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Abstract. The scaling of the normalized volume pinning forces, Fp/Fp,max, versus a reduced field h =
Ha/Hscale has proven to be a very informative tool to study the origin of the flux pinning in superconduc-
tors. Remarkably, on Bi2Sr2Ca2Cu3O10+δ (Bi-2223) and Bi2Sr2CaCu2O8+δ (Bi-2212) data were mostly
analyzed only in a narrow temperature range around 77 K. Here, we present a study of the pinning forces
in various Bi-2223 samples at temperatures between 18 K and 80 K. The measurements clearly reveal
that there is an apparent non-scaling of the pinning force data; instead, two clearly different temperature
regimes for the scaling can be recognized, which are found to be in direct relation to a second step observed
in the m(T ) curves obtained upon field-cooling and -warming.

PACS. 74.25.Qt Vortex lattices, flux pinning, flux creep – 74.25.Sv Critical currents –
74.72.Hs Bi-based cuprates

1 Introduction

The scaling of data of the normalized volume pinning
forces, Fp/Fp,max, versus a reduced field h = Ha/Hscale

has proven to be a very informative tool to study the origin
of the flux pinning in superconductors [1–5]. Earlier pub-
lications [5–8] have shown that in the case of the high-Tc

superconductors, the appropriate scaling field is not the
upper critical field Hc2, but instead the irreversibility field,
Hirr, which denotes the upper limit of strong flux pin-
ning. Such a pinning analysis was performed on a va-
riety of high-Tc superconductors in literature [5–8], but
on Bi2Sr2Ca2Cu3O10+δ (Bi-2223) and Bi2Sr2CaCu2O8+δ

(Bi-2212) data were mostly analyzed only in a narrow tem-
perature range, typically around 77 K.

In this paper, we present a study of the pinning
forces in Bi-2223 samples of various shapes (intact silver-
sheathed tapes, extracted individual filaments and bulk
samples) at temperatures ranging between 18 K and 80 K.
The present measurements clearly reveal that there is
an apparent non-scaling of the pinning force data; in-
stead, two different temperature regimes can be recog-
nized, which are in direct relation to the second step in
the m(T ) curves as reported earlier [9].

2 Experimental details

Details of the sample preparation are given elsewhere;
silver-sheathed Bi-2223 tapes were prepared by the stan-
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dard powder-in-tube method as mono- and multifilaments
with up to 55 filaments [10,11]. Table 1 gives the super-
conducting properties of four selected tapes (“1” – “4”)
which stem from multifilamentary tapes with 37 filaments.
The critical current density jc(fil.) is the maximum cur-
rent density of a filament as obtained from magneto-
optic images of cross-sections of the tapes [11]. Individ-
ual filaments were extracted from the tapes by means of
an etching procedure [12]. Bulk samples of Bi-2223 were
prepared using a melt-quenching technique [13]. A total
of 20 different samples was investigated in order to ob-
tain a clear trend. Measurements of m(T ) as a function
of applied field were performed in various magnetometers
(SQUID, VSM) allowing to perform measurements with
different sweep rates of the external magnetic field. The
scans of m(T ) were performed using a SQUID magne-
tometer in a continuous sweep mode with a sweep rate
dT/dt = 35 mK/min in the transition region [14,15]. This
ensures a large number of datapoints even in a sharp su-
perconducting transition.

3 Results and discussion

For the scaling of Fp in Bi-2223, there is an useful relation,
as the law

Hirr(T ) ∼ (1 − T/Tc)3 (1)

holds [16] over a wide temperature range for the tapes and
bulk samples as observed by various authors. Therefore,
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Table 1. Parameters of the four different Bi-2223 tapes stud-
ied as cross sections. jc(fil., 10 K) gives the maximum current
density of a filament obtained from the MO images.

tape Ic(77 K) je(77 K) jc(fil. max., 10 K)

[A] [KA/cm2] [A/cm2]

1 35 5.1 0.8 × 105

2 62 10 2.1 × 105

3 56 10 1.5 × 105

4 59 7.2 2.0 × 105

Fig. 1. The irreversibility lines, Hirr(T ) for two selected
samples “1” and “2”. Two points at a given temperature
are measured using a different sweep rate, i.e. 0.25 T/min
and 2 T/min. The dashed lines show the fits using equation (1).
In the intermediate temperature range, a simple “linear” fit
on the semilogarithmic scale can be made to the data to de-
scribe Hirr(T ).

there is no free parameter to improve the scaling be-
haviour, and furthermore, Hirr can be predicted reason-
ably well for cases where the available magnetic field is too
small for a direct determination of Hirr. Throughout this
study, Hirr was determined using a criterion of 104 A/cm2.
Figure 1 also illustrates that the irreversibility line in the
temperature range 30−77 K can be described by a simple
“linear” fit in the semilogarithmic representation; this is
useful for the quick prediction of Hirr(T ) from measure-
ments performed at 77 K. This holds well for all samples
investigated here.

Figure 2 presents the scaling of the pinning forces for
one selected sample; in this case filaments from a mul-
tifilamentary tape with 55 filaments. In the temperature
range around 77 K, the scaling is reasonably good, and a
peak position, h0 ≈ 0.18 is obtained. In strong contrast
to this, the scaling of the data at 15, 20 and 25 K is also
reasonably good, but h0 is shifted to ≈0.32. Data lower
than 18 K do not reach h0 anymore within the available
field range. The inset presents scaled data measured at two
different sweep rates of the external magnetic field; clearly
indicating that h0 does not depend on the sweep rate.
Therefore, the peak position h0 is an important parame-
ter to discuss the underlying microscopic pinning mecha-

Fig. 2. Plots of the scaled volume pinning forces, Fp/Fp,max,
versus the reduced field, h = Ha/Hirr, for extracted filaments
from a Bi-2223 tape. A good scaling is obtained in two clearly
distinct temperature regimes, around 77 K and at around 20 K.
The inset presents scaled Fp data at T = 25 K, measured at
two sweep rates, 0.25 T/min and 2 T/min; illustrating that the
peak position, h0, is not affected by creep.

nism. The other samples studied exhibited essentially the
same behaviour, only the transition region is different as
illustrated in Figure 3.

Figure 3 shows the determination of h0 as function of
temperature for two samples “1” and “2”. Note that the
filaments from sample “2” exhibited the highest maximum
current density as indicated in Table 1. On both samples,
we find a well-developed scaling behaviour at high temper-
atures around 77 K and at low temperatures up to 30 K.
The intermediate part is a transition regime, where the
flux pinning mechanism gradually changes. Furthermore,
the curves for the two selected samples are markedly dif-
ferent. This is an indication of microscopic differences in
the pinning landscape of the two samples. All the data
obtained on samples “3” and “4” and on various other
samples just fall in between the two graphs indicated.
Furthermore, it is remarkable that the tape “2” (and a
also investigated monofilamentary tape) shows the best
pinning properties in the intermediate temperature range
from all samples studied here.

Figure 4 presents finally the m(T ) measurements on a
monofilamentary tape. The full symbols give the field-cool
cooling (FCC) data, the open symbols the data obtained
after zero-field cooling and subsequent warming (ZFC-W).
The field-cool warming (FCW) data are practically iden-
tical to the FCC data and omitted for clarity. The arrows
point to the secondary transition, which becomes visible
in fields above 0.5 T. This onset is clearly depending on
the applied magnetic field. At very low temperatures, the
m(T ) curves are bent upwards due to the paramagnetic
moment of copper.

The drastic change of the dominating pinning mech-
anism in the Bi-2223 samples is directly linked to our
earlier observation that there is a second step in the
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Fig. 3. The peak position of the pinning force scaling, h0, as a
function of temperature for two selected samples “1” and “2”.
The lines are guidelines to the eye.

Fig. 4. The temperature dependent scan of the magnetization
of a monofilamentary Bi-2223 tape. The full symbols give m(T )
after field-cool cooling and the open symbols after zero-field
cooled warming. The merging of both datasets gives the ire-
versibility (IL) field. The arrows point to the secondary tran-
sition, which becomes visible in applied fields above 0.5 T.

m(T ) curves at high applied magnetic fields (see Fig. 4).
This step is also seen in Bi-2212 single crystals [9,17] as
well as in Bi-2212 bulks [18,19], only in these materials
at slightly lower temperatures. This step may indicate the
breakdown of the Josephson-coupling between supercon-
ducting clusters, due to the presence of Bi-2201 with a Tc

of ≈20 K. This would imply that even the best single crys-

tals of Bi-2212 are spatially inhomogeneous. The presence
of such intergrowths were observed by TEM in all Bi-based
systems [20].

The peak position h0 = 0.33 implies according to
reference [1] a flux pinning at small (v ∼ ξ3) normal-
conducting or insulating particles. This peak position
is also found in various experiments on YBa2Cu3Ox

(YBCO) samples [5,21]. As at low temperatures even in a
layered superconductor the pancake vortices are strongly
coupled together, there is no visible difference between the
pinning behaviour of Bi-2223 and YBCO. However, at ele-
vated temperatures, the peak position h0 ≈ 0.18 indicates
a dominant flux pinning of a two-dimensional type like e.g.
grain boundaries or dislocations. In this case, the bend-
ing experiments of tapes should have shown some increase
of jc at small bending strains. This was, however, never
observed [22]. Another possibility is that the vortices in
the Bi-2223 material dissociate into pancakes at a tem-
perature of about 30 K; in this case, the effective pinning
landscape will change for the resulting pancake vortices.
Furthermore, it is clear that the point defects which are
operating well at low temperatures, are not suitable to
pin effectively the pancake vortices. This dissociation of
pancake vortices may also cause the secondary transition
as found in the m(T ) scans. Following de Lima et al. [17],
the secondary transition in the m(T ) curves is caused by
Josephson coupling of strongly superconducting islands,
which would not change the basic flux pinning mechanism,
but the lengthscale on which the superconducting currents
are flowing. If the secondary transition is caused by em-
bedded Bi-2201 material, then these superconducting ar-
eas would become normal-conducting at around 30 K, thus
the number of effective pinning sites could even increase.
A δTc-pinning due to such superconducting areas will only
be effective just below the secondary transition tempera-
ture – this is indeed the region where the peak or butterfly
effect in Bi-2212 crystals is observed [23].

A final decision on which transition takes place in the
Bi-2223 samples can, at the moment, not be reached from
a scaling analysis as the pinning functions of Dew-Hughes
are not describing a situation like the dissociation of vor-
tices into pancakes. Here, further studies including theo-
retical modelling are required. However, some important
conclusions can be drawn from the data presented here:
(i) In the low-temperature range, Bi-2223 is similar to
YBCO but with higher irreversibility fields,
(ii) at temperatures around 30 K a secondary transition
takes place, which is the reason for a drastic change in the
pinning mechanism, and
(iii) for a further increase of jc in Bi-2223 superconduc-
tors, it is essential to extend the range of the Fp-scaling
at a peak position of 0.33 towards higher temperatures.

From this scaling analysis, it is clear that from mea-
surements at T = 77 K, one cannot predict the behaviour
of the sample at temperatures lower than 40 K correctly.
For example, measurements on monofilamentary tapes
show a much stronger increase of jc and Fp at low tem-
peratures as compared to multifilamentary tapes and the
extracted filaments.
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The present observation also explains why the at-
tempts to introduce pinning sites into the Bi-2212 or
Bi-2223 matrix by adding MgO nanoparticles [24,25] or
CrO3 [26] have failed to increase jc at T = 77 K. If there
is an effect of these particles to be observed, then it must
be at low temperatures and/or in the intermediate tem-
perature range between 30 and 70 K, i.e., the peak po-
sition at h0 = 0.33 should be maintained towards higher
temperatures. Very recent experiments, however, show an
increase of jc by adding nanoparticles of Al2O3 to bulk
Bi-2223 samples [27] and by adding small amounts of Ni to
Bi-2223 tapes [28]. The latter doping of Ni on the Cu site
would provide a flux pinning of the δTc-type, also leading
to an increase of the peak position in the Fp-scaling.

Irradiation experiments of tapes, where columnar or
quasi-columnar defects are introduced, should lead to a
peak position h0 which is maintained to higher tempera-
tures as compared to non-irradiated samples.

4 Conclusions

To conclude, we have found that the pinning force scaling
in Bi-2223 works well in two narrow temperature regimes
around 70 K and below 20 K. In the intermediate tem-
perature range, the peak position shifts towards 0.18 on
increasing T , manifesting a change in the basic pinning
mechanism.
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