
VOLUME 76, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 1 JANUARY 1996

Israel

ic
alues
with

and is
monics
istivity.

138
Negative Local Permeability in Bi2Sr2CaCu2O8 Crystals
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The local ac magnetic response in Bi2Sr2CaCu2O8 crystals was measured using a microscop
array of Hall sensors. The ac component of the local induction is found to attain negative v
in contradiction with the standard models that predict a positive in-phase variation of the induction
the applied field. A model of ac response in the presence of a geometrical barrier is derived
shown to describe well the measured behavior. The dissipation peak and the onset of higher har
at elevated temperatures are due to geometrical barrier and do not reflect a change in the bulk res

PACS numbers: 74.60.Ec, 74.60.Ge, 74.60.Jg, 74.72.Hs
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Measurement of ac magnetic susceptibility is one
the most commonly used characterization tools for t
study of high-temperature superconductors (HTSC).
wide range of superconducting properties is being inferr
from ac studies which include irreversibility line, resis
tivity, critical current, pinning mechanism, nonlinear re
sponse, vortex-lattice melting, etc. [1–10]. The standa
approach to the description of the ac response is ba
on the perception that the ac magnetic field perturbat
inside the superconductor penetrates through the edge
the sample and decays monotonically towards the cen
with some characteristic length scale. For given amp
tude and frequency of the applied ac field and sample
ometry, the ac penetration depth is usually assumed to
determined by either the linear resistivity, the nonline
resistivity, or the critical current [11–19]. The in-phas
local permeabilitym0 ­ 1 1 4px 0, wherex 0 is the lo-
cal susceptibility, measures the shielding response wh
is expected to bepositiveeverywhere across the sample—
high close to the sample edges (poor shielding) and low
the center (good shielding). The out-of-phasem00 or x 00

describe the energy dissipation in the sample. This d
sipation is expected to have a sharp maximum as a fu
tion of temperature or applied dc field when the samp
resistivity or critical current are such that the ac penet
tion depth is comparable to the sample dimensions [1
19]. In this paper we show experimentally that in strikin
contrast to the above description in clean Bi2Sr2CaCu2O8

(BSCCO) crystals at elevated temperatures the localm0

obtainsnegativevalues and the peak inx 00 is unrelatedto
the sample resistivity and critical current. This unique b
d
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havior is shown to be the result of the geometrical barr
[20–25] that is not taken into account in the prevailin
models.

A high quality rectangular BSCCO crystalsTc ­ 90 Kd
of 240 3 300 3 40 mm3 was attached directly to the sur
face of an array of eleven10 3 10 mm2 Hall sensors
fabricated photolithographically using GaAsyAlGaAs het-
erostructure [26]. A dc magnetic field was applied usin
a large bore superconducting magnet operated in cons
current mode, and the ac field was generated by a sm
copper coil withHdc k Hac k c axis of the crystal. The ac
component of the perpendicular local inductionBac at the
sample surface was measured by the sensors using loc
techniques as a function ofHdc and temperature.Hdc and
Hac were measured directly by additional Hall sensors r
siding outside the sample.

We consider a sample in a form of a long rectangu
strip of thicknessd and width2W alongx in perpendicular
applied fieldHa k z. In a platelet sample in the perpen
dicular field, the vortex potential has a minimum value
the center of the sample and a significant potential barr
close to the edges [20–25]. This geometrical barrier (G
is absent in samples with elliptical or tapered cross sectio
[27]. In platelet crystals in the absence of bulk pinning,
Ha larger than the penetration fieldHp, the vortices pene-
trate irreversibly over the GB and focus in the center of t
sample due to the Lorentz force of the Meissner curre
The resulting vortex droplet has a dome-shaped profile
the local fieldBzsxd as shown in Fig. 1. The field profile
is described by two parameters, the width of the drop
2b and the width of the narrow edge regionW 2 e where
vortices cut through the sample rims, resulting in [20]
Bzsxd ­
2Hc1

p
ln

p
je2 2 x2jsW2 2 b2d 1

p
jb2 2 x2jsW 2 2 e2dp

se2 2 b2djW2 2 x2j
(1)
to
atjxj , b andjxj . e, whereasBzsxd ­ 0 in the vortex-
free region atb # jxj # e. The corresponding applie
field is

Ha ­
2Hc1

p
ln

p
W2 2 b2 1

p
W2 2 e2

p
e2 2 b2

, (2)
with resulting global magnetization per unit volume of

M ­ 2
Hc1

4pWd

q
sW2 2 b2dsW2 2 e2d . (3)

On increasing dc fieldHdc $ Hp the parametere . W 2

dy2, and the droplet expands with the field according
© 1995 The American Physical Society
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FIG. 1. The theoretical dome-shaped field profileBzsxd of the
vortex droplet in the center of the sample at extreme values
the applied field.

Eq. (2) as additional vortices penetrate. On decreas
field, however, the droplet is extended to the edges
its half-widthb . W 2 dy2 is constant as vortices leav
the sample. As a result, the GB gives rise to a hysteretic
magnetization loop as shown in Fig. 2. The correspo
ing experimental local magnetization loopBdc 2 Hdc in
BSCCO atT ­ 80 K, as measured by the Hall sensors
the central region of the crystal, is shown in the inset.

We now derive the ac response in the presence of G
Let us consider application of a small ac field of amp
tude Hac at some given value of dc field on the ascen
ing branch such as point 1 in Fig. 2. The number
vortices in the droplet is determined by the peak value
the field Hmax ­ Hdc 1 Hac. As the instantaneous ap
plied ac field decreases, the central vortices cannot le
the sample since they are trapped by the Meissner cur
that continues to circulate in the same direction. The m
nitude of the current decreases, and the droplet broad
out, maintaining the total number of trapped vortices co
stant (Fig. 1). The parametersb and e are determined

FIG. 2. The theoretical global dc magnetization loop (soli
and several ac trajectories (dashed) due to geometrical ba
(dyW ­ 0.2, Hac ­ 0.17Hp). Maximum ac dissipation occurs
at point 4. Inset: experimental local magnetization loopBdc 2
Hdc in the central region of BSCCO crystal atT ­ 80 K.
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by the instantaneousHa through Eq. (2) and by the re
quirement of a constant trapped fluxF ­

Rb
2b Bzsxddx ­

const3 sHmaxd. The resulting trajectory of the global a
magnetization is shown in Fig. 2 by the dashed curve. L
cally, however, a unique situation occurs.

Figure 1 shows the field distribution in the centr
region at the extreme values of the applied fieldHmax and
Hmin ­ Hdc 2 Hac. We define the local permeability
msxd ­ m0 2 im00 ­ sB0

ac 2 iB00
acdyHac, where B0

acsxd
and B00

acsxd are the amplitudes of the in-phase and ou
of-phase ac components of the local fieldBzsxd. In the
sample center,Bzsxd increases withHa, and hence the lo-
cal permeability is positive. However, close to the drop
edges, Bzsxd decreaseswith increasing instantaneou
Ha, and henceB0

acsxd is in antiphase withHac resulting
in negative local m0 and B0

ac. Such a negativeB0
ac is

in striking contrast to all the common ac susceptibili
models [11–19] that predict a positiveB0

ac everywhere in
the bulk of the sample. The main source of the discre
ancy is that in the standard models vortices penetrate
leave the sample during the cycle of the ac field. In o
case, however, the GB enforces an invariant number
vortices inside the sample. Therefore the vortex drop
undergoes only compressional deformations that resul
positive m0 in the center and negativem0 closer to the
edges. Note that the globalm0 of the entire sample is
always positive, and such a unique negative response
be observed only by use of local measurements.

Figures 3(a) and 4 show, respectively, the calcula
and experimentalB0

ac at T ­ 77.5 K as a function ofHdc
at several locations. Atx ­ 0 a positiveB0

ac appears with
the formation of the vortex droplet atHdc ­ Hp 2 Hac.
Away from the center, however,B0

ac ­ 0 as long as

FIG. 3. Calculated (a)B0
ac and (b)B00

ac at three locations as a
function of Hdc. NegativeB0

ac appears in the vicinity ofHp
for xyW . 0. The dissipation sets in atHpo accompanied by
a kink in B0

ac. B0
ac is hysteretic atHdc , Hpo (shown only for

x ­ 0). B0
ac is largest atx ­ 0 andB00

ac is largest close to the
edges.
139
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FIG. 4. B0
ac at four locations across BSCCO crystal as

function of increasingHdc showing the negativeB0
ac above the

penetration field. The hysteretic behavior belowHpo is shown
at x ­ 0. T ­ 77.5 K, Hac ­ 5 G rms, andf ­ 37 Hz.

the size of the droplet is small. AsHdc increases the
droplet edgeb reaches the observation pointx, resulting
in negative B0

ac that gradually turns positive with the
further increase ofHdc. The negativeB0

ac occurs at
progressively higherHdc at larger xyW . Furthermore,
Figs. 3(a), 4, and 5(a) clearly demonstrate thatB0

acsxd has
a maximumvalue atx ­ 0. This result is an additional
significant contradiction to the standard models whi
predict minimumB0

ac (maximum screening) in the cente
[11–19]. Our model describes strictly a 2D sample th
results in an infinite slope ofBzsxd at the droplet edges in
Fig. 1 and, hence, a very steep onset of negativeB0

ac in
Fig. 3(a). In realityBzsxd varies smoothly on the range
on the order of the sample thickness resulting in a smo
B0

ac as observed in Fig. 4. The small positive upturn
B0

ac at Hdc , Hp is an artifact due to finite separation
between the sample and active layer of the sensors.

FIG. 5. (a)B0
ac and (b)B00

ac on increasingHdc at T ­ 80 K,
Hac ­ 1.5 G rms, andf ­ 37 Hz at three locations. The
dissipation peak due to the collapse of geometrical barrier s
in at Hpo. The finite B00

ac below Hpo is due to small viscous
dissipation within the vortex droplet.
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Another interesting observation is the hysteresis in loc
B0

ac as a function ofHdc at low fields as shown in
Figs. 3(a) and 4. This hysteresis is another characteris
feature of the GB that is not obtained in other mode
On the decreasing branch of the dc magnetization lo
the vortex droplet extends to the sample edges [20,2
The deformation of the dome byHac results in negative
B0

ac only close to the sample edges, whereas the rest of
sample displays a positiveB0

ac that is larger on decreasing
Hdc than on increasing field. This local hysteresis
clearly shown both theoretically and experimentally i
Figs. 3(a) and 4, respectively (presented only forx ­ 0
for clarity). Note that in global measurements, on th
other hand, the totalx 0 displays almost no hysteresis sinc
trajectories 1 and 2 in Fig. 2 have very similar slopes.

We now turn to the discussion of the dissipatio
peak. At low Hdc the ac trajectories such as 1 and
in Fig. 2 are fully reversible with no dissipation, and
B00

ac ­ 0 as shown in Fig. 3(b). In fact, the displacemen
of vortices inside the droplet (Fig. 1) and within th
edge region should cause some dissipation due to fin
vortex viscosity as observed experimentally in Fig. 5(
sT ­ 80 Kd by finite values ofB00

ac at Hdc , Hpo. This
dissipation may become significant at high frequencie
but it is small at lower frequencies, and is ignored
our calculations. AsHdc increases, the width of the
dc magnetization loop decreases, and at some point
amplitude ofHac becomes sufficient to bridge betwee
the ascending and descending branches of the dc lo
as shown by trajectory 3 in Fig. 2. We denote the d
field at this point as the pinch-off fieldHpo. At Hdc .

Hpo the ac magnetization trajectory becomes hystere
and as a result dissipation sets in. The dissipation
proportional to the area encircled by the ac trajecto
which reaches a sharp maximum at point 4. At high
field the dissipation decreases again as the magnetiza
loop shrinks (point 5). The corresponding theoretical a
experimental behaviors of the localBac in Figs. 3 and 5
show a remarkable agreement, especially in view of t
simplicity of the theoretical model. Three distinct feature
are predicted atHpo: sharp onset ofB00

ac, kink in B0
ac,

and hystereticB0
ac at Hdc , Hpo. All these features are

clearly resolved experimentally in Figs. 4 and 5. Also
as mentioned above, the experimentalB0

acsxd is largest at
x ­ 0, andB00

acsxd is highest close to the edges in accor
with the model. In addition, the dissipation peaks a
asymmetric with a slower falloff at the high-field side. An
important conclusion of these results concerns the orig
of the dissipation peak. This peak is normally attribute
to bulk vortex properties such as the onset of critic
current, phase transition in vortex pinning mechanism,
a sharp decrease in flux flow or flux creep resistivity [14
19]. In contrast, our analysis of the ac response [Eqs. (1
(3)] does not include any parameters related to the
vortex properties, and therefore the observed dissipat
peak in BSCCO crystals at elevated temperatures



VOLUME 76, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 1 JANUARY 1996

e

in
a
o
i
n

a

t
e
a
n

h
s

o
e

a
i

el
f
h
o
[3
p
,

th
b

e
u
lit
a
o

e
s
u
a

s
u
e

d.
a-
by
ch

)

r.

,

ll.
completelyunrelatedto the resistivity behavior [23]. The
peak is due entirely to GB. AtHdc , Hpo the GB screens
Hac very efficiently, and the number of vortices in th
bulk is constant. AtHdc . Hpo the barrier “collapses,”
and vortices enter and exit the sample irreversibly dur
the ac cycle. Vortices enter at high potential energy
exit at a lower potential, resulting in energy dissipati
due to work carried out by the external field. Th
dissipation is independent of the flux flow resistivity a
is governed only by the properties of the GB.

Several additional significant features to be noted
the following: (i) At Hdc . Hpo the hysteretic ac
trajectories result in anharmonicx, causing a sharp onse
of higher harmonics in the ac response. This nonlin
behavior is again the result of GB and does not reflect
change in bulk vortex properties [3,9]. (ii) The positio
of Hpo and of the dissipation peak is sensitive to t
amplitude of the ac field, and it shifts to lower field
with increasing ac amplitude. (iii) The above descripti
can be readily applied to the temperature dependenc
the ac response by introducingHc1sT d in Eqs. (1)–(3)
with BacsT d behaving similarly to the describedBacsHdcd.
(iv) Our treatment applies also to the case of Be
Livingston surface barriers [28] in platelet geometry
which caseHc1 has to be replaced by a characteristic fi
Hs. The surface barrier was pointed out as a source o
losses and irreversibility previously [10,13,23,27,29]. T
main difference between the two barriers is that a str
thermal relaxation over the surface barrier is expected
that results in a frequency dependent ac response. In
GB the response is frequency independent. (v) Finally
lower temperaturessT & 40 Kd significant bulk pinning
in BSCCO crystals is present [31] which requires
advance of a more general analysis that combines the
and surface effects in flat geometries.

In conclusion, the local ac response in the presenc
geometrical and surface barriers has very distinct feat
that are not readily resolved by global susceptibi
measurements. In clean BSCCO crystals at elev
temperatures,B0

ac has a maximum value in the center
the sample and may attain negative values closer to
edges, in contrast to the critical state and the flux-cr
or flux-flow models. The dissipation peak and the on
of higher harmonics at characteristic field or temperat
indicate the collapse of the barrier rather than a ph
transition or a change in the bulk vortex properties.
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