
about the temperature effect on the diffusivity. It is clear 
that for all the superconducting samples produced in this 
work the dc electrical resistivity initially alters (decreases) 
rapidly with the thin-layer removal thickness from the speci-
men surface. The decrement trend lowers constantly with the 
increment in the layer thickness, and in fact reaches to the 

global minimum value in case of the deepest points in the 
materials (especially Ni-850 sample). This is attributed to 
fact that the diffusion of nickel impurities into the Bi-2223 
crystal structures is perfectly performed in the current study. 
It is another probable result deduced from this work that 
we examine the curves (related to the change of dc electri-
cal resistivity values as a function of the thin-layer removal 
thickness from the sample surface) in Fig. 3 with the aid of 
the fitting equations deduced from the quadratic formulas. 
The fitting parameters determined are tabulated in Table 2. 
According to the table, the diffusivity based on the diffusion 
annealing temperature (variation of  x2) is found to increase 
systematically from 3.28 × 10− 5 to 2.81 × 10− 4 with ascend-
ing the annealing temperature from 650 to 850 °C. One 
might logically confirm from the table that after the critical 
diffusion annealing temperature such a value of 700 °C the 
nickel nanoparticles begin to incorporate into both into the 
superconducting grains and over the grain boundaries along 
with the Bi-2223 crystal lattice. In case of the maximum dif-
fusion annealing temperature, the nickel impurities predomi-
nantly accumulate over the grain boundaries [48, 49]. This 
fact can also be deduced from the tail part (as the removal 
thickness of ~ 150 µm) of Δρ/ρ0 curve presenting the both 
the most parabolic and highest values. In other words, the 
excess annealing temperature demonstrates still the pres-
ence of Ni impurities in the Ni-850 sample with the highest 
differentiation in the dc electrical resistivity. This gives a 
pictorial representation of experimental dc electrical resis-
tivity measurement results part in the paper. All in all, the 
diffusion fast-rate is found to be strongly dependent upon the 
diffusion annealing temperature. In fact, it is reasonable to 
conclude that the diffusion coefficients evaluated begin much 
more significant at higher diffusion annealing temperatures 
in comparison with those at lower ones.

Based on both parts (experimental dc electrical resistiv-
ity measurement results and calculation of diffusion fast-
rate and required activation energy of Ni impurities for 
Bi-2223 superconducting system) in the paper, it is perti-
nent to mention here that the Ni concentration primarily 
improves exhaustively the structural problems, omnipresent 
flaws, coupling boundary problems, adjacent layer orienta-
tions, mobile hole concentration, electron–phonon interac-
tions, homogeneities in the oxidation states and densities 
of active and dynamic electronic states in the bulk Bi-2223 
polycrystalline compounds until the critical diffusion anneal-
ing temperature value of 700 °C, beyond which the excess 
annealing temperature leads to the nickel impurities accu-
mulate predominantly over the grain boundaries. Thus, the 
refinement mechanism becomes reversed as a consequence 
of excess Ni penetration into the Bi-2223 crystal system.

At the same time, we survey sensitively the temper-
ature-dependent diffusion coefficient parameter of Ni 
impurity for the Bi-2223 superconducting crystal system 

Table 2  Ni diffusion fast-rates and fitting parameters of diffusion 
coefficients with regard to annealing temperature for every solid 
Bi-2223 ceramic

Diffusion-annealing 
temperature (°C)

Diffusion coef-
ficient  (cm2 s− 1)

Diffusivity based on diffu-
sion annealing temperature

650 8.4495 × 10− 8 3.28 × 10− 5

700 9.0716 × 10− 8 9.31 × 10− 5

750 9.6289 × 10− 7 1.86 × 10− 4

800 1.0653 × 10− 7 2.43 × 10− 4

850 1.2203 × 10− 7 2.81 × 10− 4
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sample
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via the mean diffusion fast-rates by using the Arrhenius 
relation to define the relationship between the Ni diffusiv-
ity and diffusion annealing temperature (Fig. 4). One can 
observe the temperature-dependent Ni diffusion rate-fast of 
3.9707 × 10− 7cm2 s− 1 in the vicinity of specimen surface 
at the temperatures between 650 and 850 °C for the bulk 
Bi-2223 ceramic materials. Besides, Fig. 4 shows the acti-
vation energy value of 1.132 eV that is required minimum 
energy parameter for the penetration of nickel impurities 
into the bulk Bi-2223 crystal lattice. According to the com-
bination of relatively low temperature-dependent diffusion 
coefficient and high activation energy parameters inferred 
from the Arrhenius equation, the required minimum activa-
tion energy for the introduction of heavy metal Ni ions to 
the Bi-2223 crystal structure is 1.132 eV.

4  Conclusion

The present work is aim both to define two fundamental 
physical quantities (temperature-dependent diffusion coeffi-
cient and required activation energy) for the incorporation of 
Ni foreign impurities into the Bi-2223 superconducting crys-
tal system, and to shed some lights on the variation of elec-
trical and superconducting properties of Ni surface-layered 
Bi-2223 superconducting ceramics prepared by the solid-
state reaction method. For the calculation of the temper-
ature-dependent diffusion coefficients [D = Doexp(E/kBT)] 
for the nickel particles, the diffusion fast-rates belonging 
to every material produced at the different annealing tem-
perature range of 650–850 °C are obtained by the changes 
of dc electrical resistivity parameters Δρ/ρ0 with regard to 
the thin-layer removal thickness by means of error func-
tion. Similarly, the required minimum activation energy for 

the incorporation of Ni particles into the pollycrystallized 
Bi-2223 crystal system is determined by the Arrhenius equa-
tion. Moreover, we survey the role of diffusion annealing 
temperature on the electrical and superconducting charac-
teristic properties regarding the room temperature resistivi-
ties, residual resistivities, residual resistivity ratios, onset 
and offset critical transition temperatures, ρ115K, ρnorm, and 
Δρ quantities of Ni surface-layered bulk Bi-2223 supercon-
ducting materials. Taking into account all the experimental 
results provided above, the variations in the fundamental 
physical quantities inferred from this study are as follows:

• All the results discussed in the present work display 
that the optimum annealing temperature (leading to the 
incorporation of optimum Ni concentration level into the 
crystal lattice) of 700 °C improves thoroughly the forma-
tion of effective electron–phonon coupling or cooper-pair 
probabilities (percentage of clusters in the superconduct-
ing path), homogeneities in the oxidation states, mobile 
hole concentration, σ gap anisotropy, densities of active 
and dynamic electronic states, orientations of adjacent 
layers, interaction coupling boundary problems, omni-
present flaws and structural problems in the bulk Bi-2223 
superconducting material. In this respect, the optimum 
diffusion annealing temperature is observed to be 700 °C 
for the electrical and superconducting characteristics.

• Moreover, the dc electrical resistivity measurements 
demonstrate that the bulk ceramic material exposed to 
700 °C annealing temperature shows not only the small-
est ρ300K, ρres, ρ115K, ρnorm, Δρ and ΔTc quantities, but 
also the highest truly-metallic behavior, conductivity, 
stabilization of superconductivity in the more homo-
geneous regions, overlapping of Cu-3d and O-2p wave 
functions (hybridization mechanism), amplitude of pair 
wave function, formation of cooper-pairs, RRR (sample 
quality and bond strength in the crystal matrix), Tonset

c
 and 

T
offset
c  parameters.

• For every material the variation Δρ/ρ0 trend decreases 
considerably in with the increment of the thin-layer 
removal thickness from the surface, and in fact dwells in 
the global minimum differentiation in case of the deep-
est points in the material. What stands out clearly here is 
that the diffusion of Ni impurities into the bulk Bi-2223 
crystal system is perfectly exerted in the present study.

• Based on the error function computations, the diffu-
sion coefficient parameter of Ni foreign impurities is 
found to increase monotonously from 8.4495 × 10− 8 to 
1.2203 × 10− 7  cm2 s− 1 with the enhancement of diffusion 
annealing temperature. This is in attribution to the fact 
that the annealing temperature causes to penetrate more 
and more Ni impurities into the isolated superconducting 
grains. In other words, the diffusion coefficients seem 
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Fig. 4  Temperature-dependent Ni diffusion fast-rate in the vicinity of 
specimen surface at the temperatures between 650 and 850 °C for the 
bulk Bi-2223 ceramic materials
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to be much more significant at rather higher annealing 
temperatures as compared to lower temperatures.

• Furthermore, the fitting equations (in the quadratic 
forms) deduced from the variation Δρ/ρ0 curves confirm 
that from higher annealing temperature such a value of 
700 °C onwards, the nickel impurities begin to enter both 
into the isolated superconducting grains and predomi-
nantly over the grain boundaries throughout the Bi-2223 
crystal structure. In fact, the nickel impurities begin to 
accumulate predominantly over the grain boundaries. 
Thus, the excess annealing temperatures damage signifi-
cantly the electrical and superconducting properties.

• At the same time, the temperature-dependent Ni diffu-
sivity is found to be D = 3.9707 × 10− 7exp[(− 1.132 eV/
kBT)] of nickel particles at the specimen surface of the 
bulk Bi-2223 ceramic compound. In this respect, the dif-
fusivity is noted to be about 3.9707 × 10− 7cm2 s− 1 when 
the corresponding minimum activation energy for the 
penetration of heavy metal Ni ions into the bulk Bi-2223 
crystal structure is calculated to be about 1.132 eV. The 
major reason related with the combination of relatively 
low temperature-dependent diffusion coefficient and high 
activation energy value presents that the heavy metal Ni 
ions are hard put to penetrate into the Bi-2223 crystal 
structure.

• As for the excess diffusion annealing temperature, the 
Bi-2223 crystal system diverges from the optimally 
doped state (optimum level of electron–phonon cou-
pling) towards to the underdoped state position. Thus, 
the density of active and dynamic electronic states at 
the Fermi energy level localize (metastability) suddenly, 
accordingly the electrical and superconducting properties 
damage seriously. This is at least equally important of the 
increased interaction coupling boundary problems, omni-
present flaws and structural problems with the excess 
annealing temperature.
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