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

PACS numbers: 74.60.Ec, 74.60.Ge, 74.60.Jg, 74.72.Hs

Measurement of ac magnetic susceptibility is one ofavior is shown to be the result of the geometrical barrier
the most commonly used characterization tools for thg20—25] that is not taken into account in the prevailing
study of high-temperature superconductors (HTSC). Amodels.
wide range of superconducting properties is being inferred A high quality rectangular BSCCO crystdl, = 90 K)
from ac studies which include irreversibility line, resis- of 240 X 300 X 40 um?® was attached directly to the sur-
tivity, critical current, pinning mechanism, nonlinear re- face of an array of eleved0 X 10 um? Hall sensors
sponse, vortex-lattice melting, etc. [1-10]. The standardabricated photolithographically using GafAdGaAs het-
approach to the description of the ac response is basedtostructure [26]. A dc magnetic field was applied using
on the perception that the ac magnetic field perturbatiom large bore superconducting magnet operated in constant
inside the superconductor penetrates through the edges afrrent mode, and the ac field was generated by a small
the sample and decays monotonically towards the centeopper coil withHy. || H,. || ¢ axis of the crystal. The ac
with some characteristic length scale. For given amplicomponent of the perpendicular local inductiBgp at the
tude and frequency of the applied ac field and sample gesample surface was measured by the sensors using lock-in
ometry, the ac penetration depth is usually assumed to Bechniques as a function &f;. and temperatureH,. and
determined by either the linear resistivity, the nonlinearH,. were measured directly by additional Hall sensors re-
resistivity, or the critical current [11-19]. The in-phase siding outside the sample.
local permeabilityw’ = 1 + 47 x’, where ' is the lo- We consider a sample in a form of a long rectangular
cal susceptibility, measures the shielding response whicstrip of thickness/ and width2W alongx in perpendicular
is expected to bpositiveeverywhere across the sample— applied fieldH, || z. In a platelet sample in the perpen-
high close to the sample edges (poor shielding) and low inlicular field, the vortex potential has a minimum value in
the center (good shielding). The out-of-phaséor y"”  the center of the sample and a significant potential barrier
describe the energy dissipation in the sample. This diselose to the edges [20—25]. This geometrical barrier (GB)
sipation is expected to have a sharp maximum as a funés absent in samples with elliptical or tapered cross sections
tion of temperature or applied dc field when the sampld27]. In platelet crystals in the absence of bulk pinning, at
resistivity or critical current are such that the ac penetra#, larger than the penetration field,, the vortices pene-
tion depth is comparable to the sample dimensions [14 trate irreversibly over the GB and focus in the center of the
19]. In this paper we show experimentally that in strikingsample due to the Lorentz force of the Meissner current.
contrast to the above description in clean®,CaCyOg  The resulting vortex droplet has a dome-shaped profile of
(BSCCO) crystals at elevated temperatures the lacal the local fieldB,(x) as shown in Fig. 1. The field profile
obtainsnegativevalues and the peak ip” is unrelatedto  is described by two parameters, the width of the droplet
the sample resistivity and critical current. This unique be2b and the width of the narrow edge regiéih — ¢ where
| vortices cut through the sample rims, resulting in [20]

_ 2H, In\/le2 — X2[(W2 — b2) + /[ — x2[(WZ — ¢&2)
V(@ =pwW? = 27

(1)

atlx] < band|x| > e,whereas,(x) = 0inthe vortex- I with resulting global magnetization per unit volume of
free region ath = |x| = e. The corresponding applied

. . Hcl
field is = -5 2 — p2) (W2 — ¢2).
M 477Wd\/(W POW? — e2).  (3)
g 2He VW2 — b2 + JW2 — 2 ,y  Onincreasing dc field/s. = H), the parameter ~ W —
aTa n Je? — b2 ’ (2) d/2, and the droplet expands with the field according to
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0.3 . . - - . by the instantaneou#, through Eq. (2) and by the re-
guirement of a constant trapped fldx = flib B.(x)dx =
constX (Hyax). The resulting trajectory of the global ac
magnetization is shown in Fig. 2 by the dashed curve. Lo-
cally, however, a unique situation occurs.

Figure 1 shows the field distribution in the central
region at the extreme values of the applied fialg., and
Hyin = Hye — Hy,e. We define the local permeability
pnx)=pu' —in” = (B, — iBl.)/H,, Where B! (x)
and B/'.(x) are the amplitudes of the in-phase and out-

xIW of-phase ac components of the local fidtd(x). In the
FIG. 1. The theoretical dome-shaped field profilgx) of the ~ sample centeiB, (x) increases witlH,, and hence the lo-
vortex droplet in the center of the sample at extreme values ofg| permeability is positive. However, close to the droplet
the applied field. edges, B.(x) decreaseswith increasing instantaneous
H,, and henceB (x) is in antiphase withH,. resulting

Eq. (2) as additional vortices penetrate. On decreasintj) negativelocal ' and B,.. Such a negatives, is
field, however, the droplet is extended to the edges antid striking contrast to all the common ac susceptibility
its half-widthb = W — d/2 is constant as vortices leave models [11-19] that predict a positi&g. everywhere in
the sample. As aresult, the GB gives rise to a hysteretic dée bulk of the sample. The main source of the discrep-
magnetization loop as shown in Fig. 2. The correspondancy is that in the standard models vortices penetrate and
ing experimental local magnetization lod#a. — Hy. in  leave the sample during the cycle of the ac field. In our
BSCCO atl' = 80 K, as measured by the Hall sensors incase, however, the GB enforces an invariant number of
the central region of the crystal, is shown in the inset.  Vvortices inside the sample. Therefore the vortex droplet
We now derive the ac response in the presence of GBIndergoes only compressional deformations that result in
Let us consider application of a small ac field of ampli- positive u’ in the center and negative’ closer to the
tude H,. at some given value of dc field on the ascend-edges. Note that the global’ of the entire sample is
ing branch such as point 1 in Fig. 2. The number ofalways positive, and such a unique negative response can
vortices in the droplet is determined by the peak value oPpe observed only by use of local measurements.
the field Hyna = Hae + Hae. As the instantaneous ap- Figures 3(a) and 4 show, respectively, the calculated
plied ac field decreases, the central vortices cannot leav&d experimentab,. at7 = 77.5 K as a function offf4
the sample since they are trapped by the Meissner curredt several locations. At = 0 a positiveB,. appears with
that continues to circulate in the same direction. The magthe formation of the vortex droplet &y = H), — Hac.
nitude of the current decreases, and the droplet broadeAgvay from the center, however3,, = 0 as long as
out, maintaining the total number of trapped vortices con-
stant (Fig. 1). The parametets and ¢ are determined

B,(x) [a.u.]
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FIG. 3. Calculated (ap.. and (b)B/. at three locations as a
FIG. 2. The theoretical global dc magnetization loop (solid)function of Hy.. Negative B,  appears in the vicinity o,
and several ac trajectories (dashed) due to geometrical barriéor x/W > 0. The dissipation sets in &f,, accompanied by
(d/W =02, H = 0.17H,). Maximum ac dissipation occurs a kink in B}.. B, is hysteretic al,. < H,, (Shown only for
at point 4. Inset: experimental local magnetization Idp — x =0). B!, islargest att = 0 and B/, is largest close to the
Hy. in the central region of BSCCO crystal At= 80 K. edges.
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Another interesting observation is the hysteresis in local
B!. as a function ofHy. at low fields as shown in
Figs. 3(a) and 4. This hysteresis is another characteristic
feature of the GB that is not obtained in other models.
On the decreasing branch of the dc magnetization loop
the vortex droplet extends to the sample edges [20,24].
The deformation of the dome h#§/,. results in negative
B! only close to the sample edges, whereas the rest of the
sample displays a positiv&,. that is larger on decreasing
Hy. than on increasing field. This local hysteresis is
clearly shown both theoretically and experimentally in
FIG. 4. B/ at four locations across BSCCO crystal as aFigs. 3(a) and 4, respectively (presented only fo+ 0
function of increasingd,. showing the negativé,. above the for clarity). Note that in global measurements, on the
penetration field. The hysteretic behavior bel#y, is shown  other hand, the totgy’ displays almost no hysteresis since
atx = 0. T =715K, Hye =5 G rms, andf = 37 Hz. trajectories 1 and 2 in Fig. 2 have very similar slopes.

We now turn to the discussion of the dissipation

peak. At low Hy. the ac trajectories such as 1 and 2
the size of the droplet is small. AHy. increases the in Fig. 2 are fully reversible with no dissipation, and
droplet edgeb reaches the observation pointresulting B/, = 0 as shown in Fig. 3(b). In fact, the displacement
in negative B/, that gradually turns positive with the of vortices inside the droplet (Fig. 1) and within the
further increase ofHy.. The negativeB,  occurs at edge region should cause some dissipation due to finite
progressively highe,. at largerx/W. Furthermore, vortex viscosity as observed experimentally in Fig. 5(b)
Figs. 3(a), 4, and 5(a) clearly demonstrate #{i(x) has (7 = 80 K) by finite values ofB), at Hy. < Hp,. This
a maximumvalue atx = 0. This result is an additional dissipation may become significant at high frequencies,
significant contradiction to the standard models whichbut it is small at lower frequencies, and is ignored in
predictminimumB/ . (maximum screening) in the center our calculations. AsH,. increases, the width of the
[11-19]. Our model describes strictly a 2D sample thatdc magnetization loop decreases, and at some point the
results in an infinite slope @&, (x) at the droplet edges in amplitude of H,. becomes sufficient to bridge between
Fig. 1 and, hence, a very steep onset of negaBijein  the ascending and descending branches of the dc loop
Fig. 3(a). In realityB,(x) varies smoothly on the range as shown by trajectory 3 in Fig. 2. We denote the dc
on the order of the sample thickness resulting in a smootfield at this point as the pinch-off fiel#f,,. At Hyq. >
B as observed in Fig. 4. The small positive upturn ofH,, the ac magnetization trajectory becomes hysteretic,
B, at Hy. < H, is an artifact due to finite separation and as a result dissipation sets in. The dissipation is
between the sample and active layer of the sensors. proportional to the area encircled by the ac trajectory
which reaches a sharp maximum at point 4. At higher
field the dissipation decreases again as the magnetization
loop shrinks (point 5). The corresponding theoretical and
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12 experimental behaviors of the locBl. in Figs. 3 and 5
o 08 show a remarkable agreement, especially in view of the
= simplicity of the theoretical model. Three distinct features
o° 041 are predicted aff,,: sharp onset o8}, kink in B,

0.0 and hysteretid,. at Hq. < Hp,. All these features are

. clearly resolved experimentally in Figs. 4 and 5. Also,

as mentioned above, the experimergl(x) is largest at

— 0.4 x = 0, andB(x) is highest close to the edges in accord
S with the model. In addition, the dissipation peaks are
-8 0.2 asymmetric with a slower falloff at the high-field side. An

important conclusion of these results concerns the origin
> of the dissipation peak. This peak is normally attributed
0 10 20 30 40 50 to bulk vortex properties such as the onset of critical
Hy, [Oe] current, phase transition in vortex pinning mechanism, or
FIG. 5. (a)B'. and (b)B". on increasingia. at T = 80 K a sharp decrease in flux flo_vv or flux creep resistivity [14—
H, —15 G fms, andf = 37 Hz at three locations.  The 19]. In contrast, our analysis of the ac response [Egs. (1)—

dissipation peak due to the collapse of geometrical barrier set@)] does not_ include any parameters related .to_ the_se
in at H,,. The finite B, below H,, is due to small viscous vortex properties, and therefore the observed dissipation

dissipation within the vortex droplet. peak in BSCCO crystals at elevated temperatures is

0.0
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