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Fieid Induced 3D to 2D Crossover of Shielding Current Path in Bi,Sr,CaCu,0,
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Magnetization curves of high quality Bi,SryCaCu,Ox single crystals in fields slightly misaligned with
the ab plane show a peak at small fields (6 Oe at 5 K for misalignment angle of 6°). This is attributed
to flux penetration into the Josephson coupling between the CuO; layers and a resultant three- to two-
dimensional crossover of the shielding current path with the increase in the field. A surface barrier mod-
el for the interlayer flux penetration yields the anisotropy ratio y of == 700.

PACS numbers: 74.25.Ha, 74.60.Ge

The layered crystal structure of high 7, superconduc-
tors is considered to be responsible for their anisotropic
properties. This is especially so for Bi,Sr,CaCu,0O, (Bi-
2212) where the coherence length in the ¢ direction &,
has been reported to be much shorter than the distance
between the superconducting CuQ; double layers [1].
Therefore, Bi-2212 has been modeled as a stack of super-
conducting sheets coupled by Josephson interaction [2].
This idea has been supported by several theoretical and
experimental studies [3-5]. The interlayer weak coupling
is believed to determine most of the superconducting
properties. Nevertheless, there have been only a few re-
ports on the direct detection of interlayer weak coupling
[6].

Magnetization measurement is important not only to
determine the basic superconducting parameters and
their anisotropy, but also to obtain direct information on
flux penetration into the weak-coupling regions. To date,
however, the magnetization and other measurements
show a significant discrepancy with the anisotropic prop-
erties of Bi-2212. The magnetic anisotropy ratio, y
=Ac/Aap [Agp and A, are the penetration depths for the
screening currents parallel and perpendicular to the CuO;
(ab) planes, respectivelyl, has been found to be as large
as 150 or more using magnetic torque measurements [4]
or 710 from ac susceptibility [7]. On the other hand,
several authors [8,9] have reported y values of less than
10 from dc magnetometry. The discrepancy has not been
resolved yet, and it is necessary to confirm the reliability
of magnetization measurement.

In the present study, we have examined the anisotropy

solvent floating zone method whose details are described
elsewhere [12]. Two single crystal samples A and B with
the dimensions of axbx¢=1.53%x0.70x0.42 mm?> and
2.97%2.05%0.87 mm?, respectively, were selected from
one batch. X-ray diffractometry and electron-probe mi-
croanalysis revealed that there were no other phases other
than Bi-2212. To check the quality of the samples, the
Meissner signal of sample A was measured for decreasing
temperature in a field of 10 Oe perpendicular to the ab
plane using a SQUID magnetometer (Quantum Design
model MPMS2). The onset of the superconducting tran-
sition was 91 K, and the transition width was 2 K. The
Meissner signal was as large as 90% of perfect diamagne-
tism, estimated from the sample volume and the demag-
netization factor given below. Such a sharp transition
and a large Meissner signal confirm the high quality of
the samples. Magnetization measurements were per-
formed using the SQUID magnetometer and a vibrating
sample magnetometer (VSM; PAR model 4500). The
former has more than 3 orders of magnitude better sensi-
tivity than the latter, while the field direction can be more
precisely controlled by the latter.

The initial magnetization curve of sample A at 20 K
measured by SQUID is shown in Fig. 1. The angle 6 be-
tween the ab plane and the applied field H is 90°. The
absolute value of magnetization 4zM increases linearly
with the increase in the applied field in the low field re-
gion. It deviates from the linearity at H,.=160 Oe.
Assuming perfect diamagnetism in the linear region, one

in magnetization of the Bi-2212 superconductor. For this 0
purpose, high quality single crystals with the thickness of -200 32'2'8'03 A
several hundred micrometers in the ¢ direction have been 400
prepared. The result has shown the existence of weak 0}

. . . . . . ~ -600
coupling in fields slightly misaligned with the ab plane. S
We attribute this to a three-dimensional (3D) to two- < 8004
dimensional (2D) crossover of the shielding current path ~1000
due to flux penetration along the CuQO; interlayer regions q200 20K
through the surface barrier [10,11]. The y is found to be ; o 20 a0 a0 soo
=700, which is consistent with other reported measure- H (Oe)
ments [4,7]. FIG. 1. Initial magnetization curve of sample A for 6 =90°

Bi-2212 single crystals were prepared by a traveling at 20 K.
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can regard the slope of —2.82 as —1/(1 —N,) where N,
is the demagnetization factor for fields parallel to the ¢
axis. From this we can estimate N, as = 0.65 and Ngp,
the demagnetization factor in fields parallel to the ab
plane, as = (1 —N.)/2=0.18. The effective field H,./
(1 = N.) does not give the lower critical field H, . itself
but the upper bound of H.; ., because the pinning effect
may shift the flux penetration field higher.

For 6=6°, in a slight misalignment between H and the
ab plane, the initial magnetization curve for sample A
(Fig. 2) shows a quite different feature from that in Fig.
1; it shows a peak around Ho== 10 Oe (note that Hj is
not the exact peak position but an upper bound of it, be-
cause the increment of the field is as large as 10 Oe. A
more precise peak position, H,, is given later). In fields
higher than Hy, the magnetization is linear with H, and
then deviates from the linearity at a field H; = 1500 Oe.
However, the slope 4zy™*, defined as 47AM/AH in the
field range of Ho<K H < Hy, is much smaller than that
predicted by perfect diamagnetism.

Such behavior shows that there are two kinds of flux
penetration around Ho and Hy; magnetization in fields
below and above Hy may be dominated by different kinds
of shielding currents. Similar behavior has been observed
in polycrystalline samples, in which flux starts to pene-
trate along grain boundaries which act as weak coupling
between the grains, in a field much smaller than the lower
critical field of the superconducting grains. However,
there are no grain boundaries in the Bi-2212 single crys-
tal, and this weak-coupling-like behavior disappears in
fields perpendicular to the ab plane. Hence, this seems to
be due not to the granularity in the crystal, but to an in-
trinsic property of Bi-2212.

First, we discuss the magnetization behavior in fields
above Hg. Previous torque measurements [4] have sug-
gested that only the transverse component of H to the ab
plane, Hr, contributes to the magnetization for Bi-2212
(see the lower inset in Fig. 3). Under this assumption,
if Hr is smaller than H,., the Meissner signal of
4zMr=—H7/(1 —N.) will be induced perpendicular to
the layers. Then the observed magnetization of the mag-
netometer, 47M s, Will be the component parallel to the
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FIG. 2. Initial magnetization curve of sample A for 8=6° at
20 K. Inset shows an expansion of the low field region.
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applied field, 47M gps=4rxM7sin6. Using Hy=H sin@
and dividing 47M s by H, we can obtain an expression of
the susceptibility as

47 xops = —sin?6/(1 = N.) . )

Figure 3 shows the field angle dependence of 4my™*,
normalized by the value at #=90° to eliminate the de-
magnetizing factor, for sample B measured by VSM at
4.2 K. The origin of 6 has been determined as the mini-
mum point of the normalized 4zy*. It is noteworthy that
the 4my™*/4xy* (90°) versus sin’6 relationship shows ex-
cellent linearity as shown in the inset of Fig. 3, as predict-
ed by Eq. (1). This indicates that 4zx* is equivalent to
4myobs, and that one can estimate 6 by measuring 4xy*.
In fact, 6=6° in Fig. 2 has been derived from Eq. (1) us-
ing the 4my* value of —3.23%107% and the normaliza-
tion factor 4xx*(90°) of 2.82 from Fig. 1. In addition,
the deviation from the linearity at H, in Fig. 2 should in-
dicate that H,sin® becomes H,.. Using the values of
H;=1500 Oe and 6=6° for Fig. 2, we can obtain
H4sin0 =160 Oe, which is consistent with H,. in Fig. 1.
These results suggest that the magnetization for H>> H
is dominated by the 2D in-plane (llab) shielding current
which is induced by Hr, and 4ny™ H is the resultant mag-
netization for H < Hy.

Therefore, magnetization in fields below Hy is con-
sidered to be a superposition of the contributions from the
in-plane and the out-of-plane (Lab) currents. In fields
around Hy, such a 3D shielding current path changes to a
2D path due to the penetration of longitudinal flux into
the interlayer regions. This 3D to 2D crossover field
(= Hy) may be proportional to 1/cosf while H, is given
as H,./sin6. It means that the crossover field exceeds Hy
at a certain angle 6,. Using H,.= 160 Oe and H (6
=0°) =10 Oe, 6. =tan ~'[H,./H,(6=0°)] is estimated
as = 86°. Therefore, in the vicinity of §=90°, flux will
not penetrate into the sample in fields below Hy, i.e.,
H,./sin6. This explains the magnetization curve without
the weak-coupling-like behavior shown in Fig. 1.

For high T, superconductors, a change in the dimen-
sionality of the system has been suggested [5,13]: &, in-
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FIG. 3. Angle dependence of normalized 4xx™ of sample B
at 4.2 K. The lower inset shows a scheme of a stack of super-
conducting sheets in an applied field.
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creases with increasing temperature, and if &, exceeds the
CuO; interlayer distance d, an anisotropic 3D picture be-
comes a better description than the Josephson coupled
quasi-2D layered system. For Bi-2212, the crossover
temperature has been reported to be higher than (7. —1)
K [13] which exceeds our experimental range. Therefore,
the dimensional crossover of the shielding current path il-
lustrated by the present results takes place within the
quasi-2D regime.

In the special case of §=0°, as predicted by Eq. (1),
4ry* will become zero: We will observe magnetization
by the longitudinal fields only, and obtain information on
the flux penetration into the interlayer regions around
Hyo. However, it is difficult to adjust 6 exactly to zero be-
cause of the instrumental limitation. Hence, we have
subtracted 4zy™* H from the data taken at a small 6 to ex-
tract the contribution of H,, the longitudinal component
of H.

Figure 4 shows extracted magnetization curves for
sample A in fields below 50 Oe at several temperatures.
Since this field range is much smaller than H,, we can
safely assume that Fig. 4 shows the contribution from H,
only. We now regard H; as H because the correction
factor of cos6° is close to unity. The peak position H, is
6 Oe at 5 K, and this monotonically decreases with the
increase in temperature as shown in the inset. In fields
below H,, magnetization almost obeys perfect diamagne-
tism shown as a dashed line in Fig. 4, although there is a
slight deviation, presumably due to the surface roughness
described later. Nevertheless, the main portion of flux
penetration into the interlayer regions seems to begin at
H,, since the magnetization is rapidly depressed with the
increase of H beyond H,,.

The existence of hysteresis between ascending and des-
cending field branches suggests that there should be some
kind of pinning effect on the flux parallel to the plane.
Nevertheless, the hysteresis shows some strange features
which are not expected in the conventional bulk flux pin-
ning picture. In the increasing portion of the field, the
magnetization curve is depressed with the increase in
temperature. On the contrary, in the decreasing portion
of the field, magnetization is almost temperature indepen-
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FIG. 4. Minor hysteresis loops of sample A at several tem-

peratures for a small 6. Contribution from Hr has been sub-
tracted (see text). Inset shows a plot of H, vs temperature.

dent and close to zero.

Such asymmetry can be attributed to the effect of the
Beam-Livingston type surface barrier [10]. In the field
descending process, interaction with the surface shielding
current pushes the flux lines inside the sample. This is
the origin of the surface barrier preventing flux lines from
escaping. Campbell and Evetts [11] have argued that
there will always be such a barrier unless the flux density
inside the sample exceeds that outside the sample, be-
cause the surface current is a consequence of the differ-
ence between them. The surface current becomes zero at
the early stages of the decreasing portion of the field,
since the current from the flux lines, trapped inside the
sample by the surface barrier, cancels the Meissner
current which decreases with the applied field. If the
field is further decreased, then flux lines leave the sample
to stabilize the overall surface current at zero. For a
sample without bulk pinning, magnetization is propor-
tional to the surface current. Therefore, magnetization
will become nearly zero in the descending branch of the
hysteresis loop.

A necessary condition for the surface barrier to be
effective is that the surface roughness is less than the vor-
tex current dimension, which is equivalent to the penetra-
tion depth. In the Josephson coupled layered supercon-
ductors, it should be replaced by the Josephson length yd
(=1 um for Bi-2212 according to the following estima-
tion) for vortices parallel to the ab plane [6,14]. Sample
A satisfies the condition since the surface roughness has
been estimated as less than 1 um by optical microscopy.
There are, however, some irregular regions with rough-
ness of more than several micrometers. This may result
in a partial depression of the surface barrier, and some
deviation from the ideal situation. It qualitatively de-
scribes the slight deviation from the perfect diamagne-
tism below H, in Fig. 4.

The possibility of effective surface barriers in fields
perpendicular to the ab plane has been reported for Bi-
2212 [15] and YBa,Cu30, [16] single crystals which
have shown the same features in their magnetization
curves. Chikumoto et al. [15] and Konczykowski et al.
[16] have suggested the crossover from the bulk pinning
regime to the surface barrier regime as a function of tem-
perature; at high temperatures, the bulk pinning vanishes
and the surface barrier becomes dominant. For the
present measurements, the characteristic feature in mag-
netization curves is observed even at as low a temperature
as 5 K. This indicates weak bulk pinning for Bi-2212 in
this field direction over a wide range of temperatures.
Actually, once the flux parallel to the ab plane penetrates
into the sample, intrinsic pinning [3] may act on flux
motion perpendicular to the ab plane. There seems, how-
ever, to be no flux pinning mechanism on the flux motion
parallel to the plane. This may result in the apparent
zero bulk pinning in this field direction [17]. Therefore,
the surface barrier acting on the flux motion parallel to
the ab plane is considered to be responsible for the bulk
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magnetization behavior.

For a Josephson coupled layered superconductor with
an interlayer spacing of d and the anisotropic parameter
¥ =MAc/Aap, the Josephson length yd along the layers and d
across them can be regarded as an effective core size of a
vortex parallel to the layers [14]. Then one can apply the
result of de Gennes [18] to write down the Gibbs poten-
tial G for a vortex at a distance of x from a surface per-
pendicular to the layers, and the distance of x as

oo 2x
-2 K
Ahgphe ° xc]

k) (2)

— % _ X
G . [Hexpl A

+H(|~H

where ¢ is the flux quantum and Ky is a modified Bessel
function of the second kind. Then, under the condition of
8G/dx =0 and x =yd, an expression of the field for the
beginning of flux penetration along the layers through the
surface barrier is obtained as [19]

H pen = ¢o/47hap yd . (3)

If Aqsp and A, have the same temperature dependence,
then y is a constant and A, is the only temperature
dependent parameter in Eq. (3). Therefore, if H, corre-
sponds to H pey, the temperature dependence of H, should
be the same as that of 1/A4. For Bi-2212, the London lo-
cal limit [20] describes well the temperature dependence
of the penetration depth A [21]. In fact, 1/A deduced
from this limit depends on temperature as a solid line in
the inset of Fig. 4, which is consistent with the data. It
suggests the validity of the surface barrier model for the
present result.

From Eq. (3) we can derive several important parame-
ters. Using the values of ¢o=2%10 7 Gem?, dgp =3000
A [20], and Hpen=H,=6 Oe for Eq. (3), a y value of
=700 is obtained. This is consistent with other mea-
surements as torque [4] and ac susceptibility [7], and
suggests the validity of the surface barrier model. The
lower critical field parallel to the ab plane is expressed as
Heyap=Hc /y. As the upper bound of H.y (20 K) is
given as H,;./(1 —N.) =460 Oe from Fig. 1, one can esti-
mate H.y 4 (20 K) as 0.7 Oe or less. This is much small-
er than the previously reported value of = 60 Oe at the
same temperature [8].

Finally, some remarks should be made about the incon-
sistency in the anisotropy with the previous magnetization
measurements [8,9]. As platelet single crystals with a
thickness of up to several tens of micrometers in the ¢
direction were used in previous works, misalignment be-
tween the ab plane and the applied field is crucial.
Krusin-Elbaum et al. [8] have pointed out that a slight
misalignment of less than 2° results in a 100% increase of
the apparent signal, which is presumably due to the large
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demagnetizing effect for H7. It may mask the contribu-
tion from the out-of-plane currents, and then the correct
anisotropic nature of magnetization.

In conclusion, magnetization measurements on high
quality Bi-2212 single crystals have shown the existence
of anisotropic weak coupling for the first time. It has been
attributed to flux penetration into the CuQ; interlayer re-
gions and a resultant 3D to 2D crossover of the shielding
current path with the increase of the field; diamagnetism
dominated by the bulk shielding current changes to that
by in-plane current only. The shape of the hysteresis
loops around the crossover field indicates the existence of
an effective surface barrier which sustains the out-of-
plane current in the low field region. Based on a model of
the surface barrier in a layered superconductor, a large y
value of == 700 has been obtained.
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