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Abstract Polycrystalline bulks of Bi2Sr2CaxCu2.0O8?d

(Bi-2212) with x = 0.90, 0.95, 1.00 and 1.05 were fabri-

cated by spark plasma sintering technique. The influences of

Ca nonstoichiometry on the microstructures, carrier con-

centration, as well as the related superconducting properties

were systematically investigated. XRD analyses revealed the

corresponding change of lattice parameters of Bi-2212 phase

with the Ca nonstoichiometry. The average particle radius in

the sintered bulks underwent an obvious change with the

increase of Ca content, which could be attributed to the

variation of thermodynamic properties. AC susceptibility

measurements exhibited the optimization of intergrain con-

nections in Ca = 0.95 bulk, which lead to the optimization

of both self- and in-field critical current density, Jc of this

system. The optimization of microstructures also caused the

enhancement of surface pinning. Based on the enhancements

of both intergrain connections and flux pinning properties,

an obvious improvement of critical current density was

obtained with the optimal doping content of Ca = 0.95.

1 Introduction

Since the first discovery of Bi2Sr2CaCu2Ox (Bi-2212), it is

considered to be one of the most promising high-temper-

ature superconductors (HTS) due to its outstanding prop-

erties under low-temperature and high magnetic fields [1].

Meanwhile, as the only HTS so far, which can be made into

round wires with isotropic cross sections, it greatly sim-

plifies the winding process for Rutherford cables and

magnets. Therefore, it shows great potentials for the

applications as insert coils in high field magnets and

Rutherford cables for accelerators [2–5]. Recently, the

maximum total magnetic field of 33.8 T was successfully

achieved under the background field of 31.2 T with Bi-

2212 insert coils [6]. And higher performances can be

expected considering the defective terminal, which was

heat treated in a lower temperature zone of the furnace [7].

Thus aiming at large scale applications, further improve-

ment of the superconducting properties of Bi-2212 with

simple and practical method is urgent.

There are two crucial factors which still limit the

transport properties of Bi-2212 superconductors. One is the

intergrain weak links due to the misalignment of grains [8–

10], appearance of bubbles [11, 12] and/or grain boundaries

combining with secondary phases or amorphous layers [13,

14]. The other is the intrinsic weak flux pinning, which can

be attributed to its layered lattice structures with the large

anisotropic parameter c[ 50 [15]. Therefore, fabrication

of Bi-2212 superconductors with higher textural structure,

cleaner grain boundaries and stronger flux pinning prop-

erties can contribute to the enhancement of current carrying

capacity of Bi-2212 for practical applications. Based on

previous studies, tuning the chemical composition in Bi-

2212 phase may provide various effects on the optimiza-

tion of HTS materials by tuning the lattice structure,

microstructures, thermodynamic behaviors, and elec-

tric/magnetic properties. Pb doping at Bi site of Bi-2212 is

considered to be the most successful example [16, 17]. The

crystal structure of Bi-2212 is considered to be

orthorhombic, with the lattice parameter a & b & 5.41 Å,

and c & 30.84 Å. The large difference between c and

a (b) is the structural cause of the large anisotropic
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parameter. The introduction of Pb can decrease the lattice

parameter c of Bi-2212, which not only reduces its aniso-

tropic parameter, but also introduces effective flux pinning

centers to enhance the in-field current capacity. Rare earth

(RE) elements doping on the Sr/Ca site of Bi-2212 are also

studied [18–22]. RE ions, such as Ho3?, La3? and Eu3?

can work as effective pinning centers to enhance the flux

pinning properties, thus lead to an obvious increase of

critical current density. Besides, B2O3 doping [23] results

in the faster growth and better alignment of the Bi-2223

grains by tuning its thermodynamic properties, which also

improved the critical current density.

On the other hand, Majewski et al. [24] reported that the

Ca/Sr rich composition could lead to the increase of critical

current density of Bi-2212 bulks due to the enhancement of

flux pinning properties. Thus the introduction of nonstoi-

chiometry can also be recognized as a simple way to

optimize the superconducting properties of Bi-2212. In this

study, Ca nonstoichiometry is introduced into Bi-2212

bulks. The influences of different Ca content on the

microstructures, electric and superconducting properties

including weak link behavior and flux pinning mechanism

are systematically investigated.

2 Experimental details

Bi2Sr2CaxCu2.0O8?d (x = 0.90, 0.95, 1.00, and 1.05) pre-

cursor powders were prepared by modified co-precipitation

process with the starting materials of Bi2O3, SrCO3, CaCO3,

and CuO ([99.9 %). Single phased Bi-2212 precursor

powders with different Ca content were obtained after a

series of calcination processes in air at 800 �C/12 h, 820 �C/
20 h, and 850 �C/20 h with intermediate grinding. The

precursor powders were then densely packed in a graphite

die and pressed into pellets with the diameter of /12.7 mm,

and thickness of 1.5 mm by spark plasma sintering tech-

nique, with the sintering temperature of 780 �C, and sin-

tering time of 5 min. The post annealing process was taken

under 500 �C for 24 h in oxygen atmosphere, in order to

optimize the oxygen content of superconducting phase.

The density of bulk was measured using standard

Archimedes method after annealing. Polycrystalline X-ray

diffraction (XRD) patterns on both powders and bulks were

taken on an X-ray diffraction (XRD, Bruker D8 Advance)

with Cu-Ka radiation (k = 0.1542 nm). The texture

degrees of (00l) peaks were mostly used to just the quality

of texture structures, which were calculated as following,

F00l ¼
P

I00lP
I

� 100% ð1Þ

where I00l represents for the (00l) peak intensity of Bi-2212

phase,
P

I is the total diffraction intensity of the pattern.

The chemical compositions of precursor powders were

measured by inductive coupled plasma atomic emission

spectrometry (ICP-AES) with IRIS� Advantage ICP-AES.

The scanning electron microscopy (SEM) images were

obtained with JEOL JSM-6700F. The thermopower values

were measured on ZEM-2 within the temperature range of

room temperature to 150 �C with the temperature differ-

ence of 10 �C. Four thermopower values were taken at one

temperature to obtain the average value. Pellets were cut

into cubes with the surface area of *2 9 2 mm2 and same

thickness (1.5 mm) for the magnetic properties measure-

ment. AC susceptibility was measured by the Supercon-

ducting Quantum Interference Device (SQUID, MPMS-

XL-7) with the AC magnetic field of 0.01, 0.1, 0.5, 1.0 and

1.5 Oe and frequency of 333 Hz. Then, the same sample

was used for the magnetic susceptibility measurement by

SQUID under the temperature of 20 K and background

field of 0–2 T. The sample was placed in the field parallel

to the SPS pressing direction. After that, BEAN model [25]

was adopted for the calculation of the critical current

density (Jc) as shown below,

Jc ¼
20DM

bð1� b=3aÞ b\að Þ ð2Þ

where a and b are the length and the width of the bulk

respectively (a & 2 mm, b & 2 mm), which are both

perpendicular to the applied magnetic field, and DM is the

difference between M? (magnetization values under

increasing field) and M- (magnetization values under

decreasing field) at same magnetic field.

3 Results and discussion

Ca content in the precursor powders are measured by ICP

and listed in Table 1 after normalizing the Ca content to Bi

content of 2.1. The Ca contents in obtained precursor

powders are consistent with the nominal composition. The

diffraction patterns of precursor powders are plotted in

Fig. 1a. The major phase in precursor powders after cal-

cination can be indexed into Bi-2212 with orthorhombic

structure. Besides as shown in the inset of Fig. 1a, the

diffraction peaks of Bi-2212 phases shift with the

increasing Ca content, which implies the change of lattice

parameters. With the refinement of XRD patterns, lattice

parameters a, b and c are estimated and plotted in Fig. 1b.

The a and b values of each sample are similar, suggesting

the near tetragonal lattice structure. With the increasing Ca

content, the lattice parameters increase first, and then

decrease. The maximum lattice volume is obtained at Ca

stoichoimetric sample. The decrease of lattice parameters

from Ca = 1.00 to 0.90 can be attributed to the shrink of

lattice with the absence of Ca ions. On the other hand, with
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the increase of Ca content over stoichiometric value to

1.05, the decrease of lattice parameters can be related to the

introduction of excess oxygen incorporated between the

Bi–O double layers to balance the electrons introduced by

excess Ca2? [26–28], which reduces the net positive charge

and hence the repulsion force between the Bi–O layers,

thus causes the slab sequence SrO–BiO–BiO–SrO to shrink

[29].

Spark plasma sintering (SPS) process is adopted for the

sintering of Bi-2212 bulks with different Ca content. The

Table 1 Physical properties of

Bi-2212 with Ca content of

x = 0.90, 0.95, 1.00, and 1.05

Nominal Ca content (x) 0.90 0.95 1.00 1.05

Ca content by ICP normalized to Sr = 2.0 0.86 (3) 0.94 (4) 0.98 (2) 1.04 (2)

Texture degree (%) 62.6 64.1 60.1 62.4

Density (g cm-3) 5.79 (1) 5.77 (8) 5.76 (0) 5.72 (1)

Critical temperature [Tc
onset (K)] 82 85 86 87

Carrier concentration, per Cu ion 0.195 0.178 0.183 0.190

Peak temperature [Tp, K (@ Hac = 0.5 Oe) 62 69 74 50

Average radius (lm) 3.9 (1) 6.0 (5) 4.3 (2) 3.8 (8)

Jc(@20 K, 0 T) (A cm-2) 119.5 205.4 127.8 80.3

Numbers in parenthesis are statistical standard deviations of the last significant digit

Fig. 1 a Powder diffraction

patterns of Bi-2212 precursor

powders with Ca = 0.90, 0.95,

1.00, and 1.05. Two diffraction

peaks were zoomed in the inset

from 79� to 79.6�. b Lattice

parameters a, b, and c change

with Ca content, with the

dashed line guide to eyes
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densities of these bulks are measured and listed in Table 1.

The density variation of *1 % is within the error range of

Archimedes method. Therefore, no obvious change of

density with Ca content is observed. Since SPS process is

effective for the fabrication of high density bulks, all the

density of Bi-2212 bulks are higher than[85 % of theo-

retical density. The X-ray diffraction patterns of bulks after

sintering and annealing are plotted in Fig. 2. After the heat

treatment processes, Bi-2212 is still the major phase in all

these bulks. While as marked in Fig. 2, in the bulk with

lower Ca content, the diffraction peaks of Bi2Sr2CuO6 can

be observed. This is consistent with the phase diagram

studies by Majewski et al. [30, 31]. (00l) texture is obtained

in the bulks after SPS. After the calculation of texture

degree with Eq. 1 as listed in Table 1, the maximum tex-

ture degree of 64.1 % is obtained in the Bi-2212 bulk with

Ca content of 0.95. Based on our previous study, it is

assumed that the change of textural structures can be

attributed to the thermodynamic properties change, which

dominants both the phase evolution process and the

growing process of grains [32].

As shown in Fig. 3a–d, the SEM images of the fractured

surface of the x = 0.90–1.05 bulks are obtained. No

obvious pores can be observed, which indicates the dense

structure by SPS method. Texture structures can be

observed in all these images, especially in Ca = 0.95 and

1.00 bulks, with the surface of plate-like grains perpen-

dicular to the pressing direction as marked in each image.

With the increase of Ca doping content, the texture ori-

entation is enhanced first then decreased. On the other

hand, by analyzing these images, the average grain radius

of these bulks is estimated and listed in Table 1. Obvious

increase of grain radius is observed with the proper Ca

content of 0.95–1.00. And the maximum average grain

radius of 6.0 lm is obtained with the Ca content of
Fig. 2 XRD patterns of Bi-2212 bulks with different Ca content of

x = 0.90, 0.95, 1.00 and 1.05

Fig. 3 Typical SEM images of

fractural surface of Bi-2212

bulks with different Ca content

of a x = 0.90, b x = 0.95,

c x = 1.00 and d x = 1.05. The

pressing direction of bulks was

marked in each image

correspondingly
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x = 0.95. It can be deduced that due to the change of

thermodynamic properties, more melts appear during the

sintering process, which can obviously improve the growth

of Bi-2212 grains. However, with the further increase of Ca

content to x = 1.05, nuclear rate increases which then lead

to the decrease of particle size.

One important influence of the Ca content change in Bi-

2212 matrix is on the carrier concentrations. In cuprates

high temperature superconductors, the main carriers are

holes [39]. According to the previous report by Tallon et al.

[33], for small hole concentration per Cu ion, p, (p\ 0.2),

the following equation can be used to estimate the hole

concentration values by the room temperature

thermopowers:

S ¼ kB

e
ln
1� p

2p
� ln 2

� �

ð3Þ

where, kB and e are the Boltzmann constant and electron

charge, respectively, S is thermopower with the unit of

lVK-1, the extra ln2 term comes from the orbital degrees

of freedom (assuming two fold orbital degeneracy). This

equation is derived using a single-band Hubbard model

with the assumption that the bandwidth is much less than

kBT. Therefore, by measuring the thermopower values, it is

possible to study the carrier concentration change and

electric transport behavior of normal state qualitively.

The thermopower values are measured before and after

the annealing process in oxygen and the thermopower

values at 25 �C are adopted for the calculation of carrier

concentration. As shown in Fig. 4a, the thermopower val-

ues decrease obviously after annealing, which contributes

to the great increase of carrier concentration as shown in

Fig. 4b. It is because the oxygen content of these bulks

increases after oxygen annealing, which leads to the

introduction of more holes in Bi-2212. Meanwhile, with

the increasing Ca content, the carrier concentrations before

and after annealing are both decrease first then increase.

This change suggests that the electronic structure of Bi-

2212, especially on the [Cu–O2] layers can be tuned with

the change of Ca content. First, with the Ca content

increase from 0.90 to 0.95, more electrons are introduced,

which neutralize holes and lead to the decrease of carrier

concentratin. Then with the further increase of Ca content,

oxygen content also increases in order to achieve a new

equilibrium state as discussed above, which causes the

formation of more holes. Thus the carrier concentration

increases. And the change of carrier concentration is cru-

cial for the superconducting properties of Bi-2212 [34].

The AC susceptibility is widely used as a nondestructive

method for the determination and characterization of the

intergrain connections in the polycrystalline high temper-

ature superconductors, as well as the flux pinning proper-

ties [35–38]. The temperature dependencies of the real, v0,

and imaginary, v00, components of AC susceptibility for the

Bi-2212 bulks with Ca content of x = 0.90, 0.95, 1.00, and

1.05 are measured in AC field of 0.5 Oe with the frequency

of 333 Hz and plotted in Fig. 5a. It is observed that for all

these samples, the real components of AC susceptibility, v0,
as shown in Fig. 5b show two drops with the decreasing

temperature. The first drop is due to the transition within

grains at Tc, which can be recognized as the critical tem-

perature of these bulks. By zooming in the transition part as

shown in the inset of Fig. 5b, the Tc values are obtained as

listed in Table 1. The critical temperature increases with

Ca content from 82–87 K, with the maximum Tc of 87 K

obtained with Ca = 1.05. The carrier concentration

dependence of critical temperature is plotted in Fig. 5c. It

is noticed that the Bi-2212 bulks with Ca = 0.90 is in the

over-doping region. And with the increase of Ca content,

the bulks are tuned to the under-doping region with the

decrease of carrier concentration. Then the sample enters

into the optimal doping region with the Ca content of 1.05.

The second drop is induced by macroscopic shielding

currents through grains and weak links. In the temperature

Fig. 4 a Thermopower values and b carrier concentrations of Bi-

2212 bulks as a function of Ca content (x = 0.90, 0.95, 1.00, and

1.05)
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range between the first and second drop, the supercon-

ducting grains are decoupled by the penetration of the

applied field through the grain boundary. However, the

weak links can carry a supercurrent if the temperature is

below the point at which coupling energy is equal to

thermal energy. The second drop in v0 can thus give an

information on the character of weak links, thus to analyze

the intergrain connections. Correspondingly, on each of the

imaginary component curve, v00, a peak appears, which is

the measure of dissipation in the sample. Therefore, by

Fig. 5 a Temperature dependence of the AC susceptibility for Bi-

2212 bulks with Ca content of x = 0.90, 0.95, 1.00, and 1.05 in the

AC field amplitude of 0.5 Oe at the frequency of 333 Hz; The real v0

and imaginary v00 components were plotted in (b) and (d) separately,
and the transition areas of the real component were zoomed in (b).
The critical temperature values were plotted in (c) as a function of

carrier concentration; The temperature dependence of the AC

susceptibility measured in different AC field, Hac = 0.1, 0.5, 1.0,

and 1.5 Oe at the frequency of 333 Hz for Bi-2212 bulks with Ca

content of x = 0.95 is plotted in (e); f the AC field dependence of

peak temperature, Tp, with the linear fitting shown as dashed lines
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examining the change of peak temperature, Tp, on the v00

curve, the character of weak link in the superconducting

materials can be discussed. As shown in Fig. 5d, the Tp
values increase with Ca content from 0.90 to 0.95 then

decrease. This result suggests that the intergranular cou-

pling between grains in Bi-2212 sample is improved by

proper amount of Ca nonstoichiometry and better inter-

grain connections are achieved.

The flux pinning properties of high temperature super-

conducting bulks are also discussed based on the analyses

of the v00-T behavior under different AC magnetic field.

The temperature dependence of AC susceptibility of

Ca = 0.95 bulk under different AC fileds, Hac, are plotted

in Fig. 5e as an example. With the increase of Hac, the peak

of v00 shifts towards lower temperature and broadened.

Thus the dependences of Tp on Hac of the bulks with Ca

content of 0.90 * 1.05 are plotted in Fig. 5f. It can be

observed that the Tp values of Ca = 0.95 bulk are higher

than those of stoichiometric bulk within the entire applied

AC field range. By fitting the Tp-Hac curves with the linear

dependence from the Müller model [39], the intra-granular

pinning force can be estimated with Eq. 4.

Tp ¼ Tc 1� l0
8Rgagð0Þ

� �1=2

Hac

 !

ð4Þ

where, the values of Tc and Tp are taken from the AC

susceptibility measurement, Rg is the average grain radius,

which is measured on the SEM images as discussed above,

ag(0) is the intra-granular pinning force density for Abri-

kosov vortices. In order to compare the pinning force

density of these samples, we assume the ag(0) of Ca stoi-

chiometric sample to be a0gð0Þ, and the obtained ag(0) of

x = 0.90, 0.95 and 1.05 samples are 1.21a0gð0Þ, 1.44a0gð0Þ
and 0.81a0gð0Þ, respectively. These results indicate that

proper amount of Ca nonstoichiometry can effectively

enhance the intra-granular pinning force density for Abri-

kosov vortices.

The critical current densities of Bi-2212 bulks with

different Ca content are calculated based on the magneti-

zation measurement within the magnetic field of 0–2 T at

20 K. As shown in Fig. 6a, over the entire measured

magnetic field range, the critical current densities of the

Ca = 0.95 bulk are higher than that of the stoichiometric

bulk. The self-field Jc increases obviously from 128 to

205 A cm-2 which is about 60 % increase. This increase

of Jc at self field can be attributed to the enhancement of

both texture structure and intergrain connections as dis-

cussed above.

The pinning force densities of Bi-2212 bulks with dif-

ferent Ca content are calculated with the equation Fp =

Jc 9 B. The pinning force density Fp as a function of

magnetic fields B is plotted in Fig. 6b. Obvious

enhancement of flux pinning properties is observed for

Ca = 0.95 bulk, which contributes to the increase of in-

field Jc. Meanwhile, as shown in the inset, the flux pinning

mechanism change can be investigated by fitting the scale

plots of normalized pinning force density (f = Fp/Fpmax) as

a function of reduced magnetic fields (b = B/Birr) with the

Dew-Hughes equation [40]:

Fp ¼ A B=Birrð Þp 1� B=Birrð Þq ð5Þ

where A is a numerical parameter independent of the

applied field, Birr is the irreversible field, p and q are

parameters describing the actual pinning mechanism. The

fitting parameters for different samples are given in

Table 2. All the samples exhibit similar p and q values of

p *0.5 and q *2, which implies the surface pinning is

dominant pinning mechanism in these bulks [21]. There-

fore, grain boundaries is important for not only the inter-

grain connections but also the flux pinning properties in

these bulks. The Ca = 0.95 bulk exhibit larger grain

radius, which based on our previous studies implies the

enhanced crystallization behavior of Bi-2212 phase [41].

Thus the grain boundaries are also well crystallized and can

work as effective pinning centers. Although the intra-

granular pinning force density for Abrikosov vortices of the

Ca = 0.90 sample is higher than that of stoichiometric

bulk, the number of effective surface pinning centers

decreases considering the small grain size which dominants

the overall flux pinning properties. While for the

Ca = 1.05 bulk, the p value increases to 0.70, suggesting

the weakening of surface pinning and enhancement of

point pinning in this sample. It indicates that the intro-

duction of excess Ca ions can lead to the formation of point

defects in Bi-2212 matrix, which can work as effective

point pinning centers.

4 Conclusions

Bi-2212 superconducting bulks with different Ca content

were fabricated with SPS method. The influences of Ca

nonstoichiometry on the lattice parameter, microstructure,

carrier concentration, and related superconducting proper-

ties were investigated. The Ca nonstoichiometry can not

only lead to the formation of point defects as Ca vacancy in

Bi-2212 matrix, but also cause the change of oxygen

content in order to achieve a new equilibrium state.

Therefore both the lattice parameters and the carrier con-

centrations changed correspondingly. The maximum criti-

cal temperature of 87 K was achieved with Ca content of

1.05 when the carrier concentration was in the optimal

doping region. The microstructure change was crucial for

not only the intergrain connections but also the flux pinning

properties, considering the dominant flux pinning
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mechanism of these bulks were all surface pinning.

Therefore, obvious improvements of critical current den-

sity were obtained with Ca = 0.95 due to both the

improvement of intergrain connections and the enhance-

ment of flux pinning properties.
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