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a b s t r a c t

Influence of flux pining ability in the intragrain characterized by critical current density on the harmonics
AC susceptibility is studied. A sintered superconducting sample is described by alternating weak (inter-
grains or weak links) and strong (intragrains) regions, which is depicted by different critical current den-
sities Jcw and Jcs. Simulations using the flux creep model show that with the increase of the flux pinning
ability of the intragrain region, a step and two peaks in the fundamental AC susceptibility as well as more
peaks in the higher order even and odd harmonics are observed. Moreover, the Coles–Coles plot of v3

may be used as a method to qualitatively estimate the values of Jc0s/Jc0w.
� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The behaviors of high-temperature superconductors (HTSCs)
under the external magnetic fields are considered important due
to their engineering applications. Several techniques have been
applied to study the complicated flux motions of HTSCs under the
varying temperatures and fields, such as transport, magnetization,
and AC susceptibility [1–4]. In particular, the complex AC
susceptibility ðvn ¼ v0n þ iv00nÞ has been widely used to study the
vortex dynamics and loss mechanism of HTSCs. It is well known
that a measurement of the fundamental AC susceptibility
ðv1 ¼ v01 þ iv001Þ represent two complementary aspects of flux
dynamics: just below the critical temperature Tc, a sharp decrease
in the real part v01 is a consequence of diamagnetic shielding and
a peak in the imaginary part v001 represents losses [5,6]. In addition
to the fundamental response v1, the higher order harmonics are
usually generated in HTSCs owing to the non-linear flux creep. This
nonlinear response of the superconductors to a change in the exter-
nal magnetic field is studied carefully [7,8]. Experimentally, the
higher order harmonics have been widely used as an accurate and
sensitive method to define the irreversible line and non-linear
dissipation [9–11]. Additionally, the higher order harmonic
response is more sensitive to the extern parameters and sample
properties [12,13].
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As to the large scale applications of HTSCs, it is crucially depen-
dent on their critical current density (Jc) and irreversibility field. A
sintered sample of HTSCs consists of superconducting grains,
which are interconnected by a system of weak links. The existence
of weak links sensitively affects on the higher order harmonics.

Lots of works have been made to explain higher order harmon-
ics by considering a sample consisting of the intergrain and intra-
grain components in sintered HTSCs [1–3,13,14]. However, the
systematic investigation of different flux pinning ability effects
on higher order harmonics is still lack. Moreover, the size of the
weak links also significantly influent of higher order harmonics.
Therefore, the investigation is necessary to get a picture of the
higher order harmonics influenced by the flux pinning and the size
of intragrain.

In previous works, the critical state model has been used to ex-
plain experimental results about higher order harmonics [15,16].
For HTSCs, flux creep is significant due to the high operating tem-
peratures and small activation energy U. Hence, flux creep models
are used in the study of higher order harmonics [17,18]. In order to
reach a fundamental understanding of higher order harmonics in
the sintered HTSCs, in this paper, we propose a phenomenological
model to describe the sintered HTSCs and to study the effects of
flux pinning and the size of intragrain on higher order harmonics.

2. Simulation

For a sintered sample of HTSCs, the grain boundaries (inter-
grain) form a weak link network of flux pinning, which suppresses
substantially the critical current density, and thus contains a lower
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Fig. 1. A schematic sketch of the one-dimensional model: a superconducting slab
consisting of periodic strong part (the intragrain) and weak part (intergrain).

Fig. 2. The calculated curves of v01 and v001 as a function of temperature with
different Jc0s/Jc0w, as the arrows indicate: 1, 2, 5, 10, 20, 50, 100, for Bdc = 0.05 T,
Bac = 0.5 Gs and f = 500 Hz.
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Jc, whereas the intragrain region has a higher Jc. As magnetic field is
applied, flux density will enter into the intergrain at first and then
penetrate gradually into the intragrain by means of flux creep.
Hence, a sintered sample is simplified by a ‘sandwich’ of an intra-
grain region (S) with higher Jc by two intergrain regions (W) with
lower Jc, as shown in Fig. 1, which is similar to the two velocity
hydrodynamic models [8,23].

Consider a slab with infinite length along the y axis, thickness d
along the x axis, and width w along the z axis. The field is applied
along the z axis. In view of w� d,we focus on the one-dimensional
case for simplicity [19,20]. The nonlinear flux diffusion is described
by the logarithmic barrier, U(j) = U0 ln |jc/j| [19,20], and thus the
flux line velocity is

v ¼ v0ðj=jcÞ exp½�UðjÞ=kT� ¼ v0ðj=jcÞjj=jcj
n
; ð1Þ

where n = U0/(kT) and v0 is the velocity at U = 0. For simplification,
we suppose U0w = U0s = U0. Let the surfaces of the slab be in y–z
plane, thickness d along the x axis, the applied field Ba||z. Using
the Maxwell equations, one gets the diffusion equation of flux line
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The boundary and initial conditions are, respectively,

Bðx ¼ 0;d; tÞ ¼ Bdc þ Bac sinð2pftÞ;

Bðx; t ¼ 0Þ ¼ Bdc:

The complex elementary ACS then can be calculated by

vn ¼ v0n þ iv00n ¼
1

pBac

Z 2p

0
l0MðtÞ expðin2pftÞdð2pftÞ; ð3Þ

where the magnetization is

l0MðtÞ ¼ 1
d

Z d

0
Bðx; tÞdx

" #
� ½Bdc þ Bac sinð2pftÞ�: ð4Þ

The temperature and field dependence of the critical current
density and apparent activation energy are supposed as follows,
respectively,

jcðT;BÞ ¼ jc0 1þ T
Tc

� �2
" #�1=2
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B0 þ jBj
; ð6Þ
In the following simulations, we let n0 = n(T = 0, B = 0) = 5,
v0 = 1 m/s

and B0 = 500 Gs [18]. On the other hand, we choose jc0w = 5 �
108 A/m2 and jc0s is several times larger than jc0w. With the finite
difference method, the nonlinear diffusion equation can be numer-
ically solved and the implicit difference scheme is used for
stability.

3. Results and discussion

Firstly, we focus on the influence of flux pinning on complex
susceptibility. Hence, that the intragrain zone holds 2/9 part of
the whole sample, and the other 7/9 part is intergrain zone has
been choose [20]. Additionally, the higher Jc means stronger flux
pinning [21], so we adapt Jc value reflect the flux pinning ability.
In Fig. 2, we plot the calculated curves of v01 and v001 as a function
of temperature at Bdc = 0.05 T, Bac = 0.5 Gs and f = 500 Hz, for vari-
ous values of Jc0s/Jc0w (1, 2, 5, 10, 20, 50, and 100). As the values
of Jc0s/Jc0w increase, one peak in v001 becomes two peaks, and smooth
increase of v01 from �1 to 0 appears a step as temperature goes up,
which is in good agreement with experimental data [3].

The calculated higher order even and odd harmonics as a func-
tion of temperature at Bdc = 0.05 T, Bac = 0.5 Gs and f = 500 Hz are
presented in Figs. 3 and 4, respectively. Solid lines and dished lines
indicate the real part and imaginary part of higher harmonics,
respectively. The simulated results are also in agreement with
experiments [3,12,15]. The real and imaginary part of higher order
harmonics oscillate between positive and negative values, seen
from Figs. 3 and 4. As the values of Jc0s/Jc0w increase from 1 to
100, in the real parts of higher order even harmonics, the peak
positions move towards to higher temperatures, and the peak
heights increase, shown in Fig. 3. The previous studies indicate that
an observation of even harmonics means the existence of an asym-
metric hysteresis loops with magnetic fields between Bdc + Bac -
sin (2pft) and Bdc + Bac sin (2pft + p) [22]. It means that the
asymmetry of minor hysteresis loops becomes obviously as flux
pinning ability increasing of strong region. In Fig. 4, similar peaks
as in even harmonics versus temperature curves can be observed,
however, it is noted that the peak heights decrease as the incre-
ment of flux pinning ability.

In order to show the influence of flux pinning ability on the
harmonics clearly, we plot in Figs. 5 and 6 the magnitude of the
odd (|v3|, |v5|, |v7|, |v9|) and even (|v2|, |v4|, |v6|, |v8|) harmonics,
where jvnj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v02n þ v002n

p
, as a function of temperature at

Bdc = 0.05 T, Bac = 0.5 Gs, and f = 500 Hz, for various values of



Fig. 4. The calculated curves of odd hamonics v0n and v00n (n = 3, 5, 7, 9) as a function of temperature with different Jc0s/Jc0w, as the arrows indicate: 1, 2, 5, 10, 20, 50, 100, for
Bdc = 0.05 T, Bac = 0.5 Gs, and f = 500 Hz.

Fig. 3. The calculated curves of even hamonics v0n and v00n (n = 2, 4, 6, 8) as a function of temperature with different Jc0s/Jc0w, as the arrows indicate: 1, 2, 5, 10, 20, 50, 100, for
Bdc = 0.05 T, Bac = 0.5 Gs and f = 500 Hz.
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Jc0s/Jc0w (1, 2, 5,10, 20, 50, 100). A pronounced peak in the |v3| curve
at Jc0s/Jc0w = 1 can be observed. As the value of Jc0s/Jc0w increasing,
more peaks, in |v3|, |v5|, |v7|, |v9|, appear, and the peak shift to
higher temperatures and the peak heights decrease, shown in
Fig. 5, which has been observed in experiments [12]. As for the
magnitude of even harmonics as shown in Fig. 6, similar peaks as
that in odd harmonics have been observed, however, it is interest-
ing to note that the peak height shows opposite behavior, the peak
heights in even harmonic curves increase with the increment of
flux pinning ability.



Fig. 5. The calculated curves of the magnitude of the odd harmonics jvnj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v02n þ v002n

p
(n = 3, 5, 7, 9) as a function of temperature with different Jc0s/Jc0w, as the arrows

indicate: 1, 2, 5, 10, 20, 50, 100, for Bdc = 0.05 T, Bac = 0.5 Gs, and f = 500 Hz.

Fig. 6. The calculated curves of the magnitude of the even harmonics jvnj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v02n þ v002n

p
(n = 2, 4, 6, 8) as a function of temperature with different Jc0s/Jc0w, as the arrows

indicate: 1, 2, 5, 10, 20, 50, 100, for Bdc = 0.05 T, Bac = 0.5 Gs, and f = 500 Hz.

L. Zhang et al. / Physica C 475 (2012) 38–42 41
In order to display clearly the influence of different flux pinning
ability in an intragrain on the harmonics, it is useful to plot v00 as a
function of v0 (Coles–Coles plot). Shown in Fig. 7, v003 is plotted as a
function of v03 at Bdc = 0.05 T, Bac = 0.5 Gs, and f = 500 Hz for various
values of Jc0s/Jc0w (1, 2, 5, 10, 20, 50, 100). In the case of Jc0s = Jc0w, a
cardioids curve traversing the plot clockwise upon temperature



Fig. 7. Coles–Coles plot as obtained from the calculated temperature of v3.
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increase can be observed. As the flux pinning ability of the intra-
grain enhances, the cardioids curves are distorted, and the closed
areas get smaller. It may be used as a simple method to qualita-
tively estimate the values of Jc0s/Jc0w.

In polycrystalline high temperature superconductors, there ex-
ist the intergrain region (such as the weak links) and the intragrain
region. As the flux pinning ability enhanced in the intragrain re-
gion, the characteristics in the complex susceptibility have been
changed. As enhancement of flux pinning of intragrain region,
two peaks come into being in fundamental AC susceptibility, and
more peaks appear in the higher order even and odd harmonics.
Moreover, the peaks at high temperatures move to higher temper-
ature, and the peak heights increase in even harmonics, while, in
odd harmonics the peak heights decrease with increasing flux pin-
ing of the intragrain. On the other hand, the Coles–Coles plot of v3

may be used to qualitatively estimate the values of Jc0s/Jc0w.

4. Conclusions

We have proposed a model to account for the effect of flux pin-
ning ability of the intragrains characterized by critical current den-
sity on ACS in sintered superconductors. A sintered superconductor
is described by alternating weak (intergrains or weak links) and
strong (intragrains) regions depicted by different critical current
densities Jcw and Jcs. Based on flux creep simulation, as the flux pin-
ning ability enhanced in the intragrain region, a step and two peaks
in fundamental AC susceptibility, and more peaks appear in the
higher order even and odd harmonics, as reported in the refer-
ences, are observed. The peaks at high temperatures move to high-
er temperature, and the peak heights increase in even harmonics,
while, in odd harmonics the peak heights decrease with increasing
flux pining of the intragrain. Moreover, the Coles–Coles plot of v3

may be used to qualitatively estimate the values of Jc0s/Jc0w.
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