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Penetration of Josephson vortices and measurement of thec-axis penetration depth
in Bi2Sr2CaCu2O8¿d : Interplay of Josephson coupling, surface barrier, and defects
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The first penetration fieldHe(T) of Josephson vortices is measured through the onset of microwave absorp-
tion in the locked state in slightly overdoped Bi2Sr2CaCu2O81d single crystals (Tc'84 K). The magnitude of
He(T) is too large to be accounted for by the first thermodynamic critical fieldHc1(T). We discuss the
possibility of a Bean-Livingston barrier, also supported by irreversible behavior upon flux exit, and the role of
defects, which relatesHe(T) to thec-axis penetration depthlc(T). The temperature dependence of the latter,
determined by a cavity perturbation technique, and a theoretical estimate of the defect-limited penetration field
are used to deduce fromHe(T) the absolute value oflc(0)'35 mm.
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I. INTRODUCTION

The phenomenological Lawrence-Doniach model is g
erally used to describe a stack of Josephson-coupled su
conducting layers.1–4 This interlayer Josephson tunneling h
been established experimentally by dc or ac Josephson e
experiments in numerous high-Tc superconductors5 and is
proposed as a candidate mechanism for superconductiv6

Such discrete layered structures have some striking incide
on many properties.

~i! Josephson vortices appear for field parallel to the l
ers, and in case their penetration in this quasi-tw
dimensional ~quasi-2D! system is impeded by a surfac
barrier,7 the penetration field, henceforward notedHe

2D(T),
is simply inversely proportional to thec-axis penetration
depthlc(T),8 unlike isotropic superconductors~where it is
of the order of the thermodynamic critical field!. The occur-
rence of such a barrier was discussed mostly in the fra
work of low-field magnetization measurements performed
fields parallel to the layers in NdCeCuO,9 Tl-2201,10 and
Bi-2212.11 The quantitative estimates oflc(T) deduced from
these data were however disputed.12

~ii ! lc(T) is directly related to the critical current densi
between the layers,J0(T), and is inversely proportional to
the Josephson plasma frequencyvps .13,14 Both quantities
ought to be discussed within the same theoret
background.15–17 Early measurements oflc(T) by an ac
technique18,19 could not make this connection. Nor did the
provide consistent values in a sample with a well-kno
doping level. The issue of underdoping or overdoping h
become clear over the late years. Direct determination of
plasma frequency was performed through infrared reflec
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ity measurements in La22xSrxCuO4,20 YBa2Cu3O61d ,21 Tl-
2212, or Tl-2201~Ref. 22! and from microwave absorption
measurements in underdoped Bi-2212 and Bi-2201.23 A
large body of literature reported a sharp microwave abso
tion line in presence of a static field applied parallel to thec
axis.24,25 This absorption line was assigned to Joseph
plasma resonance, whose frequency is modified by the fi
dependent interlayer phase coherence.13,26 Although the ge-
ometry of the experiments reported here is different~the ex-
ternal field is parallel to theab planes!, the specific field
dependence oflc or vps may be involved, as discusse
elsewhere.15–17

Therefore, an independent measurement of the abso
value oflc ~in zero applied field! is of interest. To date, al
of the above-mentioned properties have been studied s
rately. It is the aim of this paper to bring together two d
ferent microwave measurements in order to obtain the ab
lute value of lc(T): ~i! the first penetration field of
Josephson vortices is measured27 and shown to be related t
lc(T), and ~ii ! a cavity perturbation technique28 is used to
determine the temperature variation ofDlab(T) and
Dlc(T).29

In the present paper, we focus mainly on the investigat
of the penetration of Josephson vortices through surface
sistance measurements at high frequency~10 GHz! in
Bi-2212.30 The onset of microwave absorption allows us
determine the penetration fieldHe(T) of Josephson vortices
at different temperatures. The magnitude ofHe(T) and the
irreversible behavior of the dissipation with respect to fl
entry and flux exit point at first sight toward a Bea
Livingston surface barrier impeding the penetration of J
sephson vortices. However, a closer quantitative invest
©2001 The American Physical Society25-1
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H. ENRIQUEZet al. PHYSICAL REVIEW B 63 144525
tion, which includes the experimental determination of t
variation Dlc(T) of the c-axis penetration depth, and th
theoretical calculation of the penetration field in the prese
of edge or surface defects, leads us to the conclusion
He(T) is eventually controlled by such surface irregularitie
Relying on these theoretical estimates, we deduce f
He(T) the absolute value of thec-axis penetration depth.

II. EXPERIMENT

Microwave dissipation measurements were performed
various ~generally slightly over-doped! Bi2Sr2CaCu2O81d
~BSCCO! single crystals shaped into rectangular platelets
approximate sizea3b3c.23130.03 mm3: sample A,
Tc586 K, has a transition widthDTc'3 K ~as determined
from the range over which the microwave absorption dro
from normal to superconducting state values!, sample B with
Tc584 K, DTc'3 K, and sample C,Tc589 K, DTc
'3 K. Two other similar samples~D and E! were used for
checking the onset of microwave dissipation with respec
the surface quality as discussed below. Finally, the temp
ture dependence of the penetration depth was measured
set of similar samples by a cavity perturbation technique
10 GHz and ac susceptibility at 100 kHz. The details of th
measurements have been discussed elsewhere29 while here
we shall only make use of the temperature variations
Dlab(T) and Dlc(T). An example of the temperature de
pendence of the surface resistanceRs(T) in the ab plane of
slightly overdoped (Tc584 K) BSCCO single crystal is
shown in Fig. 1. The extrapolation of this curve toT50
~inset of Fig. 1! yields the estimateRres'120 mV, which is,
to the best of our knowledge, the lowest value ever obtai
in BSCCO single crystals at 10 GHz. The inset of Fig.
displays also the linear change with temperature (T,50 K)
of Dlab(T)5lab(T)2lab(5 K). This linear variation at
low T was previously observed in optimally doped31–33 and
slightly overdoped33 BSCCO single crystals. Both the abov

FIG. 1. Surface resistanceRs(T) in the ab plane of slightly
overdoped BSCCO single crystal. The inset shows the lo
temperature behavior ofRs(T) and of the penetration dept
Dlab(T).
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mentioned parameters of the sample suggest that the qu
of the cuprate planes is fairly high. We note that the slope
Dlab(T) in the inset of Fig. 1 is fairly large
('25 Å /K). It could be a consequence of doping33,34 with
respect to optimally doped crystals.31,32

All samples from different batches exhibit very simila
properties as far as the magnitude and temperature de
dence of the field penetration is concerned, so that exp
mental results are only displayed for sample A. HereDlc(T)
differs among samples with differentTc . We shall only
make use of the data on the samples with the sameTc
(61 K).

The experimental setup is described elsewhere.35 It is
used to measure the microwave losses as a function of
applied magnetic field~0–100 Oe! and temperature~50–90
K; measurements at temperatures lower than 45 K are
dered by the increasing noise of the setup!.

The microwave fieldh1 lies within theab plane, so that
the induced microwave currents flow both within theab
plane and along the crystallographicc axis. The static mag-
netic fieldH is applied in theab plane perpendicular to the
microwave field. A computer-controlled goniometer allow
one to select its orientationu with respect to theab plane.
To locate theu50 position, we take advantage of the lock-
transition evidenced earlier.35 The setup measures the vari
tion of the power dissipated in the cavity as the magne
field is swept at fixed temperature, and hence yields the fi
induced imaginary part x9(H) of the macroscopic
susceptibility36 ~as long as the dissipation is Ohmic, the s
called linear regime!. This latter point has been checked f
all the data shown henceforward.

III. RESULTS

Figure 2 displays the change of dissipation,x9(H)-
x9(0), starting from zero field~within 60.1Oe), measured
in sample A for various orientations of the applied field clo
to the ab plane, 0°<u<3° ~only the 0° and 2° are dis
played in Fig. 2!, and in a low-field range 0<H<25Oe, at
three typical temperatures (T578 K, 60 K, 50 K!.

After each field sweep, the sample was warmed throu
Tc and then cooled again in zero field, in order to avoid a
possible vortex pinning when studying the penetration st
ing from zero field. The dissipation of Josephson vortices
characterized by the fact that it does not depend on the a
~Fig. 2!, as long as these vortices remain locked. Accord
to our previous study, the dissipation regime displayed
Fig. 2 comes only from locked Josephson vortices35 and
holds up to;30 Oe.

As the field increases, an onset in the dissipation occur
a temperature-dependent fieldHe(T) ~Fig. 2!, which we as-
sociate with Josephson vortices entering the sample. Inte
ingly, aboveHe(T), the microwave absorption behaves li
early with field, with a very good accuracy, from typically 1
Oe up to 25 Oe. This appears consistent with a flux-fl
mechanism driven byc-axis currents, where the flux-flow
resistivity is linear with applied field. We therefore identif
He(T) to the first penetration field of Josephson vortices.
this work, unlike in Ref. 30, we have averaged the data o

-
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PENETRATION OF JOSEPHSON VORTICES AND . . . PHYSICAL REVIEW B63 144525
the field orientations from 0° to 3°, in an attempt to impro
the accuracy of the determination. As in Ref. 30, we cho
to defineHe(T) as the field value where the microwave a
sorption exceeds the experimental accuracy (231024). The
field thus determined is plotted in Fig. 3. The error bars ta
into account both the noise and the estimated drift of
signal with time.37

FIG. 2. Dissipation as a function of the applied field at thr
temperatures, for two orientations (0° and 2°) of the applied fi
with respect to theab plane. The onset of dissipation, indicated
the arrow, occurs at the penetration fieldHe(T).

FIG. 3. Plot ofHe(T) ~solid circles!. Up ~down! triangles dis-
play estimates ofHc1(T) usinglc(0)510 mm (40 mm). The tem-
perature variationsDlab(T) andDlc(T) are taken from our presen
work ~Figs. 1 and 5!.
14452
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IV. DISCUSSION

Whether He(T) may be identified with the thermody
namic lower critical fieldHc1 was previously discussed.30,35

For Josephson vorticesHc1 is written, according to the lates
calculation,3,4 as

Hc1~T!5
f0

4plab~T!lc~T!F ln
lab~T!

d
11.55G . ~1!

In our early work,35 we had not yet studied the temper
ture dependence ofHe(T) and we had not observed the irre
versible behavior of the dissipation upon flux entry and fl
exit. We had therefore not considered the possibility o
surface barrier. However, in order to reconcile the magnitu
of He(T!Tc) with the thermodynamic lower critical field
we were compelled to take the lowest possible values
lab(0) andlc(0).

We proposed next in Ref. 30 to take more accepta
lower bounds forlab(0) andlc(0), together with the ex-
perimentally determined temperature variations in order
obtain an upper bound forHc1(T). Here, we take 2100 Å as
a lower bound forlab(0) ~Refs. 32 and 38! and 10mm for
lc(0).25,39–46 We use the temperature dependence
Dlab(T) ~partly shown in the inset of Fig. 1! and Dlc(T)
measured in our previous work29 ~see Fig. 5 below!. The
correspondingHc1(T) is plotted in Fig. 3 using the above
mentioned values. We have also displayed, in Fig. 3,Hc1(T)
if taking lc(0)540 mm.29,31 It is clearly seen that neithe
the absolute value~too small compared to the experiment
data! nor the temperature dependence~quasilinear! agrees
with the He(T) data. Since the actual penetration field
larger than the thermodynamicHc1(T), it is therefore quite
natural to assume that a Bean-Livingston surface barrier
pedes field penetration and yields a larger entry fi
He

2D(T).
In anisotropic superconductors, in the quasi-2D regim

i.e., when the transverse coherence lengthjc becomes
smaller than the interlayer distanced, He

2D(T) was shown to
be related only to thec-axis penetration length through8

He
2D~T!5

f0

4plc~T!d
. ~2!

In Bi-2212, the quasi-2D regime holds up to temperatu
very close toTc , so that this last expression forHe

2D(T) is
valid in our measuring temperature range. A surface bar
might thus account for the observed value of the penetra
field. Also, sinceHe

2D(T) grows as 1/lc(T) @instead of
1/lablc(T)#, it is expected that the temperature depende
could show a better agreement. The existence of a sur
barrier is further suggested by the hysteretic behavior of
sipation, shown in Fig. 4, atT565 K ~the behavior is similar
at other temperatures!. When the field is swept down, vorti
ces do not exit in a reversible way. However, all vortic
have left the sample as can be inferred from the recover
the same dissipation as in zero initial field, when the field
back to zero value. When the field is swept up again,
absorption displays precisely the same behavior as after

d
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H. ENRIQUEZet al. PHYSICAL REVIEW B 63 144525
zero-field-cooled procedure. Bulk pinning would induce fl
trapping at zero field, hence some residual dissipation.
observations are similar to magnetization measurem
where the irreversibility, assigned to a surface barrier
characterized by zero magnetization upon decreasing fi
Such a behavior, first observed in a field parallel to thec
axis,47 was also reported for Josephson vortices in Bi-2212
a field oriented nearly parallel to theab plane.41 Surface
barriers may also lead to time-dependent effects.48 Indeed, it
was argued from magnetization data taken at various sw
rates that the penetration field in the parallel configurat
depends on the field sweep rate and eventually achieve
thermodynamic first critical field value for the slowe
rates.11 Our sweeping rate is of the order of 0.1 Oe/s, co
parable to the range where the largest penetration fields w
observed.11 We did not change the sweeping rate, and he
we cannot confirm this claim. We point out, however, th
the penetration fields observed in Ref. 11 are significan
smaller ~roughly a factor of 3! than ours. Compared to th
fastest rate, the decrease of the penetration field assoc
with the slowest rate is only 1 Oe. Such small values c
obviously be more easily reconciled withHc1(T) than ours.

It is worth noting that all these remarks do not modify t
surface barrier interpretation: they only put a time scale
its observation.

Relying on the results described above, we derive fr
the He(T) data an effective penetration depthle(T) using
Eq. ~2!. The data are shown in Fig. 5. We then try to det
mine lc(0) so as to fitle(T) using the measuredDlc(T).
We find that both sets of data, namely,le(T) andDlc(T),
cannot be reconciled for any value we may assume
lc(0). Therefore, the interpretation cannot be so simple.

V. ROLE OF SURFACE IRREGULARITIES

A. Experimental checks

Actually, a surface barrier is only effective if the surfa
is smooth on a typical length scale which is the penetra

FIG. 4. Plot ofx9(H) as a function of the direction of the fiel
sweep. Solid circles, solid squares, and open squares refer to sw
ing up the field starting from a zero-field-cooled state, sweep
down the field to zero, and sweeping up the field again, resp
tively.
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depth. In our field geometry, defects located either on the
and bottom, e.g.,ab planes, or the edges may destroy t
surface barrier. In the former case, the relevant length s
is lab(T), in the latter case,lc(T).

In order to distinguish between these two possibilities,
have carried out several checks. The samples discusse
this paper were first measured without any special prep
tion except for their initial shaping in platelet and cleaving
order to work on a well-defined single crystal and mirrorli
surfaces. We noticed that cleaved surfaces often exhib
few visible steps and sparse voids. After the first measu
ment, sample D was placed on the stage of a scanning tu
microscope~STM! and the tip was used in order to cut fou
grooves parallel to the small side of the crystal, 4000 Å de
and 100mm apart. Then the sample was measured againH
parallel to the grooves!. No significant change in the onse
field of the microwave absorption was observed. In a sec
step, we took another sample, yielding a similar penetra
field, and cleaved it. We obtained fresh surfaces with one
two isolated steps which could be seen under a binocu
This sample was measured immediately after cleaving,
again, no significant change was observed. It seems there
that either defects within theab planes do not play any role
in order to reduce a surface barrier or even a single ste
immediately effective to destroy the surface barrier.

One should also consider penetration through the ed
Indeed, the edges are fairly difficult to control. We did che
indirectly, in the surface impedance and ac-susceptibility
periments, whether they play any role. In order to meas
Dlc(T), the rf magnetic field applied parallel to the plane
also parallel to one edge of the crystal. If the sample is
tated by 90° along itsc axis, the edges wherec-axis currents
flow are interchanged. It is then clear that if there exist
large defect, e.g., a slit or groove deep in one edge and n
the other, this defect changes significantly thec-axis micro-

ep-
g
c-

FIG. 5. Plot of the temperature variationDlc(T) ~solid circles,
right scale! and of the effective lengthle(T) which is associated to
a surface barrier for the penetration of Josephson vortices~solid
squares, left scale!, using Eq.~19! or ~21!. Open circles display the
best fit usinglc(0)535 mm and a scaling factorb56. Open sym-
bols show the best fits usinglc(0)520 mm ~down triangles! and
lc(0)5100 mm ~up triangles!.
5-4
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PENETRATION OF JOSEPHSON VORTICES AND . . . PHYSICAL REVIEW B63 144525
wave current pattern in one position and much less in
other. Therefore, the two configurations should yield a d
ferent Dlc(T) result. In one particular sample out of thre
this was indeed the case, suggesting the presence of a d
lying in one edge and showing that the measuredDlc(T)
cannot be intrinsic for this particular sample. The data u
in this paper and shown in Fig. 5 are not biased by such la
edge defects; e.g., theDlc(T) data displayed in Fig. 5 are
unchanged within the accuracy of the measurement upon
rotation.

We have now to examine quantitatively to which exte
defects located on the top or bottom surfaces, or in the ed
alter the penetration field.

B. Theoretical calculations: Formalism

As usual the entrance field is deduced from the bala
between the vortex attraction to the surface and the pus
force exerted by the screening current at the minimum
tancej ~the vortex core size!.7,49 The presence of the surfac
irregularities can strongly influence the screening current
tribution. In particular, near a scratch the current density
be many times larger than near the flat surface. This m
substantially increase the force pushing vortices inside
superconductor and then decrease the surface barrier an
entrance field. The vortex attraction to the surface does
change essentially near a scratch, as has been demons
in Ref. 50. The force of attraction can decrease by at mo
factor of 2 near the defect. Then, the main change of
entrance field is essentially related to the increase of
screening current density.

We consider the case where the scratch is in the form
groove on the superconductor surface, and the magnetic
is parallel to it. Let thez axis be perpendicular to the supe
conductor surface. The magnetic field is parallel to this s
face along they axis, and we choose the axis of the groo
on the same direction. The depth of the scratch is denote
b and its width 2a ~see Fig. 6!. For convenience, the sem
axis z.0 is chosen inside the superconducting material,
in Fig. 6 the scratch is presented on the bottom surface o
superconductor. Botha and b are supposed to be muc
smaller thanl, the London penetration depth, so screen
can be ignored and the two-dimensional London equa
reduces to Poisson’s equation. Then the lines of current
respond to the equipotentials, and a dielectric defect i
superconductor corresponds to a metallic embedding
electrostatics.51 This analogy reduces our problem to the c
culation of the electric field distribution near a metallic ele
trode having the special form~Fig. 6! while the field be-
comes uniform forz→`. As is known from electrostatics
~see, e.g., Ref. 52!, the solution is provided by a conforma
transformation of thew plane, corresponding to a flat su
face, to thez plane, the plane of an orthogonal cut of th
scratch. In thew plane the attraction energy of the plane on
vortex located at the pointw can be easily computed, fo
example, by the image method:49

Eatt~w!52S f0

4pl D 2

ln
l

w2w̄
. ~3!
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Besides, a uniform current densityj (w)5 j 0 in the w
plane can be deduced from the simple complex poten
c(w)5 j 0w. Then in thez plane, the complex current den
sity j (z) can be obtained from the complex potentialc(z)
5 j 0w(z) by

j ~z!5
dc

dz
5 j 0

dw~z!

dz
, ~4!

where j 0 is the current density far away from the defect, i.
the screening current near the surfacej 05cH/4pl. To cal-
culate both the attraction energy and the current densit
thez plane, we need to inverse the conformal transformati
In general, this cannot be done analytically. However,
situations of practical interest, we may use approximatio
that allow us to obtain an analytic solution.

C. Isotropic case

In the Appendix, we have demonstrated that according
the values ofa,b,z, there are three different regimes:

~i! a!b;uzu slitlike defect,
~ii ! uzu!a!b groovelike defect,
~iii ! uzu!b!a steplike defect.
Let us begin with the slitlike defect. In this case, we u

Eqs.~A9! and~A12! to derive the vortex attraction energy
the distancez from the slit,

Eatt~z!52S f0

4pl D 2

ln
l

2A2bz
, ~5!

and the strength of the attraction force is

FIG. 6. ~a! The defect MABCDN in the form of the groove a
the bottom surface of superconductor. The plane of the figure
responds to the planez5x1 iz. ~b! The planew5u1 iv where the
straight line M8A8B8C8D8N8 is mapped onto the surface lin
MABCDN.
5-5
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f att~z!5
1

2 S f0

4pl D 2 1

z
, ~6!

which is half of the force for a plane surface. Similarly th
current density is

j ~z!5
1

A2
j 0Ab

z
. ~7!

These two results were obtained earlier50 for the field and
current distribution near the angle 2p ~the cut at the super
conductor surface!.

The balance between the vortex attraction to the surf
and the pushing force exerted by the screening current a
minimum distancej ~the vortex core size! ~Refs. 7 and 49!
gives the entrance field near the defect,

Hed.He fS j

bD 1/2

, ~8!

where He f is the entrance field for the flat surfaceHe f
.f0/4plj.Hc ~thermodynamic critical field!. The current
concentration effect near the slit essentially reduces the
trance field. In fact this situation wherez;j@a is not real-
istic for isotropic superconductors, but it will be useful f
the description of the anisotropic ones.

For the groovelike defect, Eqs.~A14! and~A16! allow us
to derive the physical quantities in the vicinity of the pointC.
Let P be a point such that

zP5a1reiu, r!a. ~9!

The values ofu are limited by the groove and the core
the vortex:

2
p

2
1arcsin~j/r!<u<p2arcsin~j/r!. ~10!

The attraction energy on a vortex at the pointP is

Eatt~r,u!52S f0

4pl D 2

lnF S 2

9br2Ap
D 1/3

l

sinS 2u1p

3 D G ,

~11!

and the strength of the attraction force reads

f att~r,u!5
2

3 S f0

4pl D 2 1

rsinS 2u1p

3 D . ~12!

Its maximum is obtained foru50 or p/2; this strength is
reduced by a factor 4/(3A3).0.77 by comparing to a fla
surface. The calculation of the current density at the poinP
gives

j ~z!5SAp

6 D 1/3

j 0S b

aD 1/6S b

r D 1/3

e2 iu/3. ~13!
14452
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As usual by setting a vortex at a distancej near the de-
fect, we obtain for the entrance field

Hed.2S 2

9Ap
D 1/3

He fS a

bD 1/6S j

bD 1/3

, ~14!

where@16/(9Ap)#1/3.1.
Finally, for a stepa@b, by using Eqs.~A14! and ~A17!

we can derive the vortex attraction energy and the curr
density at the pointP in the vicinity of the pointC. The
vortex attraction force is still given by Eq.~12! while the
current distribution near the corner becomes

j ~r,u!.S 4

3p D 1/3

j 0S b

r D 1/3

e2 iu/3. ~15!

The corresponding entrance field is

Hed.S 2p

9 D 1/3

He fS j

bD 1/3

, ~16!

where (2p/9)1/3.0.89.

D. Anisotropic case

Now we consider the case of anisotropic superconduct
keeping in mind layered high-Tc materials. As usual, let the
z axis ~or c axis! be perpendicular to the superconducti
layers. We shall consider two cases: either the groove is
the bottom surface of the crystal or it is on the side surfa
~edge! of the layered material. In both cases we choose
axis of the groove parallel to the layers along they axis, and
the magnetic field in the same direction:h5h(x,z),ey . For
such a geometry we may write the London free energy of
anisotropic superconductor as

F5
1

8pE Fh21lab
2 S ]h

]xD 2

1lc
2S ]h

]zD 2GdV, ~17!

wherelc is the London penetration depth when the scre
ing current is flowing along thez axis (c axis! andlab when
the current is in (x,y) plane. For a high-Tc superconductor,
we havelc@lab .

For a very anisotropic superconductor, in the quasi-
regime we havejc,d, whered is the interlayer distance. In
such a case, we need to used as the size, in thez direction,
of the vortex core8 in calculating the entrance field. For th
flat surface the entrance field becomesHe f

2D.f0 /@4pdlc#.
By making a scaling transformation, we introduce a n

coordinate:X5(lab /lc)x!x.50 Then the London free en
ergy ~17! takes the same form as for the isotropic superc
ductor with the London penetration depthlab and we can
use the results of the previous section.

Let us consider the case when the groove is on the bot
surface of the crystal. Under the scaling transformation,
width of the groove changes:

a→a85
lab

lc
a!a. ~18!
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Then, the entrance field will be given by the correspon
ing formulas for the isotropic case with the replacement oa
by a8 andj by jc , the correlation length along thez axis ~or
by d whenjc,d).

For d;b@a8, the groove may be considered simply as
thin cut at the surface and by using Eq.~8! we derive

Hed
2D.He f

2DS d

bD 1/2

. ~19!

Note that due to the large anisotropy of some high-Tc mate-
rials, this situation could be realized in practice despite
fact thatd is of the order of only 10 Å .

In the opposite cased!a8!b, Eq. ~14! gives the en-
trance field near the groove:

Hed
2D.He f

2DS d

bD 1/3S alab

blc
D 1/6

. ~20!

Near the stepa8@b@d, the entrance field becomes

Hed
2D.He f

2DS d

bD 1/3

. ~21!

Finally, if the groovelike scratch is on the side surface
the layered material, its effective depthb8 after the scaling
transformation becomes much smaller:

b85
lab

lc
b!b. ~22!

Then forb8!a such a scratch has practically no effect
the vortex entrance. In the opposite caseb8@a.d, by using
Eq. ~14!, we obtain for the entrance field

Hed
2D.He f

2DS d

bD 1/3S a

bD 1/6S lc

lab
D 1/2

. ~23!

In fact the lateral defect must be rather deep,b
@alc /lab>dlc /lab , to strongly reduce the entrance fie
value. We may deduce that the parallel entrance field
pends strongly on the surface defects in layered super
ductors. The current concentration near the defect edges
greatly reduce the entrance field in comparison to its theo
ical valueHe f

2D.f0/4pdlc .

E. Comparison with experimental data

We have therefore attempted to fit ourle(T) data derived
from He(T) with Eq. ~19!, ~21!, or ~23!, using two adjustable
parameters: a scaling factorb associated with the defect ge
ometry which equals (b/d)1/2 in Eq. ~19!, (b/d)1/3 in Eq.
~21!, and (d2a/b3)1/6 in Eq. ~23!, and the absolute value o
lc(0). We show the results in Fig. 5, only for the case d
scribed by Eqs.~19! and ~21! ~defect in theab plane!. We
find a best fit forlc(0)535 mm and a scaling factorb
56. Assuming a thin groove, this yieldsb;500 Å, which is
reasonable.

We also show in Fig. 5 the smallest value forlc(0)
520 mm which could be compatible with our data~except
14452
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for one data point!. This fit yields a temperature dependen
for le(T) which is still very similar to the experimental one
however with one point slightly outside the error bars.
calculation usinglc(0)5100 mm is also displayed, but ex
hibits a very different temperature behavior, which leads
to conclude that this value is out of our experimental er
bars. Based on such considerations, we eventually estim
the uncertainty in our determination oflc(0) to be
(615) mm.

As for Eq. ~23! ~edge defect!, we have takenlab(0)
52600 Å. We can also account for the data but only in
very restricted, nevertheless acceptable, range of parame
The depth of the edge slit should be of the order of 10mm,
which is still small with respect tolc(0). The keyresult in
this latter case is that it yields the same absolute value
lc(0).

In conclusion, the set of experiments that we have p
formed suggests very strongly a surface barrier which
pedes field penetration, nevertheless partially destroyed
cording to the calculations developed in the framework
this work. Although we cannot ascertain which specific d
fects reduce the efficiency of the surface barrier, we obta
fairly good estimate of thec-axis penetration depth.
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APPENDIX: CONFORMAL TRANSFORMATION

The Schwarz-Christoffel conformal transformation of t
w plane (w5u1 iv) to thez plane (z5x1 iz) which maps
the straight lineM 8A8B8C8D8N8 @Fig. 6~b!# to the surface
line MABCDN @Fig. 6~a!# is52

z~w!5AE
0

w/ lA 12t2

12k2t2
dt, ~A1!

where the two parametersk and l are related to the dimen
sionsa andb of the groove, and the constantA is simply

A215a21E
0

1A 12t2

12k2t2
dt. ~A2!

The integrals of the two previous equations can be
pressed in terms of incomplete and complete elliptic in
grals E(z,k), F(z,k), E(k)[E(1,k), K(k)[F(1,k).53

For this we define twoG functions, one incomplete and on
complete, as

G~z,k!5E~z,k!2k82F~z,k!,
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G~k!5G~1,k!5E~k!2k82K~k!, ~A3!

wherek85A12k2. Then the conformal transformation rea

z~w!5a
G~w/ l ,k!

G~k!
. ~A4!

The dimensionless parameterk P@0,1# is determined by
the following equation:

a

b
5

G~k!

G~k8!
. ~A5!

The limits k→0 and k→1 correspond toa/b→0 and
a/b→` respectively. The last parameterl, the dimension of
which is a length, is determined by requiring that at a la
distance from the defect, the two variablesz andw become
equal. Using the asymptotic form ofG(z,k) for largez,

uzu@1/k⇒G~z,k!.kz, ~A6!

we get

l 5a
k

G~k!
. ~A7!

Whenk→0, i.e.,k8→1, the following asymptotic forms
of the elliptic integrals,

k→0, G~k!.
p

4
k2, G~k8!.1, ~A8!

may be used to determine the parametersk andl in the limits
a/b→0 or a/b→`:

a/b→0, k.
2

Ap
Aa

b
, l .

2

Ap
Aab, ~A9!

a/b→`, k.12
2

p

b

a
, l .a. ~A10!

First, we suppose that the groove is very narrowa!b,
and we consider the region wherez;w;b. Then we have
uwu@ l and the elliptic integrals can be approximated as
-
Ja
,

.
r,

14452
e

k→0, 1!uzu!1/k⇒G~z,k!.
i

2
k2z2. ~A11!

The conformal transformation becomes simpler and it c
be inverted:

z~w!5
i

2

w2

b
⇔w~z!5eip/4A2bw1/2. ~A12!

Second, we consider the vicinity of the pointC in the z
plane (uz2au!a) and ofC8 in the w plane (uw2 l u! l ). In
this case we haveuw/ l 21u!1 and the behavior of the ellip
tic integrals is

uhu!1⇒G~11h,k!.G~k!2 i
2A2k2

3k8
h3/2. ~A13!

As previously the conformal transformation can be eas
inverted:

z~w!2a.
i

Aa
S w2 l

w~k! D
3/2

⇔w~z!2 l

5eip/3w~k!a1/3~z2a!2/3, ~A14!

where the functionw(k) is defined as

w~k!5
1

2
F 9k82

kG~k!
G 1/3

. ~A15!

The asymptotic forms of this function read

a/b→0, w~k!.
1

2 S 9Ap

2 D 1/3Ab

a
, ~A16!

a/b→`, w~k!.S 9

2p D 1/3S b

aD . ~A17!

Note that in this last limita@b, we retrieve the case of a
single step defect. The second step at the pointC is not
involved.
ys.

. B

er,

ir,

v.
1W. Lawrence and S. Doniach, inProceedings of the 12th Inter
national Conference on Low Temperature Physics, Kyoto,
pan, 1970, edited by E. Kanda~Keigaku Publishing Co., Tokyo
1971!, p. 361.

2J. R. Clem and M. W. Coffey, Phys. Rev. B42, 6209~1990!.
3J. R. Clem, M. W. Coffey, and Z. Hao, Phys. Rev. B44, 2732

~1991!.
4A. E. Koshelev, Phys. Rev. B48, 1148~1993!.
5R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Mu¨ller, Phys. Rev.

Lett. 68, 2394 ~1992!; R. Kleiner and P. Mu¨ller, Phys. Rev. B
49, 1327 ~1994!; K. Schlenga, R. Kleiner, G. Hechtfischer, M
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