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Abstract. We present ac susceptibility measurements performed on (K,Ba)BiO3 single crystals with dif-
ferent geometries: thick films, bars and hollow cylinders. We show that the hac dependence of the real (χ′)
and imaginary (χ′) parts of the ac susceptibility is in very good agreement with Brandt’s numerical calcula-
tions (Phys. Rev. B 58, 6523 (1998)) in the modified Bean critical state. Creep effects (at Hdc = 0.3T ) are
investigated by studying the frequency dependence of the current density deduced from the temperature
scans of the ac susceptibility over a large frequency range (0.02 Hz < ω < 2000 Hz). The relaxation rate
S = dln(J)/dln(ω) ∼ 4% is temperature independent and very similar to the one usually obtained in high
Tc cuprates.

PACS. 74.60.Ge Flux pinning, flux creep, and flux-line lattice dynamics – 74.60.Ec Mixed state, critical
fields, and surface sheath – 74.25.Nf Response to electromagnetic fields (nuclear magnetic resonance,
surface impedance, etc.)

1 Introduction

The vortex creep phenomena in high Tc superconductors
have been extensively studied over the last ten years but
still remain a very controversial issue [1]. The vortex dy-
namics is most commonly investigated either by measur-
ing the relaxation of the dc magnetization with time or
equivalently the frequency dependence of the response of
the vortices to ac fields. ac susceptibility measurements
can indeed be used as a very powerful tool in the verifi-
cation of models for both creep and pinning in the mixed
state of type II superconductors. Many theoretical papers
have thus been devoted to the ac response of supercon-
ducting samples either in Bean critical state [2–4] (i.e. for
bulk pinning) or in the presence of large shielding currents
flowing near the sample edges [5,6] (i.e. for surface and/or
geometrical barrier pinning). The latter model has hence
been successfully applied to high quality BiSrCaCuO sam-
ples [7,8] whereas the ac response of YBaCuO films could
be better described by the bulk pinning model [9].

A complete description of the ac response of super-
conductors of arbitrary shape in presence of large creep
phenomena is a tremendous task which has not been com-
pletely addressed yet. The nonlinear equations can usually
not be solved analytically but numerical calculations have
been performed for various geometries and creep models
[10–12]. The ac response has, for instance, been computed
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by Brandt for rings, thin disks (in transverse magnetic
field) [10] and, very recently, bars and cylinders with ar-
bitrary length [11] assuming that the electrical field E is
related to the current density J through: E ∼ Jn. Such a
E−J characteristic may be used to mimic arbitrary creep
phenomena by varying the n exponent from 1 (Ohmic re-
sponse) to ∞ (Bean model).

The aim of this paper is to present a detailed char-
acterization of the ac response of the (K,Ba)BiO3 su-
perconductor (Tc ∼ 30 K). This cubic system presents
a vortex phenomenology which is very similar to the one
observed in high Tc cuprates including the presence of a
vortex liquid phase (despite much smaller thermal fluctu-
ations [13]), a “fishtail” effect in the magnetization loops
[14] and relaxation phenomena [15]. However, in contrast
to high Tc cuprates, its crystallographic structure is per-
fectly isotropic and its H − T phase diagram remains ex-
perimentally accessible down to the lowest temperatures
(Hc2 < 30T [16]). The paper is organized as follows. The
sample preparation and experimental procedure is briefly
described in Section 2. The origin of pinning is investi-
gated in Section 3 by varying the amplitude of the ac field
at fixed frequency. The experimental data are compared to
the numerical calculations performed by Brandt for three
different geometries and we will show that the ac response
can be well described by the bulk pinning model. Finally,
creep effects have been studied by varying the frequency
of the ac field from 0.02 Hz to 2 kHz (Sect. 4). We will
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show that the frequency dependence of the current den-
sity can be directly deduced from χ′(T, ω) and discuss this
dependence in view of both U ∼ lnJ [17] and collective
creep models [18].

2 Experimental and sample preparation

The ac susceptibility has been measured on three
(K,Ba)BiO3 single crystals grown by electrochemical crys-
tallisation: (A) a thick film (thickness/width ∼ 0.01)
grown on the top of a BaBiO3 substrate: Tc = 28 K,
(B) a small (in order to avoid strong sample inhomo-
geneities related to non uniform potassium distribution)
cube ∼ (300 µm)3: Tc = 25 K and (C) a “hollow square”
cylinder obtained by coating a BaBiO3 cubic seed by a su-
perconducting (K,Ba)BiO3 shell (we finally got an “hol-
low” cylinder by cutting out the top and bottom faces of
the as-grown cube): Tc = 31 K. The different sample ge-
ometries are sketched out in the inset of Figures 1 and 2.

The magnetic field B(T, hac, ω) at the top of sample
(A) and (B) has been measured with a Hall probe and the
ac transmittivity TH has been deduced from B using:

TH(T ) =
B(T )−B(T � Tc)

B(T � Tc)−B(T � Tc)

for various amplitudes (0.1 G < hac < 20 G) and frequen-
cies (0.02 Hz < f < 2 kHz) of ac modulation field. Note
that we did not measure the local ac response that would
be given by a miniature probe [19] much smaller than
the sample size but an average response – i.e. the sus-
ceptibility – by using a rather large probe (∼ (100 µm)2

i.e. comparable to the sample size). The ac susceptibil-
ity of the “hollow” cylinder has been measured using an
home made susceptometer at fixed frequency (1 kHz) for
0.03 G < hac < 20 G. All samples presented a rather
sharp superconducting transition (∼ 1 K at hac = 0.1 G).

3 Evidence for bulk pinning

Figure 1 shows the real (χ′) and imaginary (χ′′) parts
of the normalized susceptibility (at ω = 12 Hz) of the
(K,Ba)BiO3 thick film as a function of the reduced ac
field hac/hmax (where hmax is the field corresponding to
the maximum of dissipation). Seven temperatures between
23.5 K and 26.5 K have been reported as a single sym-
bol. As expected from the nonlinear response theory, both
χ′(hac/hmax) and χ′′(hac/hmax) are temperature indepen-
dent. Indeed, hmax ∼ Jd where J is the current density
and d a characteristic length scale i.e. the radius for cylin-
ders in a parallel geometry, the thickness for films in per-
pendicular field, and the ac susceptibility can be written
as [10]:

χ(hac, T, ω) = F (hac/J(T, ω)d) (1)

where F (x) depends on the sample geometry, pinning and
creep mechanisms [20].

Fig. 1. hac field dependence of the real (χ′) and imaginary
(χ′′) parts of the ac susceptibility of the (K,Ba)BiO3 thick film
(seven temperatures have been reported as a single symbol).
The solid and dashed lines are the theoretical calculations for
bulk and surface pinning respectively. In the lower inset: Ar-
gand plot of the third harmonic showing that the hysteretic
process is dominated by bulk pinning barriers (see text for de-
tails). In the upper inset: sketch of the (K,Ba)BiO3 thick film
(white) grown on the top of a BaBiO3 substrate (dark gray).
The orientation of the ac field is indicated by the arrow.

As shown in Figure 1 the experimental data are in
good agreement (the small discrepancies will be discussed
in Sect. 4) with the numerical calculation for thick disks
[11] (the influence of the lateral shape is negligible) in the
Bean critical state [21]. As a comparison, we have also
reported the calculations for geometrical barrier pinning
with the appropriate thickness/width ratio. Clearly this
latter model only provides a very poor fit to the data
for hac < hmax [20]. The discrepancy is particularly clear
for χ′′ for which a maximum of 0.36 is predicted in clear
disagreement with the experimental value ∼ 0.23.

Another major difference between edge and bulk cur-
rents is given by the shape of the Argand (i.e. polar) plot
of the third harmonic. Indeed, this plot is expected to
resemble a full cardiodid for edge currents but, as a con-
sequence of the lenticular shape of the hysteretic loop for
small hac values, only a half cardiodid for bulk currents [8]
(the left part of the cardiodid corresponds to large hac/Jd
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Fig. 2. hac field dependence of the real (χ′) and imaginary
(χ′′) parts of the ac susceptibility of the (K,Ba)BiO3 thick film
(sample (A) – dotted line), cubic single crystal (sample (B) –
solid circles) and hollow “cylinder” (sample (C) – open circles).
The solid and dashed lines are the theoretical calculations for
bars and thin walled cylinders respectively. In the lower in-
set: sketches of the cubic single crystal and hollow “cylinder”
obtained by coating a BaBiO3 seed (dark gray) with a super-
conducting (K,Ba)BiO3 shell (white). The orientation of the
ac field is indicated by the arrow.

values and is thus similar for both models [20]). As shown
in the inset of Figure 1 the Argand plot of the (K,Ba)BiO3

film is in very good agreement with the numerical calcu-
lations for thin disks in the bulk pinning model [2].

In order to emphasize the influence of the sample ge-
ometry on the ac response we have reported in Figure 2,
the hac field dependence of the susceptibility for the three
geometries (sample (A) – see Fig. 1 – has been reported
as a dotted line). As shown the ac response of the cube
is very similar to the one obtained for the thick film and
is in good agreement with Brandt’s calculations for bars.
As expected, the small hac field expansion of the real and
imaginary parts of the susceptibility is linear for both ge-
ometries [11] and the χ′′

1+χ′ ratio is independent of the sam-

ple thickness (note that a quadratic behavior would have
been expected for thin films): we got χ′′

1+χ′ = 0.36
0.84 = 0.43

and 1.33
0.55 = 0.41 for sample (A) and (B) respectively in

good agreement with the theoretical value ( 4
3π = 0.42).

On the other hand, a completely different behavior is
obtained for the “hollow” cylinder (sample (C)). Indeed,
for thin walled cylinders and planar rings [10] the screen-
ing remains perfect – i.e. no magnetic field penetrates the
tube (χ′ = −1 and χ′′ = 0) – until hac reaches some
critical value Hp ∼ hmax/2. The magnetic field remains
constant for higher hac values and the hysteresic loop is
thus perfectly parallelogramic (the ac response of the ring
is somehow similar to the one obtained for edge currents
in presence of surface barrier pinning even though it is re-
lated to a very different physical origin). The “singularity”
at Hp gradually disappears as the internal/external radius
ratio tends towards zero but is still clearly visible for our
“hollow” cylinder (aint/aext ∼ 0.6) which show a sharp
drop in both χ′ and χ′′ for hac < hmax (the dashed lines
correspond to the numerical calculations for thin walled
cylinders). Note also that the maximum in χ′′ rises up to
∼ 0.3 in good agreement with the numerical calculations.

4 Creep effects

High Tc superconductors are known to present large flux
creep effects and it is thus necessary to include those phe-
nomena to get a complete description of the ac response.
A first indication for creep effects in our samples is ac-
tually given by the hac dependence of the susceptibility
at fixed frequency. Indeed, as shown in the inset of Fig-
ure 3, the experimental data are better described by the
numerical calculations for n ∼ 11 than by the Bean limit.
However, the difference in the χ′ vs. hac/hmax curves be-
tween n = 11 and n =∞ is small and it is thus necessary
to measure the frequency dependence of the ac response
in order to get a better description of the creep process.
The influence of the frequency of the ac field on the sus-
ceptibility of the thick film (at hac = 10 G, Hdc = 0.3T )
is presented in Figure 3. As shown, the χ′(T ) (and equiv-
alently χ′′(T )) curves are shifted towards higher temper-
atures as the frequency increases reflecting the fact that
the current density is proportional to ω (J ∼ ω

1
n−1 for a

E − J characteristic of the form: E ∼ Jn).
Traditionally, creep phenomena in ac susceptibility are

investigated by mapping out the shift of the temperature
Tp corresponding to the maximum of dissipation (i.e. the
maximum of χ′′) with the frequency and/or amplitude of
the driving field. The main drawback of this procedure is
that it only makes use of one point of the χ′′(T ) curve
(corresponding to hac/J(T = Tp, ω) ∼ d) and numerous
temperature scans have thus to be performed for differ-
ent hac values in order to reconstruct the J(T ) curve. On
the other hand, this procedure is very general since it is
independent of the nature of the ac response or sample
geometry (i.e. the shape of the F (x) function). However,
the determination of the F (x) function (see Sect. 3) makes
possible to deduce directly J(T ) from one single χ′(T )
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Fig. 3. Temperature dependence of the real part of the suscep-
tibility of the (K,Ba)BiO3 thick film at three different frequen-
cies (from left to right ω = 0.02, 2 and 2000 Hz). In the inset
hac field dependence of χ′ (same as Fig. 1). The solid, dashed
and dotted lines are the theoretical calculations for creep ex-
ponents n = 51, 11 and 5 respectively.

scan by inverting equation (1):

J(T, ω) =
hac

dF ′−1(χ′(T, ω))
· (2)

Such a procedure has for instance been used recently by
Jonsson et al. [22] in thin Hg − 1212 films in the large
hac/J limit for which F ′(x) ∼ x−3/2.

The temperature dependence of the current density
deduced from χ′(T ) following equation (2) is shown in
the inset of Figure 4 (note that we obtained a very good
agreement between the as-deduced J(T ) values and those
obtained from the traditional “shift of the χ′′ maximum”
method (at ω = 12 Hz)) and the corresponding frequency
dependence of J (renormalized at 0.02 Hz) has been re-
ported in Figure 4 at T = 14, 18 and 22 K. As shown,
J(ω) can be well described by a power-law behaviour on
the entire frequency range. This behaviour suggests that
the activation energy U is of the form: U0ln(J/J0) as first
proposed by Zeldov et al. in BiSrCaCuO [17]. J is then
expected to be proportional to ω

kT
U0 and the correspond-

ing relaxation rate S = dln(J)/dln(ω) is hence equal to
kT/U0 ∼ 4% at Hdc = 0.3T . Surprisingly this value is
very similar to the one obtained in high Tc cuprates [1]
and almost temperature independent. As pointed out by
Malozemoff et al. [23], such an universality can be hardly
understood in U ∼ lnJ model for which S is expected to
be both temperature and sample (i.e. U0) dependent but
naturally comes out in the collective creep and/or vortex
glass theory (U ∼ J−µ) for which S = 1/µln(1/ωτ) where
τ is a macroscopic time scale. In this latter model S de-
pends only on the creep exponent µ and is thus expected to
be both sample and temperature independent for a given
µ value (the frequency dependence can be neglected for
ω � 1/τ and ln(1/ωτ) ∼ 20 for τ ∼ 10−9 s).

Fig. 4. Frequency dependence of the current density of the
(K,Ba)BiO3 thick film (renormalized at 0.02 Hz) at different
temperatures. The solid line is a collective creep fit to the data
in the small bundle regime. The dotted straight line is expected
for an activation energy of the form U ∼ ln(J). In the inset:
temperature dependence of the current density at various fre-
quencies deduced from χ′(T ) using equation (2).

In this model J is expected to scale as 1
ln(1/ωτ)1/µ and

reasonable good fits to the data can actually be obtained
assuming that µ = 3/2 i.e. in the so-called small-bundle
regime (see solid line in Fig. 4). It is thus very difficult to
draw any definitive conclusion on the creep model from the
frequency dependence of the current density. Note that, at
higher fields (see [15] at Hdc = 2T ) the relaxation rate be-
comes strongly temperature dependent and rises up very
rapidly as the vortex-glass transition line is approached.
We have even shown that J(T ) is completely dominated
by the temperature dependence of S in the vicinity of the
transition [15] (µ decreases towards∼ 0.2 as the transition
line is approached). The major difference between those
previous measurements and the present data is the ampli-
tude of the external dc field. Indeed, we have shown by
Small Angle Neutron Scattering that the vortex lattice is
well ordered at low field [24] and it is thus very reasonable
to assume that the creep effects are dominated by collec-
tive elastic deformations in this field limit. At higher fields
the structure becomes disordered and plastic deformation
may play a crucial role leading to a temperature and field
dependent µ value (the “collective” nature of the creep
in this regime is still an open question [25]). A more de-
tailed study of the temperature and magnetic field depen-
dence of the relaxation is under investigation and will be
published in a forthcoming paper.

5 Conclusion

We have performed a detailed characterization of the
ac susceptibility on (K,Ba)BiO3 samples with different
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geometrical shapes. The response of vortices to ac excita-
tions is in good agreement with recent numerical calcula-
tions in the bulk pinning regime. The T and ω dependences
of the current density have been directly deduced from
the temperature scans of the susceptibility at various fre-
quencies. The relaxation rate S is almost temperature and
frequency independent ∼ 4% at Hdc = 0.3T . A frequency
independent S value is suggesting that the activation en-
ergy is of the form U ∼ ln(J) eventhough collective creep
effects cannot be excluded.

A. Conde-Gallardo thanks the CONACYT-Mexico for financial
fellowship.
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