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Abstract

The local ac magnetic response in Bi Sr CaCu O crystals of platelet and prism shapes has been measured using2 2 2 8

microscopic arrays of Hall sensors. At elevated temperatures the ac response in platelet samples is governed by the
geometrical barrier whereas a distributed Bean–Livingston surface barrier is dominant for the prism-shaped sample. In the
local measurements these two barriers display qualitatively different behavior and can be individually studied. Models for
the local ac response are derived for the two cases and good agreement with experiment is obtained. q 1997 Elsevier
Science B.V.

PACS: 74.60.Ec; 74.60.Ge; 74.60.Jg; 74.62.Hs
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1. Introduction

Magnetic hysteresis and irreversibility are among the most commonly investigated properties of high-temper-
Ž .ature superconductors HTSC . Hysteretic behavior is readily measured using either dc or ac experimental

techniques. It provides valuable information on vortex dynamics and pinning which are of central importance
w xfor both fundamental and applied research 1–3 . The common source of hysteresis in superconductors is bulk

w xvortex pinning due to material defects and inhomogeneities 1–5 . However, there are at least two additional
Ž . w ximportant mechanisms of magnetic irreversibility, the Bean–Livingston BL surface barrier 6–17 and the

w x w xgeometrical barrier 18–25 26–35 . The BL surface barrier is the result of a competition between two forces,
the image force that attracts a vortex towards a parallel surface, and the Lorentz force due to Meissner shielding
currents that drives vortices into the bulk of the sample. The geometrical barrier arises due to a competition
between the elongation energy of a vortex penetrating into the sample corners and the Lorentz force. Because
they have different physical origins, these two barriers depend differently on experimental conditions. The
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geometrical barrier is determined by the shape of the sample, whereas the BL barrier is sensitive to surface
quality as well as thermal relaxation processes. Usually in low pinning HTSC all three mechanisms affect the
vortex behavior. It is therefore difficult to distinguish between the various contributions to the magnetic

w xhysteresis using global magnetization experiments without complicated modeling 35,36 . Although it has
recently been claimed that BL surface barriers in HTSC are irrelevant due to the poor surface quality and sharp

w xcorners 37,38 , we present compelling evidence here that the surface barrier may play a dominant role in
magnetic hysteresis in low pinning samples of HTSC.

In this paper we show that both geometrical and surface barriers are important in HTSC and their individual
contributions can be studied separately by proper shaping of the samples. We investigate the local ac response in

Ž .Bi Sr CaCu O BSCCO crystals at elevated temperatures where bulk pining is negligible and the magnetic2 2 2 8

response is governed predominantly by the surface and geometrical barriers. In platelet-shaped samples in
perpendicular applied field direct separation between the geometrical and surface barriers is difficult, even with

w xlocal techniques 28,29 . The geometrical barrier can however be suppressed by changing the shape of the
w xcrystals. In particular, a prism geometry has no geometrical barrier 39 . In this configuration, however, the BL

surface barriers become distributed over the entire surface of the sample and have a more pronounced effect
w x40 . In the following sections the ac response in platelet and prism geometries is derived and compared with the
experimental results. It is shown that the local responses in these two cases are strikingly different reflecting the
distinct underlying irreversibility mechanisms.

2. Experimental technique

The local ac susceptibility has been measured on several high quality BSCCO single crystals. The crystals
w xwith T f90 K were grown using a traveling solvent floating zone method 41 . Three samples were cut fromc

one large crystal. Samples A and B were 110=240=25 mm3 and 240=300=40 mm3 respectively, and
sample C was polished into a triangular prism shape with base 660=270 mm2 and a height of 70 mm along the
c-axis.

Fig. 1. The array of GaAs Hall sensors. Schematic layout of the photolithographically patterned two-dimensional electron-gas active layer
Ž . Ž .top , and the experimental setup bottom . Both dc and ac magnetic fields are applied along the c-axis of the sample.
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The samples were placed on the surface of an array of micro Hall sensors fabricated from a GaAsrAlGaAs
w x Ž .heterostructure 29 see Fig. 1 . Crystal A was studied using an array of 10 sensors with active areas of 3=3

mm2. For the other samples, 10=10 mm2 sensors were used. These sensors combine extremely high sensitivity
Ž .of about 0.1VrG with high spatial resolution. The dc and ac magnetic fields were applied along the c-axis of
the crystals. The samples were cooled in zero applied field and then the local ac response was measured as a
function of dc magnetic field at constant temperature. The ac component of the Hall voltage was detected using
a standard lock-in technique. Both components of the ac magnetic response were measured for each of the
sensors across the sample: the in-phase component BX describing the shielding, and the out-of-phaseac

component BY related to the ac losses. The experiment allowed simultaneous measurement of both dc and acac

responses. All experiments were carried out at low frequency. There was practically no frequency dependence
of ac response in the range of 10–100 Hz at elevated temperatures and all presented results were obtained at
fs37 Hz.

3. Platelet geometry

3.1. Equilibrium magnetization

Ž .We start by considering a long platelet sample of width 2W yW-x-W and thickness d<W,
Ž . 5 Ž .ydr2-z-dr2 with no bulk pinning in the presence of a transverse applied field H z see Fig. 2 . Thea

magnetization process is described as follows. At low applied fields the induced Meissner currents shield the
< < < <interior of the sample and no vortices are present except in the sharp corners at x fW and z fdr2 as shown

Ž .in Fig. 2 a . As the field increases the curved vortices cutting through the corners elongate until they merge at

Ž .Fig. 2. Platelet sample in transverse magnetic field. a The curved vortices penetrate into the corners of the sample with increasing applied
Ž .field until they merge at zs0. b Field penetration in the model tapered edge of the sample. Straight vortices fill the edge region

e- x-W. At H ) H a central vortex droplet of width 2b is formed.dc p



( )N. MorozoÕ et al.rPhysica C 291 1997 113–131116

zs0 when the field reaches the value of the penetration field H . If the field is further increased the vorticesp

are driven by the Meissner current to the center of the sample at xs0.
In order to simplify the mathematical description of the geometrical barrier we model this process by

< <describing the edge region as a tapered edge at Wydr2- x -W with angle 2as908 filled by straight
< < Ž .vortices at e- x -W as shown in Fig. 2 b . The energy of the vortex is given by its line energy

< <e sf H r4p times the length of the vortex, which grows linearly and then saturates for x -Wydr2. Let0 0 c1
Ž Ž ..us consider a vortex in the edge region of the sample Fig. 2 b . A shift of this vortex by D x into the sample

will increase the vortex energy due to its elongation D zs2D x tan as2D x by DUs2D x e . As a result0

there is a horizontal force F in the tapered part of the sample due to the vortex line tension. This drives thelt
Ž .vortex towards the sample edge. The other force acting on the vortex is a Lorentz force, F sJ x f rc due toL y 0

Ž .interaction of the vortex with the Meissner current J x . This force acts towards the sample center. In they

steady state situation these two forces, acting in opposite directions, have to be balanced by setting an
Ž . < <appropriate value of J x in the edge region. As the field increases the vortex-filled region e- x -W at they

edge of the sample expands until the flux front e reaches xsWydr2 at H sH . Beyond this point thea p
Ž .x-component of the line-tension force disappears F s0 and the Lorentz force drives the penetrating vorticeslt

towards the sample center. At fields above H the penetrated vortices are focused by the surrounding Meissnerp

currents in the center of the sample, forming a droplet of vortices.
The dc magnetic field and current distributions in platelet samples in the presence of a geometrical barrier

w xwere recently derived in detail in Refs. 18,19,32,33 . The following analytical expression is obtained, in the
zero-pinning case, for the distribution of the magnetic induction across the sample

2 2 2 2 2 2 2 2< < < <( (2 H e yx W yb q b yx W yeŽ . Ž .c1
< < < <B x s ln x -b or x )e,Ž .z 2 2 2 2p 1< < Ž .( e yb W yxŽ .

< <B x s0 b- x -e.Ž .z

where b and e are two spatial parameters describing the half width of vortex droplet in the center of the sample
Ž Ž ..and the width of the edge field penetrated region Fig. 2 b , and x is the distance from the center of the sample.

The parameters b and e are determined by the magnetization history and by the applied field

2 2 2 2' '2 H W yb q W yec1
H s ln . 2Ž .a 2 2'p e yb

The global magnetization due to the geometrical barrier is then given by

Hc1 2 2 2 2(Msy W yb W ye . 3Ž . Ž . Ž .
4pWd

Ž .Fig. 3 describes the corresponding hysteretic magnetization loop solid line . After zero field cooling H s0a

and the parameters esW and bs0. As H is increased the vortices first penetrate only into the sample edgesa

and parameter e decreases while b initially remains zero. At H sH the parameter e reaches its minimuma p

value e fWydr2 and the first vortex overcomes the geometrical barrier and enters into the bulk of themin
Ž .'sample. The corresponding field is H f 2 H rp drW . Above this field vortices penetrate into the center ofp c1

the sample, and b increases approaching its maximum value b fWydr2 with constant ese . Themax min

magnetization for the increasing field branch of the dc magnetization loop in Fig. 3 is given by

H pH Hc1 a c1 2 2'M sy coth fy W yb . 4Ž .inc ž / '4p 2 H 4p Wdc1

Ž .On the decreasing field, for H)0 the vortices are trapped in the bulk of the sample by the Meissner
Ž .current see Fig. 4 . As the field decreases, the vortex droplet first expands up to a maximum allowed value
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Ž .Fig. 3. The theoretical dc magnetization loop due to geometrical barrier solid and ac magnetization trajectories at various positions along
Ž . Ž .the loop dashed dr W s0.2, H s0.17H .ac p

b sWydr2, and only then the vortices begin to leave the sample. The parameter e increases with themax

decreasing field and approaches W at H s0. On the decreasing branch of Fig. 3, the global magnetization isa

given by

H pH Hc1 a c1 2 2'M sy tanh fy W ye . 5Ž .dec ž / '4p 2 H 4p Wdc1

The hysteretic magnetization due to the geometrical barrier becomes reversible at fields on the order of H .c1

In the presence of a BL surface barrier in addition to the geometrical barrier the above description is
modified only slightly. As described in detail in Section 4 below, the decreasing field branch of the
magnetization loop is practically unchanged since there is no effective BL surface barrier for vortex exit. On
increasing field however, the magnetization can be enhanced significantly by the additional barrier in the
tapered edge region. In this case M will be given by the same expressions as above with H replaced by somec1

higher characteristic field of the BL surface barrier. As a result the hysteresis will be larger and the
irreversibility field may become significantly higher than H . The qualitative behavior nevertheless remainsc1

similar to the case of the geometrical barrier.

Ž . Ž . Ž . Ž .Fig. 4. Dome shaped field profile B x at H solid and H dashed following Eq. 1 . In the center of the vortex droplet the acz max min

response BX is always positive. Near the edges of the vortex droplet BX attains negative values. In the vortex-free regions BX s0.ac ac ac
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3.2. The local ac response for a platelet-shaped sample

The local ac response in the platelet sample exhibits rather unusual behavior due to the geometrical barrier.
Let us first consider the expected susceptibility x

X for a small ac field with amplitude H <H . The totalac p
Ž . Ž . Ž . Xinstantaneous applied field is given by H t sH qH cos v t . We define a local permeability m x sm ya dc ac

Y Ž X Y . X Ž . Y Ž .im s B y i B rH where B x and B x are the in-phase and out-of-phase amplitudes of ac compo-ac ac ac ac ac
Ž .nents of the local field B x measured at the fundamental frequency. The real part of the local susceptibilityz

X Ž .Ž X .x s 1r4p m y1 is expected to be y1r4p in the Meissner state, gradually increasing monotonically to
w xzero in the fully penetrated state. This behavior is indeed commonly observed in global measurements 35 . In

w xthe case of local measurements however, the behavior is much richer and more complicated 31 .
A remarkable phenomenon takes place at fields slightly above H . The number of vortices in the sample isp

determined by the peak field value, H max sH qH . The corresponding field profile is shown by the solida dc ac

line in Fig. 4. When the instantaneous magnetic field decreases, the Meissner current and the associated Lorentz
force which acts to focus vortices in the center of the sample also decrease. As a result the vortex droplet starts

Ž .to spread out both parameters b and e increase . Provided the condition b-Wydr2 is held, however,
b Ž .vortices cannot leave the sample, and the ‘‘captured’’ flux FsH B x d x is constant. If H and H areyb z ac dc

small enough, this condition will still be satisfied at the minimum instantaneous field H min sH yH . Thea dc ac

new field distribution calculated under this constraint is plotted as the dashed line in Fig. 4. On increasing
instantaneous applied field the vortex droplet is compressed again. Thus the vortex droplet ‘‘breaths’’ with the

Ž < < .ac field and the edges of the vortex droplet x sb move in opposite phase with respect of the instantaneous
Ž .field H t .a

Ž . Ž .In Fig. 5 we present numerical simulations of the local ac response calculated using static Eqs. 1 and 2
Ž .above as a function of H for different positions across the sample. In the sample center B x increases withdc z

X Ž . Y Ž .Fig. 5. Calculated local ac response B a and B b due to geometrical barrier in platelet sample at various locations xr W across theac ac
X < < Ysample as a function of H . A negative B appears in the vicinity of H for x r W )0. The dissipation signal B appears at H and isdc ac p ac po

X X Ž .accompanied by a kink in B . B is hysteretic at H - H shown only for xs0 .ac ac dc po
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Ž .H and hence the local permeability is positive. However, close to the droplet edges B x decreases witha z
Ž . X Ž . Xincreasing instantaneous H t and therefore B x is in anti-phase with H resulting in a negative local ma ac ac

X Ž . Xand B which is clearly demonstrated in the Fig. 5 a . A negative value for B is in striking contrast to theac ac
w x Xpredictions of all the common ac susceptibility models 5,42–49 which predict a positive B everywhere in theac

bulk of the sample. The main source of the discrepancy is that in the standard models vortices penetrate and
leave the sample during each cycle of the ac field. In our case however the geometrical barrier enforces an
invariant number of vortices inside the sample. Therefore the vortex droplet undergoes only compressional
deformations that result in positive m

X in the center and negative m
X closer to the edges. Note that the global m

X

of the entire sample is always positive and this unique negative response can be observed only by use of local
measurements.

Now we consider x
Y. We showed above that for small ac fields, the number of vortices in the sample is

preserved during an ac cycle. In our quasistatic approach the ac measurements are equivalent to determination of
Ž .minor loops on a magnetization loop as shown Fig. 3 dashed lines . In the absence of bulk pinning and at low

Y Ž Ž ..fields, these trajectories are reversible which results in x s0 Fig. 5 b . As H increases, the width of the dcdc

magnetization loop decreases, and at some point the amplitude of H becomes sufficient to cross between theac

ascending and descending branches of the dc loop as shown by trajectory 3 in Fig. 3. We denote the dc field at
this point as the pinch-off field, H . For H )H the minor magnetization loop due to the ac field becomespo dc po

hysteretic and dissipation thus appears. The global dissipation is proportional to the area enclosed by the minor
loops. It reaches a sharp maximum at point 4 in Fig. 3. The pinch-off field H is determined by the shape ofpo

Ž .the magnetization loop i.e., by sample geometry and by H and H , and is independent of the observationc1 ac

point x in the crystal. The amplitude of the out-of-phase component of the ac response, however, is strongly
Ž Ž ..position dependent, increasing from the center towards the sample edge Fig. 5 b . Note that the maximum

dissipation appears at the same field everywhere in the sample. This maximum is the same as that normally
observed by global measurements and sometimes erroneously attributed to the bulk pinning properties of the
sample. At higher fields the dissipation decreases again as hysteresis in the full magnetization loop shrinks and

Ž .then vanishes point 5 in Fig. 3 .
The origin of the dissipation is the following. The dissipative signal appears when the vortex droplet reaches

the sample edges and vortices leave and enter the crystal during each ac cycle. There is little or no dissipation
otherwise since there is no bulk pinning. The geometrical barrier is asymmetric with respect to vortex entry and
exit. As a result on increasing field vortices enter the sample with a high potential energy in order to overcome
the barrier, and leave the sample on decreasing field at low potential. The observed dissipation signal is due to
the work carried out by the external field against the geometrical barrier. This mechanism is fundamentally
different from the dissipation due to bulk pinning and results in the unique local response as shown in Fig. 5.

3.3. Experimental results

Fig. 6 shows experimentally determined BX at Ts77.5 K in platelet BSCCO crystal as a function of Hac dc

measured by 10 mm Hall sensors. At xs0 a positive BX appears with the formation of the vortex droplet atac

H sH yH . Away from the center, however, BX s0 as long as the size of the droplet is small. As Hdc p ac ac dc

increases the droplet edge b reaches the observation point x resulting in a negative BX that gradually turnsac

positive with any further increase of H . The negative BX occurs at progressively higher H at larger xrW.dc ac dc
Ž .This data was obtained with a large ac modulation H s5 G rms which slightly smears the sharp theoreticalac

peaks.
Fig. 7 presents the experimental BX and BY as a function of H for different positions across the sample.ac ac dc

In addition to the negative dip in BX and the dissipation peak which have been discussed above, three distinctac
Y X X w xfeatures are predicted at H : a sharp onset of B , a kink in B , and a hysteretic B at H -H 31 .po ac ac ac dc po

X Ž . Y Ž .Further, as suggested above, the experimental B x is largest at xs0, while B x is highest close to theac ac
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Fig. 6. Experimental BX in BSCCO platelet crystal as a function of H measured using 10 mm sensors at various locations xr W acrossac dc
Ž .the sample T s77.5 K, H s5 G rms . For clarity, the ac response is shown for the decreasing applied field only at the center of theac

sample.

edges in accord with the model. In addition, the dissipation peaks are asymmetric with a slower fall-off at the
high-field side. All these features are clearly experimentally resolved in Figs. 6 and 7.

An interesting observation is the hysteresis in local BX as a function of H at low fields as shown in Fig.ac dc
Ž . Ž .5 a and Fig. 6 presented only for xs0 for clarity . This hysteresis is another characteristic feature of the

geometrical barrier that is not obtained in other models. On the decreasing branch of the dc magnetization loop
w xthe vortex droplet extends to the sample edges 18,19 . The deformation of the dome by H results in negativeac

BX only close to the sample edges, whereas the rest of the sample displays a positive BX that is larger onac ac

X Ž . Y Ž .Fig. 7. Experimental B a and B b measured in BSCCO platelet using 3 mm sensors at T s77.5 K and H s0.5 G rms at variousac ac ac

locations xr W: \, 0.1, ^, 0.4, e, 0.5, =, 0.6, `, 0.9. The structure in the data at 60 Oe is due to the vortex lattice melting transition.
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w x Xdecreasing H than on increasing field 31 . Note that in global measurements, the total x displays almost nodc

hysteresis since trajectories 1 and 2 in Fig. 3 have very similar slopes.
Ž .Two additional and final points with regard to the platelet sample should be noted: i the displacement of

Ž .vortices inside the droplet Fig. 4 and within the edge region should in general result in dissipation and this is
Ž Y Ž ..indeed observed experimentally the finite values of B at H -H in Fig. 7 b . This dissipation mayac dc po

become significant at high frequencies, but is small at lower frequencies, and was ignored in our calculations.
Ž . Ž .ii The sharp peak feature at about 60 G in Fig. 7 a is associated with the first-order vortex lattice phase

w xtransition 50 and we do not concern ourselves further with it in this manuscript.

4. Prism geometry

In the previous sections we have discussed the geometrical barrier in platelet geometry. We now turn to the
effects of BL surface barrier. The BL surface barrier is present in platelet-shaped samples in addition to the

w xgeometrical barrier. In Ref. 35 a careful analysis of the global ac response for platelet samples was performed.
It was shown, that geometrical and surface barriers result in very similar behavior of the ac susceptibility with

Ž Yonly minor differences in quantitative factors for example the position of the maximum in x occurs at
2 .H sH r2 H for surface barrier and at H sH H r2 H for the geometrical barrier respectively . In theac p dc ac p c1 dc

platelet geometry the BL surface barrier effectively enhances the effect of the geometrical barrier without
altering the qualitative local and global features. This means that it is difficult to separate the two contributions
in platelet geometry without relying on specific models of the different temperature or frequency dependencies
of these two barriers. We now show, however, that by changing the sample geometry the BL surface barrier can
be investigated independently.

4.1. Equilibrium magnetization

Let us consider a thin long triangular prism-shaped sample of width 2W, height d and base angle
Ž .asarctan drW in applied field H along the c-axis. As before we neglect bulk pinning, limiting oura

w xconsideration to elevated temperatures. The geometrical barrier is absent in this geometry 39 . We first analyze
the equilibrium magnetization process in the prism sample in the absence of a BL surface barrier. Fig. 8 shows a

Fig. 8. Force balance of a vortex in a prism sample. The change in the potential energy due to the elongation of the vortex line with its
displacement results in a force F which acts to drive the vortex out of the sample. In the steady state situation this force is balanced by thelt

Lorentz force F of the equilibrium shielding current acting towards the sample center.L
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simplified picture of a vortex in the prism 1. Following the same approach as developed for the edge region of
Ž .the platelet sample see Fig. 2 , there are two main forces acting on the vortex. The vortex line tension e0

results in a force F sydUrd xse tan a which drives the vortex towards the edge. In a steady statelt 0

situation this force has to be balanced by the Lorentz force F of the shielding current, F sJ f rc, whichL L e 0

drives the vortex towards the center. Here J is the equilibrium shielding current expressed in units of the sheete

current per unit width. It is interesting to note that this current flows predominantly on the top slanted surfaces
of the prism, but in the following analysis only the integrated values over the sample thickness are of

< <importance. As the applied field is increased vortices penetrate through the prism edges up to x sa. In the flux
< <penetrated region a- x -W the force balance F sF has to be maintained in steady state in a uniformlt L

Ž . Ž . < <equilibrium current J s ce rf tan as cH r4p tan a . In the vortex free region x -a an appropriatee 0 0 c1
Ž . Ž .current distribution J x has to be found which results in B x s0. This problem is mathematically similar toy z

w xthe flux penetration into a platelet sample with strong uniform bulk pinning on increasing field 51–53 . In both
cases we require a uniform current in the field penetrated regions, and zero field in the flux free central region.
The physical origin, however, is fundamentally different. In the strong pinning case the current acts against the
pinning force expressed by the critical current J . This current flows in opposite direction on increasing andc

decreasing field resulting in hysteretic magnetization. In our case, in contrast, the current is due to the vortex
line tension which acts in the same direction on both increasing and decreasing applied field, thus resulting in a
fully reversible magnetization. Thus the equilibrium field and current distributions in a thin prism-shaped
sample without bulk pinning are mathematically similar to a platelet strip with strong pinning on increasing
applied field.

w xFollowing the notation of Ref. 51 the width of central field-free region is given by 2 a, where

W
as 6Ž .

cosh H rBŽ .a f

and the characteristic field B isf

4
B s J . 7Ž .f ec

Ž . Ž .The distribution of the sheet current J x sJ f x,a is expressed byy e

J , yW-xFya° e

2 22 J x W yae~J x s 8Ž . Ž .y arctan , ya-x-a(y 2 2ž /p W a yx
¢yJ , aFx-We

Ž . Ž .and the magnetic field B x sB g x,a byz f

0, ya-x-a°
2 2 2 2' '< <~ x W ya qW x yaB x s 9Ž . Ž .z < <B ln , x Gaf 2 2¢ (< <a x yW

w xNote that here J denotes sheet current and hence should be compared with dJ in Ref. 51 where J is thee c c

critical current density and d is the sample thickness.

1 For simplicity a straight vortex line is analyzed here. In practice the vortex is slightly curved as shown in Fig. 2. Due to the extremely
high anisotropy of BSCCO, the line energy of the extra in-plane segments is negligible. Therefore it is only the extent of the vortex along
the c-axis which needs to be considered for our approximate force balance evaluation.
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Ž . Ž . Ž . Ž .Fig. 9. Calculated current J x a and field B x b distributions in the prism sample under equilibrium magnetization conditions aty z
Ž . Ž . Ž .various values of H following Eqs. 8 and 9 . B x diverges in the vicinity of the sample edge.a z

Ž . Ž .The corresponding distributions of J x and B x are presented in Fig. 9. It is important to realize thaty z

these are the equilibrium magnetization distributions which are fully reversible and result from the specific
prism shape of the sample. In a thin slab with elliptical cross section for comparison, the field distribution is

2 2'uniform across the sample and the sheet current is zero at xs0, increasing towards the edge as xr W yx .
Elliptical cross section is exactly the marginal case. Cross sections which are more ‘‘tapered’’ than an ellipse

Ž .behave reversibly, and have a minimum B x in the center of the sample, as in Fig. 9. In contrast, samplesz
Ž . Ž .which are flatter than an ellipse have a maximum of B x in the center like in Fig. 4 , and display hystereticz

magnetization due to the presence of the geometrical barrier.

4.2. Distributed surface barrier

The BL surface barrier is usually thought to act on a vortex in close vicinity to a smooth parallel surface. It
w xwas suggested that sharp corners suppress the surface barriers in HTSC 37,38 since vortices can easily

penetrate the sharp edges and then expand with no potential barrier. In the following we show that for layered
HTSC systems like BSCCO, this assumption may not be relevant.

In the standard description of the BL surface barrier a straight vortex is considered in close vicinity to a
w xparallel surface 6–8,13,14 . Once the vortex overcomes the barrier its motion within the bulk of the material is

determined by the bulk properties of the sample. Let us consider a 3D vortex in a prism sample as shown in Fig.
8. In the absence of bulk pinning this vortex can be displaced reversibly as described above, and no surface
barriers are involved in this process. The surface barrier is present only at the sharp edge of the prism which
governs vortex entry and exit. In this case the effect of the BL surface barrier is indeed expected to be
suppressed since the sharp edge acts as a weak ‘‘entry point’’ for the vortex and the subsequent motion of the
vortex into the sample does not involve any activation process. However, in highly anisotropic layered materials
like BSCCO the situation is fundamentally different. The vortex line can be considered as a stack of vortex
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Fig. 10. The distributed BL surface barrier in a layered prism-shaped sample. The vortex line consists of a stack of pancake vortices. The
interlayer distance is denoted by s. The pancake vortices interact with their images outside the slanted sample surface resulting in a local
surface barrier at distances of the order of the coherence length j . Displacement of the vortex line towards the prism center requires addition
of pancake vortices at the top of the stack. Addition of each pancake involves activation over the local surface barrier.

pancakes as shown in Fig. 10. The discrete nature of this structure results in the appearance of enhanced surface
barrier effect. Here, an inward displacement of the vortex, due to a small increase of the applied field for
example, results in a change of the vortex length and hence requires addition of extra vortex pancakes at the top
of the stack. Each addition of a pancake involves a single local penetration event over a BL surface barrier. As a
result, for any chosen location across the prism, vortex motion involves activation over the BL surface barrier.
This situation is very different from the usual concept of the BL surface barrier which influences only the entry
and exit processes, while the bulk vortex properties are unaffected. Here in contrast, the discrete nature of the
system results in an effective barrier for vortex motion throughout the sample rather than only at the entry and
exit points. Hereafter we refer to this special situation as a ‘‘distributed surface barrier’’.

An alternative way of visualizing the distributed surface barrier is by noting that in the 3D case of Fig. 8 the
vortex line has to ‘‘climb’’ a smooth potential on moving deeper into the prism. The potential increase is
precisely balanced by the Lorentz force due to the equilibrium shielding current which results in fully reversible
behavior as described in the previous section. In a layered system of Fig. 10, in contrast, the vortex line
effectively has to ‘‘climb’’ a staircase corresponding to the individual layers. The average slope of the staircase
is still balanced by the equilibrium shielding current. However, any advance to the next step involves an
activation process over a local surface barrier. This barrier exists at any location of the vortex across the prism
sample in contrast to the usual case where the surface barrier exists only at the entry point.

We emphasize that a presence of an in-plane field component does not alter the described process since the
motion of a slightly tilted vortex also requires addition or removal of discrete pancakes. In addition, it is

w ximportant to note that in contrast to the usual case 13 the distributed barrier is rather robust against local
surface imperfections since any further advance of a vortex into the bulk beyond the defect region is impeded by
the rest of the undamaged surface. It is also important to appreciate that the BL surface barrier is in fact partially
distributed even in the platelet, with the ‘‘distribution’’ occurring over the edge region as seen in Fig. 2. The
curved vortices penetrating through the sharp corners have to ‘‘acquire’’ additional pancakes at the edges until
they reach their full length. Therefore in the highly anisotropic HTSC the sharp corners do not eliminate the BL
barriers in any geometry.

The mechanism of the distributed surface barrier introduced above can be described on a microscopic level
w xand will be presented in detail elsewhere 40 . Here we use a simple phenomenological approach in order to
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model the hysteretic response due to this barrier. We thus modify the equilibrium magnetization process
Ž . Ž .described in Eqs. 8 and 9 as following. On increasing applied field an additional shielding current J has tosb

up Ž .flow in order to allow the penetrating pancake vortices to overcome the surface barrier, thus J sJ qJ H .e sb dc
w xJ is in general field dependent 7,13,14 and decreases with increasing field. On decreasing applied field thesb

barrier for pancake exit is very low and is neglected for simplicity, thus J down sJ , and only the equilibriume

current due to vortex line tension is present as described in the previous section. The hysteretic dc magnetization
Ž . Ž . up downbehavior can thus be calculated using Eqs. 6 – 9 with appropriate J and J currents.

4.3. The local response for a prism-shaped sample

Now we consider the local response in a prism-shaped sample with the distributed surface barrier. The
Ž . Ž .applied field is given as previously by H t sH qH cos v t where H is the amplitude of the aca dc ac ac

modulation. We calculate the local ac response BX and BY in the same way as we did for the case for theac ac
Ž . Ž .platelet-shaped sample. We again consider the quasistatic limit and use Eqs. 6 – 9 above replacing J bye

J up sJ qJ on increasing applied field and J down sJ on decreasing field. For simplicity we assume a lineare sb e

decrease of the surface barrier current with the applied field, J AH yH for H FH , and J s0 at fieldssb ir dc dc ir sb

above the irreversibility field H where the surface barrier vanishes.ir

At ts0 the instantaneous applied field is at its maximum value H sH qH . At this point the width ofmax dc ac
Ž up . Ž . Ž . upthe flux-free region attains its lowest value a sa H , J described by Eqs. 6 and 7 with current J0 max

and corresponding characteristic field Bup. The current and field distributions are shown by usv ts08 curvesf

in Fig. 11. As the field decreases vortices near the prism edges leave the sample. In order to describe this
w xprocess we use a superposition method following Ref. 51 , with two terms. The first term is the distribution at

Ž . Ž . upH described by Eqs. 6 – 9 with J . This is our initial state. The second term describes the change withmax

Ž . Ž . Ž . Ž .Fig. 11. Calculated profiles of J x a and B x b for decreasing instantaneous applied field in the prism sample with distributedy z
Ž .surface barrier at different phase, u , of the ac field u s v t . u s08 corresponds to the initial state, H s H q H , and u s1808max dc ac

Ž down down Ž . .corresponds to H s H y H H s2 B , H s B , J H r J s0.66 .min dc ac dc f ac f sb dc e
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Ž .respect to the H state. It is given by the same equations but with parameter asa H yH , J and with amax max a sb

current J down yJ up syJ which flows in the opposite direction. As a result at x)a the total current issb

J down sJ which allows vortex exit near the edges. This situation is depicted for example by the us608 curvee

in Fig. 11. We emphasize that in the prism geometry with no bulk pinning the current always flows in the same
direction and the field is positive everywhere. This is in contrast to the platelet case with strong bulk pinning
where a negative current is flowing in the outer region when the field is decreased. This negative current also

Ž w x.results in a negative field at the edges see for example Fig. 5 in Ref. 51 and as a result antivortices are
present at the edges. These annihilate the pinned vortices as the field is decreased. In Fig. 11, however, no
antivortices are present provided that H G0. In the outer region the current is the equilibrium current J whicha e

results in zero net force and the vortices may leave the sample. At a -x-a, however, J -J-J qJ and0 e e sb
Ž . Ž Ž ..the vortices are ‘‘frozen’’ resulting in invariant B x distribution in this region Fig. 11 b . Here the vorticesz

cannot move deeper into the sample since the Lorentz force is not sufficient to overcome the pancake surface
barrier. On the other hand, they cannot move outward since this force is larger than the outward line tension
force. So the larger current holds the vortices against the distributed surface barrier. This situation is similar to
the bulk pinning case with yJ -J-J where vortices are immobile.c c

As field is further decreased a decreases and more vortices leave the sample. If H is sufficiently large, as isac

the case shown in Fig. 11, a will reach a at which point JFJ everywhere and all the previous magnetization0 e
Ž . Ž .history is erased. At lower fields the field free region expands and J x and B x are described by they z

Ž . Ž . Ž . Ž .equilibrium magnetization Eqs. 6 – 9 with asa H , J see us1208 and 1808 curves in Fig. 11 .a e

In order to calculate the response during the increasing half wave of the ac field we take the distribution at
us1808 as the new initial state. If H is sufficiently large this state is described by one parameterac

Ž .a sa H , J , as is the case in Figs. 11 and 12. For low ac amplitudes, however, this state is represented by1 min e

the superposition of two distributions described by a and a . As field is increased the profiles are given by0 1
Ž . Ž .superposition of the initial state at H and the new additional distribution described by Eqs. 6 – 9 withmin

Ž . Ž .Fig. 12. Calculated current a and field b profiles as in Fig. 11 for increasing instantaneous applied field in the prism at different phase u

of ac field. u s1808 corresponds to H and u s3608 corresponds to H .min max
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Ž . up downasa H yH , J with a current J yJ sJ which flows in the positive direction. At x)a the totala min sb sb

current is therefore J up sJ qJ allowing new vortices to penetrate into the edges as shown for us2208 ande sb

2408 in Fig. 12. This solution holds until a reaches a at which point the previous history at H is erased and1 min
Ž up .the profiles are described by one parameter asa H , J , as shown in Fig. 12 for us2808 and 3608. From thea

Ž .above analysis we can construct B x,t for the entire ac period at any location across the sample.z

4.4. Numerical simulations and experimental results

Ž .The local ac response is a Fourier transform of instantaneous B t . Figs. 13 and 14 show the calculated acz

response BX y i BY at different locations across the sample as a function of H at high and low amplitudes ofac ac dc

H respectively. At relatively large H the width of flux-free region in the center of the prism modulates withac ac
Ž .the instantaneous ac field as shown in Figs. 11 and 12. At the flux front the rise of B x is very steep resultingz

X Ž .in a sharp peak in the local B as seen in Fig. 13 a . The flux front moves deeper into the sample as Hac dc

increases. Qualitatively similar behavior is observed experimentally as shown in Fig. 15. The sharp peaks are
smeared out in experiment due to the averaging over the finite area of the Hall sensor. In addition the steep flux
front at xsa which is obtained theoretically for infinitely thin sample is in practice smoothed over a width of
the order of the samples thickness. The out-of-phase component BY shows a sharp dissipation peak that occursac

closer to the prism center as H is increased. Interestingly, the maximum value of BY is obtained at xf0.6dc ac
Ž . Ž .both theoretically, Fig. 13 b , and experimentally, Fig. 15 b . The exact shape of the response as a function of

H depends on how the surface barrier decreases with the field. In our analysis we have assumed the simplestdc

linear decrease to zero at H . This simple form gives a satisfactory qualitative description of the observedir

response.
A further important observation is that BY obtains negative values at higher values of H near the edges asac dc

X Ž . Y Ž . downFig. 13. Calculated ac response B a and B b for the prism sample as a function of H for a large ac field H s2 G rms, B s4ac ac dc ac f
upŽ . XG, B 0 s8 G, H s32 G for different locations across the crystal. Sharp peaks of B are obtained due to modulation of the width of thef ir ac

vortex-filled region. The maximum of dissipation signal BY occurs at xr W f0.6. BY near the sample edge attains negative values atac ac

large H .dc
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X Ž . Y Ž . down upŽ .Fig. 14. Calculated ac responses B a and B b similar to Fig. 13 but for a low ac field H s0.4 G rms, B s4 G, B 0 s8 G,ac ac ac f f

H s50 G. Both BX and BY change gradually with H . Maximum of dissipation takes place near the sample edge.ir ac ac dc

X Ž . Y Ž . Ž .Fig. 15. Experimental ac response B a and B b in the prism BSCCO sample T s85 K as a function of H for a large ac filedac ac dc

H s2 G rms at different locations across the sample xr W: \, 0.1, ^ 0.6, =, 0.75, `, 0.9. The structure in BX at about 50 Oe is due toac ac

the vortex lattice melting transition.
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X Ž . Y Ž .Fig. 16. Experimental ac response B a and B b in the BSCCO prism sample at different locations across the sample as in Fig. 15 butac ac

at a low ac field H s0.15 G rms.ac

shown both theoretically and experimentally in Figs. 13 and 15. The origin of this behavior is as follows. The
change in local field away from the edge of the sample is delayed with respect to the modulation of the applied

Ž Y .field defined as positive B in Figs. 13 and 15 because the perturbation of the external field must firstac

propagate to the observation point. Remarkably, at large H , the change of internal field near the edge of thedc
Ž Ž . .sample is sufficiently rapid because of the divergence of B x at xfW that the resulting first harmonic ofz

the ac response precedes the ac applied field and the sign of the observed BY is inverted.ac

Fig. 14 describes the ac response at low H . In this case the position of the flux front is determined by Hac dc

and the position of the front does not oscillate during the ac cycle. The vortices enter and leave the sample near
the edge and central part is effectively shielded from the ac signal. As H is increased the surface barrier isdc

monotonically suppressed and the ac signal penetrates deeper into the sample until a fully reversible behavior is
obtained at H GH . As a result a rather smooth dependence of BX on H is obtained as shown in Fig.dc ir ac dc
Ž . Ž . Y14 a Fig. 16 a . The out-of-phase component also displays smooth behavior. In this case the largest B isac

Ž Ž .. Ž Ž ..obtained near the edge of the prism as shown theoretically Fig. 14 b and verified experimentally Fig. 16 b .
This is in marked contrast to the behavior at large H which is shown in Figs. 13 and 15.ac

5. Conclusions

There are numerous important differences between the local ac response of platelet- and prism-shaped
Ž . Xsamples in the absence of bulk pinning which can be summarized as following. i The in-phase response B inac

Ž Ž .. Ž Ž . Ž ..a platelet sample Fig. 7 a is always largest in the center, whereas in a prism Fig. 15 a Fig. 16 a it is always
Ž .smallest in the center. ii In a prism the ac signal penetrates gradually from the edges starting from almost zero

Ž .H , whereas in a platelet the ac signal is fully screened until a well defined dc penetration field. iii In thedc

platelet, a negative BX is obtained while it is always positive in the case of the prism. These differences ariseac
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from the fact that in the prism a vortex-free region in the center of the sample is surrounded by vortex-filled
Ž .regions near the edges Fig. 9 . The vortex-filled regions expand in phase with the external ac field. In the

platelet the situation is just the opposite. The vortex-filled region is in the center of the sample and it is
surrounded by vortex-free regions. This central vortex-filled region shrinks as the instantaneous field rises in

Ž . Ycontrast to prism. iv The B also shows major differences in the H dependencies in prism-and platelet-shapedac dc

crystals. In the prism the dissipation peak occurs first near the sample edges and moves inward as H isdc
Ž Ž . Ž ..increased Fig. 15 b Fig. 16 b . In the platelet, in contrast, the dissipation peak occurs simultaneously at all
Ž Ž .. Ž . Ylocations Fig. 7 b . v In the prism B shows broad features and finite dissipation within the sample isac

present at all fields below H . In the platelet however, the dissipation appears abruptly and is present only in air
Ž . Yrelatively narrow range at elevated H . vi A sharp onset of B is always obtained at the edges of the plateletdc ac

sample. In the prism, however, the relative height of the dissipation peaks depends on the amplitude of the ac
Ž Ž . Ž .. Ž . Yfield Fig. 15 b Fig. 16 b . vii In addition, B attains negative values in the prism, while it is always positiveac

in the platelet. These fundamental differences in the dissipation mechanisms arise from the fact that in a platelet
the geometrical and surface barriers are concentrated at the sample edges, whereas in a prism the surface
barriers are distributed over the entire width of the sample. As a result any displacement of vortices in the prism
is accompanied by dissipation and hence BY is present at any H -H . In the platelet, vortex displacement inac dc ir

the bulk causes negligible dissipation. Significant dissipation arises in this sample only when vortices have to
cross the edges and overcome the barriers during the ac cycle. This occurs only in a relatively narrow range
H -H -H , with a peak in dissipation that is detected simultaneously at all locations across the sample.po dc ir

In summary, we have observed major differences in the ac response of samples with different shapes which
emphasize the dominant role of surface and geometrical barriers in BSCCO crystals at elevated temperatures.
Bulk pinning, in contrast, results in a very different response, the qualitative behavior of which is insensitive to
the specific shape of the sample. We have developed a simple model to describe the effects of a distributed
surface barrier and of the resulting local ac response in a prism-shaped sample. The model provides both
qualitative and quantitative description of the ac response in agreement with experimental data.
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