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Dip effect in ac susceptibility due to surface barrier with flux creep
X. Leng, S. Y. Ding,* Y. Liu, and Z. H. Wang
National Laboratory of Solid State Microstructures, Department of Physics, Nanjing University,
Nanjing 210093, Peoples Republic of China

H. K. Liu and S. X. Dou
Institute for Superconducting and Electronic Materials, University of Wollongong, Wollongong NSW 2522, Australia
共Received 5 June 2003; revised manuscript received 11 September 2003; published 18 December 2003兲
A model is proposed to describe the effect of surface barrier 共SB兲 on ac susceptibility 共ACS兲 and a different
kind of dip effect 共DE兲 in ACS is observed. Simulation based on this model with flux creep reveals two dips
in ACS curve, one at temperature T d⬘ in real part  ⬘ and the other at temperature T d⬙ in imaginary part  ⬙ . These
two dips are different from the ones resulting from the peak effect in critical current density j c , where the dips
in  ⬘ and  ⬙ occur at the same temperature T p . The DE is also characterized by a large  ⬙ and a large
兩  ⬘ (T ⬘d ) 兩 . The ACS curves for single crystals Bi2 Sr2 CaCu2 O8 have been observed and compared with the DE
in YBa2 Cu3 O7 samples, confirming the numerical results. It is also shown that when flux creep is absent only
kinks appear in  ⬘ and  ⬙ for a sample with SB.
DOI: 10.1103/PhysRevB.68.214511

PACS number共s兲: 74.25.Sv, 74.25.Qt, 74.72.Hs, 74.25.Op

I. INTRODUCTION

There have been numbers of papers concerning the surface barriers 共SB’s兲 of the conventional and high-temperature
superconductors 共HTSC’s兲.1–18 The Bean-Livingston
barrier,1–9 the geometrical barrier,9–13 and the surface pinning barrier14,15 all belong to SB’s. The Bean-Livingston barrier results from the competition between vortex attraction to
the surface 共‘‘mirror image’’ effect兲 and its repulsion from
the surface due to the vortex interaction with the reversible
shielding current. The geometrical barrier also results from
the competition of two interactions. One is the Lorentz force
caused by the Meissner screening current, which drives the
vortex line towards the center of a sample 共usually a thin
film, in perpendicular field兲. The second one is that for a
vortex at the very edge or corners of the sample, its line
tension will keep it near the edge, which opposes the inward
Lorentz force. As the applied field increases, the two penetrating vortex segments will finally join together then the
line tension no longer produces a significant outer force. As
for the surface pinning, the surface defects will cause stronger surface pinning force, which means that the surface critical current density j cs will be larger than the inside one ( j cb).
In some HTSC’s such as Ag-Bi2212 tapes the higher j cs may
result from the fewer weak links and the better quality in the
surface zone.
Several experimental methods have been developed for
SB studies. For example, in hysteresis-loop measurements,
smaller magnetization in the descending branch has been
found and considered as a ‘‘fingerprint’’ of SB’s.4,6,11 For
another example, a crossover on the magnetic relaxation rate
curve dM /d ln(t) was predicted and observed as an effect of
SB’s.14,18 Recently, the current density profiles of Bi-based
HTSC crystals and silver-sheathed tapes have been measured
with Hall sensors7,12,22–25 and the distributions of magnetic
field have been visualized clearly by means of magnetooptical images.3,19–21 These experiments show that there exist surface zones with much higher j c than the inside.
0163-1829/2003/68共21兲/214511共5兲/$20.00

ac susceptibility 共ACS兲  n ⫽  n⬘ ⫹i  n⬙ is also a powerful
tool when we study flux dynamics.13,16,17,26 –31 For example,
it has been used to study the so-called j c peak effect 共PE兲,
where the dips in  (T) is considered as the peaks in j c according to the following equation27,28:
j c⫽

B ac
2  0 d 共 1⫺ 兩  ⬘ 兩 兲

⫽

2B ac
3  0d 共 兩  ⬙兩 兲

,

冉

冊

B ac
⭐ jc ,
 0d

where B ac and d are amplitude of ac field and half-width of
the sample, respectively. For another example, a welloxygenated surface with higher j c has been observed in Yttrium barium copper oxide 共YBCO兲 single crystal using
Campbell’s method.29–31
For HTSC’s, flux creep is significant due to the high operating temperature and small activation energy U that usually depends on current density. So the critical state models,
e.g., the Bean model,2,8 are no longer proper. Instead, nonlinear flux creep models are effective in the study of flux
dynamics. Therefore, we will adopt a nonlinear flux creep
model in the simulation below and the critical state case will
be calculated for comparison.
In this paper, we propose a phenomenological model to
describe SB and study the effect of SB on ACS. The logarithmic flux creep model is used in our simulation. In order
to examine the simulation results, ACS curves are measured
and compared with the numerical results.
II. MODEL AND SIMULATION

Let a sample be an infinite slab consisted of two j c such
that the higher one ( j cs) describes SB while the lower one
( j cb) is a reflection of bulk pinning 共Fig. 1兲. The bulk width
is d b whose dimension is in millimeter for a typical bulk
sample and in micrometer for a thin film. The surface width
d s can be compared with the penetration depth  for the
Bean-Livingston barrier and geometrical barriers whereas is
a relatively broad zone for the surface pinning barrier. There-
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FIG. 1. Schematic sketch for our model. The surfaces are
blacked and have critical current density j cs , while the bulk zone
has weak pinning with j cb . The strength of surface barrier is adjusted by j cs / j cb , and the width of surface is adjusted by d s /d b .

fore, we can simulate the SB by properly choosing
d b(1  m⬃1 mm) and d s /d b (10⫺4 ⬃10⫺1 ). In fact, though
adjust d s /d b from 0.1 to 0.001 for j cs / j cb⫽10⬃100, the numerical results are almost the same. The nonlinear flux diffusion is described by the logarithmic barrier: U( j)
⫽U 0 ln兩 jc / j 兩 , and thus the flux-line velocity is
v ⫽ v 0 共 j/ j c兲 exp关 ⫺U 共 j 兲 / 共 kT 兲兴 ⫽ v 0 共 j/ j c兲 兩 j/ j c兩 ,
n

共1兲

where n⫽U 0 /(kT) and v 0 is the velocity at U⫽0. The factor j/ j c is introduced to provide a gradual crossover to flux
flow regime, v ⬀ j, at kTⰇU( j). 32 For simplification, we
suppose U 0s⫽U 0b⫽U 0 . From Eq. 共1兲 the power law E( j)
⫽E 0 ( j/ j c) n⫹1 is obtained, which results in the Bean model
for (n⫹1)→⬁ and the Ohm law for (n⫹1)⫽1. Let the
surfaces of the slab be in y-z plane, thickness d along the x
axis, the applied field B a储 z. Using the Maxwell equations,
one gets the diffusion equation of flux line33,34

冋冏 冏 冉 冊 冏 冏册

B
 B
v0
⫽
 t 共  0 j c兲 n⫹1  x  x

n

B
B .
x

共2兲

The boundary and initial conditions are, respectively,
B 共 x⫽0,d;t 兲 ⫽B dc⫹B acsin共 2  f t 兲 ,

FIG. 2. Numerical ACS curves at different strengths of surface
barrier 共different j cs / j cb) for the critical state model. The kinks
indicated by arrows reflect the influence of surface barrier on ACS
without flux creep. f ⫽100 Hz, B dc⫽1000 Gs, B ac⫽10 Gs, d s /d b
⫽0.1.
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where the magnetization is

0M 共 t 兲⫽

冋冕
1
d

d

0

册

B 共 x,t 兲 dx ⫺ 关 B dc⫹B acsin共 2  f t 兲兴 . 共4兲

The temperature and field dependence of the critical current
density and apparent activation energy are supposed as follows, respectively,35
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T
Tc

2 ⫺1/2
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B 0⫹兩B兩

共6兲

III. RESULTS AND DISCUSSIONS
A. Effect of SB without flux creep

We first study the influence of SB on ACS without flux
creep which is the case of Eq. 共1兲 at n⫽⬁, i.e., j is either 0
or j c . Combining Eqs. 共1兲–共6兲, we calculate the ACS curves
at different strengthes of SB and show a typical result in Fig.
2. One can see that with increasing SB, there appear kinks in
 ⬘ (T) and  ⬙ (T) curves, as indicated by the arrows. This is
a characteristic of surface pinning when the critical state
mode is suitable. In addition, as the strength of SB increases,
the  ⬘ (T) and  ⬙ (T) curves shift to higher temperatures and
the transitions become sharper.
B. Effect of SB with flux creep

The complex elementary ACS then can be calculated by
1
 B ac

4

In the following we let n 0 ⫽n(T⫽0,B⫽0)⫽5, v 0 ⫽1 m/s, 32
j cb⫽5⫻108 A/m2 , 19 and B 0 ⫽500 Gs.
With the finite difference method, the nonlinear diffusion
equation can be numerically solved and the implicit difference scheme is used for stability.

B 共 x,t⫽0 兲 ⫽B dc .

 ⫽  ⬘ ⫹i  ⬙ ⫽

T
Tc

2 5/2

B0
, 共5兲
B 0⫹兩B兩

We now depict the influence of SB on ACS when flux
creep is important. The complex  (T) curves at different
strength of SB and different DC fields are shown in Fig. 3
and Fig. 4, respectively. Several important features can be
seen. First, instead of the kinks in the ACS curves for the
critical state model, dips are found in both the real and
imaginary parts of the ACS curves. The dip temperature T d⬘ ,
at which  ⬘ (T) dips, is different from the dip temperature
T ⬙d , at which  ⬙ (T) dips, as indicated by the arrows in Fig.
3. This is in contrast with the dips found in  (T) curves
resulting from the PE in j c , where the dips in  ⬘ (T) and
 ⬙ (T) take place at the same temperature T p 共see Refs.
28,36 –38兲. The second feature is that the dip depth increases
with SB until 兩  ⬘ 兩 ⬎1 around the dip temperature T d⬘ , as
seen in Fig. 3. To our knowledge, both the features have not
been reported so far. The third feature is that the magnitude
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FIG. 3. Numerical ACS curves as a function of temperature for
different strength of surface barrier with flux creep. Note that the
dips in the real and imaginary parts of ACS take place at different
temperatures, as indicated by arrows, showing the effect of surface
pinning on ACS. f ⫽100 Hz, B dc⫽500 Gs, B ac⫽10 Gs, d s /d b
⫽0.1.

of  ⬙ with SB is apparently larger than the one caused only
by bulk pinning, see Fig. 3 共also can be seen in Fig. 8兲. The
last feature, as shown in Fig. 4 共also in Fig. 9兲, is that as dc
field increases, the dip in  ⬘ (T) broadens while its depth
remains unchanged.
Since the U( j,T) dependence used in our simulation is
rather complicated, there is an important question that
whether the dips result from the T dependence of U( j) or
will the dips remain for other T dependences of U( j)? To
address this question, we keep T constant and simulate ACS
as a function of B ac as shown in Fig. 5. The dip effect 共DE兲,
as well as all the other features shown in Fig. 3 can be found
here. These results indicate that the DE is an universal feature for the surface barrier with flux creep.
The DE in the  ⫺T(H) or R⫺T(H) has been considered
as a result of PE in j c caused only by bulk pinning.28,36 –38
Therefore, our result reveals a different kind of DE originated from the SB with flux creep. However, it is easy to
distinguish the two kinds of DE according to their different
features as pointed out above.
To see why 兩  ⬘ (T) 兩 ⬎1 in the dip segment of ACS curves,
we calculate the field distributions in a sample. The field
evolution at T⫽T d⬘ in the first and second periods of the AC
field for j cs / j cb⫽100 are shown in Fig. 5. In the second

FIG. 4. Under the surface barrier model with flux creep, the real
parts of the numerical ACS curves as a function of temperature at
different dc fields. Note that when the dc field is increased, the dip
in  ⬘ broadens while its depth remains unchanged. f ⫽500 Hz,
B ac⫽0.5 Gs, d s /d b⫽0.1.

FIG. 5. Numerical  (B ac) curves at a constant temperature for
different strength of surface barrier with flux creep. f ⫽100 Hz,
B dc⫽0, T/T c⫽0.9, d s /d b⫽0.1.

period, a blacked area appears with the increasing applied
field 共see panel 6 of Fig. 6兲, which means though the applied
field has reached the positive maximum, there are still many
‘‘negative flux lines’’ in the bulk zone of the sample. When
the SB is strong enough the blacked area will be larger than
the hatched one 共causing 兩  ⬘ 兩 ⬎1) as shown in panels 4, 6,
and 8 共Fig. 6兲. It is apparent that SB is a direct reason for
these large numbers of ‘‘negative flux lines.’’ That is to say,
there is an ‘‘extra hysteresis’’ originated from the SB with
flux creep. Naturally, with increasing SB at fixed bulk pinning 共or equivalently, decreasing bulk pinning at fixed SB兲
the ‘‘negative flux lines’’ will increase as well, causing larger
兩  ⬘兩 .
The field distributions at different temperatures when the
applied AC field reaches the positive maximum 共i.e., panel 6
of Fig. 6兲 are shown in Fig. 7. In Fig. 7共a兲, where SB is
absent, the field profile is similar to the usual distributions as
seen in Ref. 35, where there is also the blacked area 共negative flux lines兲 but is smaller than the hatched one, implying
兩  ⬘ 兩 ⭐1. In contrast, in Fig. 7共b兲, the blacked area is larger
than the hatched one as a result of SB, causing 兩  ⬘ 兩 ⬎1, as
indicated by the lowest arrow.
It is noted that the ACS with SB is larger than the ACS
without SB. We know that the imaginary part of ACS is

FIG. 6. The numerical field evolution inside a sample with surface barrier and flux creep at the dip temperature T ⬘d during the first
(2  f t⫽  t⫽0⬃3  /2) and second (  t⫽2  ⫹0⬃2  ⫹3  /2)
cycles of the applied ac field. The flux distributions of the successive cycles are basically the same as the second one. The reason
why 兩  ⬘ 兩 ⬎1 is that the blacked area is greater than the hatched one
共4, 6, 8兲. f ⫽100 Hz, B dc⫽500 Gs, B ac⫽10 Gs, j cs / j cb⫽100,
d s /d b⫽0.1.
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FIG. 7. The numerical field evolution inside a sample with flux
creep at different temperatures when the applied field reached the
positive maximum(  t⫽2n  ⫹  /2). 共a兲 Without SB, the blacked
area is smaller than the hatched one, causing 兩  ⬘ 兩 ⬍1. f ⫽100 Hz,
B dc⫽500 Gs, B ac⫽10 Gs; 共b兲 With a SB ( j cs / j cb⫽100), the
blacked area is larger than the hatched one at temperature T d⬘ , causing 兩  ⬘ 兩 ⬎1, as indicated by the lowest arrow. f ⫽100 Hz, B dc
⫽500 Gs, B ac⫽10 Gs, d s /d b⫽0.1.

proportional to the ac loss, i.e., the area of M (B) hysteresis
loop, and the real part is proportional to the magnitude of
M (B). Figure 7 shows that M with SB 关Fig. 7共b兲兴 is larger
than M without SB 关Fig. 7共a兲兴. So it is reasonable that both
 ⬘ and  ⬙ with SB are larger than the ones without SB.
It has been pointed out that the two dips occur at different
temperatures T d⬘ and T d⬙ 共or different fields in Fig. 5兲. It is
well known that  ⬙ and the ratio 兩  ⬙ /  ⬘ 兩 depend on the
material equation 关Eq. 共1兲兴 of the sample. For examples, for
a normal metal or a superconductor in flux flow regime, n
⬙ ⭓0.41; for the Bean model, n⫽⬁,
⫽0 in Eq. 共1兲,  max
⬙ ⬇0.21 for a slab, independent of j c . Now, for a super max
conductor with SB and flux creep, the material equation is no
longer Eq. 共1兲 but a combination of two kinds of Eq. 共1兲 with
j cs and j cb . Therefore,  ⬙ , 兩  ⬙ /  ⬘ 兩 , and the dips will have
their own features as depicted above.
IV. EXPERIMENT

A high quality single crystal Bi2 Sr2 CaCu2 O8 共Bi2212兲 of
0.75⫻0.5⫻0.015 cm3 was prepared for our experiments and
the results are shown in Figs. 8 and 9.
The experimental ACS curves results are very similar to
the numerical ones of a sample with SB and flux creep 共see
Figs. 3 and 4兲. For example, the dips in  ⬘ (T) and  ⬙ (T) are
at different temperatures T d⬘ and T ⬙d , respectively, as indicated by the arrows. Second, a large peak with a height of
0.5 can be seen in the  ⬙ (T) curve. The third one is that with
increasing dc field, the dip width of  ⬘ (T) increases while
their depth remains unchanged. All these are strong evidence
that there exist SB’s in Bi2 Sr2 CaCu2 O8 , which agrees well
with the experimental findings as pointed above.3,7,12,19–25
Thus the experimental results of Bi2212 not only support our
SB model but also show there is a different kind of DE
originated from SB with flux creep.
In contrast, it has been reported that for YBCO, the dips
in the real and imaginary parts of ACS take place at the same
temperature T p , for example, see Fig. 1 of Ref. 36; and also

FIG. 8. The experimental ACS curves for Bi2212. It is clear that
two dips marked by arrows occur at different temperatures and a
large broad peak appears in  ⬙ (T) curve, conforming the numerical
results 共see Fig. 3兲. f ⫽500 Hz, B dc⫽170 Gs and B ac⫽5 Gs.

in Fig. 2 of Ref. 36, it can be seen that though the dc field
increases from 1 to 7 T, the experimental dip width of YBCO
is almost unchanged while the dip depth decreases, in contrast with the DE of SB. There have been also numbers of
papers that have reported two dips at the same temperature
T p in  ⬘ and  ⬙ for YBCO, which are considered as the
results of the PE in j c caused only by bulk pinning.28,37,38 So
the experimental results of YBCO strongly demonstrates that
the SB is not important in YBCO and there do exist two
kinds of DE in HTSC’s.
The feature 兩  ⬘ (T) 兩 ⬎1 in the dip segment has not been
found in our experimental results, which may result from
some reasons as follows. According to the numerical results,
this feature can only be seen in a sample with much high
surface strength. See Fig. 3, when j cs is ten times larger than
j cb , 兩  ⬘ 兩 is always less than 1 though the DE can be clearly
seen. So perhaps the surface strength of our sample is not
large enough to show the feature of 兩  ⬘ (T) 兩 ⬎1. And also the
demagnetization factor is not corrected for our experimental
data. So the experimental data may be more suitable for
qualitative analysis than for quantitative analysis.
From Figs. 8 and 9 we learn that the SB can be experi-

FIG. 9. The real part of experimental ACS curves for Bi2212 at
different dc fields. The dip width increases with dc field while its
depth is almost unchanged, consistent with the numerical results
共see Fig. 4兲. B dc : a⫽50 Gs, b⫽90 Gs, c⫽200 Gs, d⫽300 Gs.
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mentally probed and distinguished by ACS measurement besides the others such as magneto-optical images and Hall
arrays. Combining the numerical and experimental results,
we conclude that flux creep and SB are two necessary conditions for the DE. In some pure layered Bi2212 single crystals, the relatively weak bulk pinning and high operating
temperature meet the two conditions. On the contrary, YBCO
is more isotropic and has stronger bulk pinning, and thus the
importance of SB decreases. Therefore, It is possible that the
large j cb and thus the small j cs / j cb cause the SB in YBCO
too weak to be probed by common ACS measurement.
V. SUMMARY

We have proposed a model to describe the effect of surface barrier on ACS. The ACS curves have been calculated
with and without flux creep, respectively. When flux creep is
important, a different kind of DE is numerically observed in
ACS curves. Several features of the DE have been found and
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