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Abstract Superconducting bulk YBa2Cu3O7 − x (YBCO)
material prepared by the melt growth method was charac-
terized by AC susceptibility measurements. The measured
susceptibilities were affected by the ac field amplitudes. The
measured fundamental susceptibility was compared with the
Bean model. An empirical function for the penetration field
Hp = Hα(1 − t)β , where t is the reduced temperature, was
obtained. Ac losses were determined at fixed temperatures
and compared with theoretical calculations. A qualitative
agreement was found between the experimental results and
theoretical calculations.

Keywords YBCO · AC susceptibility · AC losses · Bean
model

1 Introduction

From the early days of high TC superconductivity, ac suscep-
tibility technique has been employed as a probe to study the
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weak link intergranular region in the high TC oxide super-
conductors. General features of the complex ac susceptibil-
ity, (χn = χ ′

n+iχ ′′
n , n being an integer) in these materials are

described in [1]. The complex ac susceptibility can give in
formation about magnetic properties and the critical-current
density Jc(H) concerning the weak link in tergranular re-
gion in the high TC systems. To analyze the temperature and
ac field amplitude dependent variation of the ac susceptibil-
ity and to estimate critical-current density, the critical state
models have been developed. The first physical interpreta-
tion came from the original Bean critical state model [2]. In
this model, only the odd-order ac susceptibilities are gener-
ated because of the critical current density, Jc, assumed to
be independent of local magnetic field, causing the symmet-
ric M–H curves. Later, Kim–Anderson model takes account
of local magnetic field Jc and predicts that the even-order ac
susceptibilities are also measurable [3]. Chen and Goldfarb
used a parameter p = (2ka)1/2/H0 for a long orthorhombic
sample [4]. They have showed that for lower values of p

the Kim–Anderson model approximately reduces the Bean
model and for larger values of p it assumes a field depen-
dence with H0 = 0. This extreme case of the model is called
the simplified Kim model [5].

In this paper, the superconducting bulk YBCO was char-
acterized by AC susceptibility measurement. To make com-
parison between measurements and calculations, we have
obtained the temperature dependence for the penetration
field Hp(T ) from the experimental data. In addition, AC
losses were calculated at fixed temperatures and compared
with experimental results.

2 Experiments

YBCO single crystals were prepared by the top-seeded melt
growth technique and described in detail elsewhere [6]. The
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Fig. 1 The full penetration
field, Hp, versus the peak
temperature, Tp

harmonic susceptibility measurements were carried out by a
commercial Lake Share 7130-model ac susceptometer em-
ploying a mutual inductance coil system with a closed cycle
refrigerator.

3 Model Calculation

The measured susceptibility showed a field-dependent be-
haviour, especially at temperatures near TC. The χ ′′

1 had a
single maximum and shifted to lower temperatures as the ap-
plied field increased. These results show that the Bean model
is quite applicable to the qualitative description of the ma-
terial. In the Bean model, the critical current density, Jc, is
assumed to be independent of local magnetic fields. For the
disc-geometry, the magnetization can be given as

M = −χ0HaS(Ha/Hp) (1)

where Ha is the applied and Hp is the least magnetic field
penetrating to the centre of the disc. The function S(x) is
given by

S(x) = 1

2

[
cos−1

[
1

coshx

]
+ sinhx

cosh2 x

]
(2)

as in [7]. Here, χ0 = 8R/3πd is a value for a complete flux
shielding of a disc with thickness d and radius R, which ex-
hibit perfect diamagnetism. If the applied ac field Hac modu-
lates between −Hm and +Hm, the magnetization for the de-
scending and ascending portions can be given, respectively,
as in [8]

M = −χ0HmS(Hm/Hp)

+ χ0HmS(Hm − Ha)S((Hm − Ha)/2Hp), (3a)

M = χ0HmS(Hm/Hp)

− χ0HmS(Hm + Ha)S((Hm + Ha)/2Hp) (3b)

By using of these magnetization equations, harmonic sus-
ceptibilities (χn = χ ′

n + iχ ′′
n ) are calculated as

χ ′
n = 1

πHac

∫
M(t) sin(nwt) d(wt), (4a)

χ ′′
n = 1

πHac

∫
M(t) cos(nwt) d(wt) (4b)

in-phase and out-of-phase components of harmonic suscep-
tibilities, respectively.

4 Results and Discussion

Figure 1 shows the full penetration field, Hp, versus the peak
temperature, Tp. At the peak values of χ ′′

1 /χ0, ac field am-
plitudes are equal to the full penetration Hp. A function
of the form Hp = Hα(1 − t)β , t = T/TC with parameters
Hα ≈ 8.85 × 108 (A/m) and β ≈ 3.64 fits best to the data
observed. The lower temperature part of the curve is ob-
tained by extrapolation. The value of β is similar to 1.86
for BSCCO [9] and 3.34 for MgB2 [10].

In Fig. 2, we show the measured fundamental suscepti-
bility at various ac field amplitudes. The inset plot in the
figure indicates the out-of-phase component of the funda-
mental susceptibility. All the measurements reported are
normalized at 50 K. The peaks shift to lower temperature
with increasing ac field amplitudes. The diamagnetic on-
set temperature of the superconducting transition is found
to be 90 K. The diamagnetic onset temperature is constant
at different fields. This temperature is defined as the start of
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Fig. 2 Experimental
measurements of fundamental
harmonic susceptibilities for
Hac = 80, 320, 640 and
1280 A/m (rms) at f = 81 Hz

Fig. 3 Numerical solutions of
fundamental harmonic
susceptibilities from (4a) and
(4b) versus temperature for 80,
320, 640 and 1280 A/m (rms)

diamagnetism and attributed to the bulk superconductivity.
Fundamental susceptibility shows a typical single-step tran-
sition and a sharp superconducting transition in our sam-
ple. This result is similar to that of a bulk MgB2 [10] and
bulk YBCO [11]. The peak temperature, Tp is 87.30, 87.10,
86.80, and 86.38 K for ac fields of 80, 320, 640, and 1280
(A/m), respectively.

Figure 3 displays the calculated fundamental suscepti-
bility. The theoretical calculation was carried out by Bean
model with the fitting equation Hp = Hα(1 − t)β for disc-
geometry. The results obtained from model calculations ex-
hibit that, the peak temperature, Tp are 87.70, 87.40, 87.10,
and 86.70 K for ac fields of 80, 320, 640, and 1280 (A/m),
respectively. As Hac increases, the peak moves to lower tem-
perature, but the height of the peak of imaginary part is not

affected. As can be seen in Fig. 2 and Fig. 3, the experimen-

tal values are in agreement with model calculations.

The calculated measured ac losses versus ac field ampli-

tude for three temperature (T = 86.26, 86.10, and 86.00 K)

are shown in Fig. 4a and 4b, respectively. Although the sam-

ple is a melt-textured single crystal, the weak link can cause

ac losses. The weak links may be due to imperfections in the

material or some poorly oxygenated regions which are non-

superconductive or become nonsuperconductive with apply-

ing magnetic fields. Another source of the weak links may

be due to microcracks generated by non-uniform oxygen

diffusion [11]. It can be found from Fig. 4 that ac losses

exhibit a parabolic curvature as a function of H 2
ac. Conse-

quently, the results are in good agreement with theory.
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Fig. 4 Theoretical (a) and
experimental (b) ac losses as a
function of Hac for three
different temperatures

(a)

(b)

5 Conclusion

The superconducting bulk YBCO prepared by a melt growth
method was characterized by AC susceptibility measure-
ment. The measured fundamental susceptibility was calcu-
lated by using of the Bean model with the fitting parame-
ters. AC losses were also calculated at the same fixed tem-
peratures. As a result, the model calculations were in quali-
tative agreement with the corresponding experimental mea-
surements. In addition, a suitable temperature dependence
for the penetration field Hp(T ) was given.
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