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Effects of γ-Fe2O3 on the transport critical current density

of (Bi1.6Pb0.4)Sr2Ca2Cu3O10 superconductors
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The inclusion of submicron or nano-sized particles in
materials may have a drastic effect on their physical
properties. Studies on the transport critical current den-
sity in the copper oxide based high temperature super-
conductors (HTSC) is interesting from the basic under-
standing point of view as well as for the advancement
of their application.

One of the widely studied HTSC is the Bi-system of
copper oxide-based high temperature superconductor.
A number of theoretical and experimental results have
been reported on the transport current in this system.
This includes introduction of submicron and nano-size
columnar defects as flux pinning center [1, 2]. Ultra-
fine defects may be able to minimize the pinning in-
teraction of the flux line without suppressing the su-
perconducting volume. The introduction of magnetic
nanorod and submicron dots has also been proposed to
achieve a frozen flux superconductor [3–5]. In addition
some experimental and theoretical studies have shown
the positive effect of superconducting nanoparticles on
the transition temperature of these high Tc materials
[6, 7].

Flux line network and magnetic texture can interact
effectively if their characteristic scales have the same
order of magnitude. The characteristic scales for flux
line network is the coherence length ξ , which varies in
range of 1 to 100 nm. Another characteristic length is
the penetration depth λ, which is in the range of 60 to
1000 nm. In a magnetic system with the characteristic
length ξ < L < λ, where L is the size of the pinning
center, a strong interaction between flux line network
and magnetic subsystem can be expected [4]. It is inter-
esting to investigate further the possibility of a frozen
flux superconductor in such a superconductor-magnet
hybrid system.

The addition of nano-size MgO was found to increase
the critical current when the maximum heat treatment
temperature was 910 ◦C [8]. However, no significant
enhancement of Jc was evidenced after nano-metric
SnO2 powder was added into YBCO [9]. The incorpo-
ration of ultrafine impurities with submicron diameter
has some positive effect on the critical current in the
YBCO superconductors [10].

In this work magnetic nano-particle, maghemite
(γ -Fe2O3) of about 50 nm in radius with rod-like
shape was used to act as pinning centers in bulk
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(Bi1.6Pb0.4)Sr2Ca2Cu3O10 (Bi-2223) superconductor.
The transition temperature, transport critical current
density, microstructure, and X-ray diffraction pattern
are reported.

Samples with nominal composition (Bi1.6Pb0.4)-
Sr2Ca2Cu3O10 were prepared from powders of Bi2O3,
PbO, SrO, CaO and CuO of at least 99.9% purity. The
powders were calcined at 800 ◦C for 24 hrs. Further
calcination was done at 830 ◦C for 24 hrs after re-
grinding. The powders were then pressed into pellets
of approximately 1.3 cm diameter and 2 mm thickness
and heated for 150 hrs at 850 ◦C. After the sintering
process γ -Fe2O3 was added to the composition with
(Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x with x = 0.00,
0.01, 0.02, 0.03, 0.04, 0.05, and 0.1 The powders were
mixed in an agate mortar, pressed into pellets, and cal-
cined at 840 ◦C for 50 hrs.

The electrical resistance was measured using the
standard four-point probe method with silver paints
contact in conjunction with a CTI Cryogenic Closed
Cycle refrigerator Model 21. The pellets were cut into
a bar shape with an approximate cross sectional dimen-
sion of 2 mm × 3 mm. The transport critical current,
Ic was determined from the I-V characteristic at 77 K
using the 1 µV/cm criterion. The transport critical cur-
rent density Jc was calculated by dividing the critical
current Ic of the bar sample with the corresponding
cross sectional area. A Philips XL-30 scanning electron
microscope was used to observe the microstructure of
the bulk superconductor samples while observation for
γ -Fe2O3 was done with LEO 1450VP scanning elec-
tron microscope. A Bruker D8 Advance diffractometer
with Cu Kα radiation was used to determine the X-ray
diffraction pattern.

Fig. 1 shows the randomly oriented rod-like shape
γ -Fe2O3 of approximately 100 nm long and 50 nm
radius. In order to make a comparison between
(Bi1.6Pb0.4)Sr2Ca2Cu3O10 with and without γ -Fe2O3,
a (Bi1.6Pb0.4)Sr2Ca2Cu3O10 superconductor without
γ -Fe2O3 was prepared as a reference sample. The mi-
crograph of a fractured surface of the reference sample
is shown in Fig. 2. The figure shows randomly oriented
grains, implying the occurrence of a rather large num-
ber of weak links. The sample has a critical current
density Jc of about 600 A/cm2. Fig. 3 shows the frac-
tured surface of the x = 0.01 sample. It clearly shows
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Figure 1 Micrograph of rod-like structure of γ -Fe2O3.

Figure 2 Micrograph of (Bi1.6Pb0.4)Sr2Ca2Cu3O10 without (γ -Fe2O3)x .

Figure 3 Micrograph of (Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x with x = 0.01.
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Figure 4 Tc vs. x , of (Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x .

the stacking up of layers which contributed to a higher
Jc ≈ 1100 A/cm2.

The effect of γ -Fe2O3 on the Tc for (Bi1.6Pb0.4)
Sr2Ca2Cu3O10-(γ -Fe2O3)x samples with x = 0.00 to
0.05 are shown in Fig. 4. Tc is defined as the tempera-
ture at which the resistance of the sample reached zero.
For non-substituted sample, the Tc is around 98 K. At
x = 0.01, Tc is suppressed to approximately 81 K. Fur-
ther addition of γ -Fe2O3 reduces Tc to 80 K (x = 0.02),
79 K (x = 0.03) and 65 K (x = 0.05).

Fig. 5 shows the X-ray diffraction patterns of
(Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x with x = 0.00,
0.01, 0.03, and 0.05. The main peaks in the XRD pat-
terns can be identified as (00l) peaks of Bi-2223 and

Figure 5 X-ray diffraction patterns for (Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x .

TABLE I Variation of volume fraction of Bi-2223 and Bi-2212 phase
with addition of γ -Fe2O3

x V2223(%) V2212(%)

0.00 62 38
0.01 57 43
0.03 39 61
0.05 40 60

Bi-2212 phases while the peaks of the Bi-2201 are not
observed. Some non-superconducting phases such as
Ca2CuO3 can also be detected. The volume fraction
of the 2223 and 2212 phase were determined from the
intensity (I ) of the XRD pattern using the formula by
(IH(0010))/(IH(0010) + IL(008)). H and L stand for the high
Tc phase (Bi-2223) and low Tc phase (Bi-2212), respec-
tively and shown in Table I. The volume fraction of
Bi-2223 is found to decrease with increasing γ -Fe2O3
concentration, indicating that the addition of γ -Fe2O3
does not favor Bi-2223 conversion from Bi-2212 phase.
This effect may be due to the fact that γ -Fe2O3 retards
the insertion process of Ca-Cu-O layer into Bi-2212.
Intercalation mechanism suggests that Bi-2223 phase
is formed from layer by layer intercalation of Ca-Cu-O
bilayers into the existing Bi-2212. However the interca-
lation would be impeded by γ -Fe2O3 when the moving
Ca-Cu-O bilayers meet γ -Fe2O3 embedded in Bi-2212
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Figure 6 Jc vs. x of (Bi1.6Pb0.4)Sr2Ca2Cu3O10-(γ -Fe2O3)x at 77 K.

matrix and thus the conversion to Bi-2223 is retarded
as observed in other materials [11].

Jc at 77 K for x = 0.00, 0.01, 0.02, and 0.03 are shown
in Fig. 6. Maximum Jc ≈ 1100 A/cm2 was achieved in
the x = 0.01 sample followed by a decrease with higher
content of γ -Fe2O3. It is well known that the Jc values
depend on the volume fraction of the Bi-2223 phase.

In conclusion, the effect of nano-sized γ -Fe2O3 on
the transport properties of (Bi1.6Pb0.4)Sr2Ca2Cu3O10-
(γ -Fe2O3)x for x = 0–0.1 is reported. The addition of
γ -Fe2O3 is found to enhance the transport critical cur-
rent density measured at 77 K of the x = 0.01 sample.
Although the addition of a small amount (x = 0.01) of
γ -Fe2O3 decreased the percentage of 2223 phase, the
magnetic nano particles can improve the flux pinning
properties of the superconductor, which indicates the
possibility of a frozen flux in such a hybrid system.
It would be interesting to see if this method of nano-
sized γ -Fe2O3 inclusion can be employed to increase

the transport critical current density of HTSC tapes and
thin films.
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