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2D to 3D Crossover in Bi-Sr-Ca-Cu-0: Comparison with Synthetic Multilayered Superconductors
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We show that in a highly c-oriented 2:2:l:2 Bi-Sr-Ca-Cu-0 film the angular-dependent magnetic field
H* at the onset of the resistivity behaves experimentally in a way completely analogous to the critical
field found in synthetic multilayered superconductors. In particular, on varying the temperature, the

field H exhibits a crossover from a 20 to an anisotropic 30 behavior as a function of the angle 0 be-

tween the external magnetic field and the a-b plane.

PACS numbers: 74.60.Ec, 74.70.Yy, 75.30.0w

High-T, . superconductors exhibit a large anisotropy in

their dissipative properties when the direction of the
external magnetic field H is changed with respect to the
crystallographic c axis of the sample. In Bi-Sr-Ca-Cu-O,
Batlogg et al. [1] have obtained, by means of the extrapo-
lation of the linear portion of the resistivity p(T) to p=0,
the Ginzburg-Landau (GL) coherence lengths
=31 A and g& =g, =4 A, parallel and perpendicular to
the Cu-0 layers, respectively. More recently, Kadowaki
et al. [2] have found (i=20-23 A. The discrepancy be-
tween the data available in the literature depends on the
measurement techniques, as pointed out by MalozemoA'

et al. [3]. Precise angular-dependent transport measure-
ments [4] for different values of the magnetic field in

films of both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 have shown

anisotropy, but while in Y-Ba-Cu-0 samples a qualitative
consistence with the Lorentz-force-driven Aux motion has
been observed, analogous measurements carried out in

Bi-Sr-Ca-Cu-0 have shown the dissipation to be indepen-
dent of the relative angle between the current J and the
magnetic field H. The origin of the anomalous Lorentz-
force independence for Bi-Sr-Ca-Cu-0 has been dis-

cussed in a model for the Aux dynamics in highly aniso-
tropic layered superconductors [4,5]. Measurements of
resistive properties [4,6-8], magnetic torque [9], and

magnetization [10] carried out by several authors suggest
a layered structure for the high-T, superconductors.

In this paper we show that in highly oriented 2:2:1:2
Bi-Sr-Ca-Cu-0 films the angular-dependent magnetic
field H* at the onset of the resistivity p behaves as the

upper critical field H, .2 in synthetic multilayered super-
conductors. The field H* exhibits a dimensional cross-
over from a 2D to an anisotropic 3D behavior.

Many experimental studies have been carried out on

artificially prepared layered systems, in particular, Nb/
Ge [11], Nb/Cu [12,13], and V/Ag [14] systems; they
show a high degree of anisotropy in the fields H, 2]~ and

H, 2~ and, as a consequence, in the GL coherence lengths

g(( and g~.
The experimental facts on artificially layered systems

are well described in the framework of the extended GL
theory. Depending on the value of d, the layer thickness,
and s, the interlayer spacing, two regimes have been
found for the angular dependence of the critical field H, 2.

with 0 the angle between the external magnetic field and
the layer plane. From Eq. (1) one obtains

dH„2 H, p((
2

~0,d6,„0 2H, 2~

and the curve H, 2(6) shows a cusp at i1i=0, as observed
experimentally in layered Nb/Cu [13].

(ii) 3D anisotropic behavior when g& ) s.—In this case
the superconducting layers are coupled via Josephson or
proximity eff'ects. For a Josephson coupling, Lawrence
and Doniach have shown that H, 2(0) is given by [16]

H„(o) =
2trg(~ (T) [sin'O+ (m/M)cos'O] 't' ' (3)

where po is the flux quantum and m and M are the
equivalent eA'ective masses perpendicular and parallel to
the c axis, respectively. From Eq. (3) one finds

d6,„0
and the curve H, q(i1i) shows a round maximum at 0 =0.

According to the temperature dependence of the GL
coherence length, a crossover between regimes (i) and (ii)
should be found when varying the superconductor tem-
perature. Precisely, lowering the temperature one should
go from a Lawrence-Doniach to a Tinkham regime, as
previously found in Nb/Cu systems [13].

Here we present the angular dependence of the critical
magnetic field H*(0), defined as the onset of the reduced
resistivity p/p„vs H at a given temperature, for a sample
of Bi-Sr-Ca-Cu-O. In our experimental setup 0 is the an-
gle between the direction of the external magnetic field
and the a-b plane. The measurements of resistivity are
made with the four™probe dc resistance method; they are
completely reversible and independent of the direction of
the current. The sample is a highly c™axis-oriented epi-

(i) 2D behavior when d & g~ & s.—In this case the
Tinkham model is valid and H, 2(6) is given by solving
the equation [15]

2
H, 2 (i1i)sind H„2(0)cos0+

H, 2~ Ht-2ll
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FIG. I. Typical behavior of the reduced resistivity p/p„vs

the applied magnetic field H (T =76.6 K, 0=5'). Inset: An
enlargement of the curve at low fields showing the onset field
8*.

FIG. 2. Onset fields measured when the external magnetic
field is respectively parallel (H~~, open diamonds) and perpen-
dicular (H~, solid circles) to the a bpla-ne, as a function of the

temperature.

taxial film of 2:2:1:2Bi-Sr-Ca-Cu-0 grown on a LaGa03
substrate with a mosaic spread less than 0.15' [17]. The
film thickness is about 1 pm, and the zero-resistance tem-
perature at H=O is 79. 1 K. The normal-state dc resis-
tivity at the onset of the transition is p„=90 p 0 cm. The
sample holder was adjusted and fixed so that the a-b
plane lies in a vertical plane. The magnetic field, supplied
by a traditional electromagnet, can rotate in the horizon-
tal plane. The rotation angle 0 was measured to be accu-
rate to 0. 1

The field H*(6), which should not be confused with
the upper critical field H, 2(6), is the onset field of the
motion of fluxons. Hence, as will be seen, the strong an-
isotropy in H*(0) corresponds to a large dift'erence in the
flux-flow viscosity, as recent theories seem to suggest [5].
Our measurements show that the curves H*(0) at vari-
ous temperatures are analogous to the curves H, q(0) of
the artificial layered superconductors. On the other hand,
the anisotropic behavior of the viscosity must be somehow
related to the structure anisotropy of the superconductor;
therefore it is plausible that the angular dependence of
H*(6) is like H, 2(0). Anyway, measurements on arti-
ficial layered superconductors have shown that the choice
of the critical field as the midpoint of the transition curve
or as the onset of resistivity did not result in a significant
quantitative change in the behavior of the critical-field
angular dependence [13]. So, in the following, we inter-
change H„2(d) with H*(0) in the fit of the data.

In Fig. 1 the typical behavior of the normalized resis-
tivity p/p„as a function of the magnetic field H is shown.
The field H* for the onset of dissipation is clearly detect-
able in the limit of the accuracy of our measurements (5
nV with I=10pA).

In Fig. 2 the field H* as a function of the temperature
T is reported with the external magnetic field respectively

parallel (H~~ ) and orthogonal (H&) to the a bplan-e.
The behavior of HI~ as a function of the temperature is
quite diA'erent from that of H&, as occurs in synthetic
multilayers when the coherence length g& is lower than
the interlayer spacing s. In order to investigate this anal-
ogy, the critical field H* vs 6 has been measured. A cusp
for 0=0 in the H*(6) curve seems to be present when
the temperature is well below the transition, as shown in

Fig. 3 for T=76.6 K. In the same figure the fits of the
measurements are reported: for 6 & 0, we have used the

5.0

2.5
0

-2

90-90 -45 0 45
t)(degrees)

FIG. 3. Open circles refer to the angular dependence of
H*(0) at T=76.6 K. The fits by means of Eq. (I) for 0) 0
and by means of Eq. (5) for 0 &0 (solid lines) are reported.
is the angle between the a-b plane and the direction of the
external magnetic field. The inset shows that it is necessary to
perform many measurements in the range —1.0 ~ 6 ~ 1.0 in
order to discriminate between the 2D Tinkham and the aniso-
tropic 3D Lawrence-Doniach (LD) model.
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Tinkham theory expressed by Eq. (1), and for 0 &0, the
Lawrence-Doniach equation rewritten in the form [16]

2 2
H~2(6)stn0 H rg(6)cosO+ 5

H, 2~ Hc 2II

7.0

5.0

For the fit of Fig. 3 we have used H~) and H& instead of
H„2~~ and H, 2& in Eqs. (1) and (5), as previously ex-
plained. As one can see, because of the strong anisotropy,
the fit to the angular-dependent data for angles not strict-
ly close to 0=0, using the current models given by
theory, does not allow one to discriminate between the 2D
Tinkham formula and the anisotropic 3D Lawrence-
Doniach model. However, at 0=0 the two models have a
completely different behavior in the derivative dH, 2/d0:
Equation (1) exhibits a cusp while Eq. (5) a round max-
imum. Hence, in order to distinguish the two regimes,
accurate measurements must be carried out in a narrow
range around 0 =0.

In Fig. 4 the data of H*(6) for T =76 and 78 K in the
angular range —1.0 ~ 0~ 1.0 are shown: At T=78
K the cusp is replaced by a round maximum. In the same
figure, with dashed and solid lines the theoretical curves
are reported. It is clear that at T=76 K the cusp shows
that the behavior is Tinkham-like, while at T=78 K the
round maximum proves that the behavior is Lawrence-
Doniach-like. Therefore at T=77 K there is a crossover
between a 2D (T & 77 K) and an anisotropic 3D behavior
(T &77 K). Analogous experimental results have been
obtained in a 2:2:1:2Bi-Sr-Ca-Cu-0 epitaxial film grown
on a SrTi03 substrate. The crossover temperature for
this sample is between 79 and 80 K with T=80.2 K for
the zero-resistance temperature at H =0.

Angular and temperature dependences of a "critical
field" in 2:2:1:2Bi-Sr-Ca-Cu-0 single crystals have been
measured by other authors [7,81. However, a dimension-
al crossover was not found because in one case [7] the an-
gular resolution (=3 ) was not good enough and in the
other [8], measurements at only one temperature were re-
ported.

In summary, high-T, superconductors exhibit an aniso-
tropic behavior in their dissipative properties when the
angle 0 between the applied magnetic field H and the ab-
plane is changed. Anisotropy is ascribable to the layered
structure of these materials, in which the superconduc-
tivity seems to be confined to the Cu-0 planes coupled to
each other via Josephson or proximity eAects. The deter-
mination of the angular dependence of the upper critical
field H, (0)2at various temperatures allows us, in princi-
ple, to calculate the thickness d of the superconducting
layers and the spacing s between them.

In traditional superconductors this has been experi-
mentally proved by means of measurements on artificially
prepared layered systems. Further, considering that the
length scale is determined by the temperature-dependent
Ginzburg-Landau coherence length g(T), different be-
haviors of H„2(6) have been observed when g(T) crosses

1.0

1.5
O T=78.0K

0.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

the lengths d and s, upon varying the temperature.
All these measurements can be repeated in high-T,

materials, but because of the broadening of the supercon-
ducting transition with the magnetic field and the high
value of dH, 2ldT, it is practically impossible to obtain
precise numerical values for d and s, so that the data
presently available in the literature only give an order of
magnitude for them. Anyway, we have experimentally
shown that the angular dependence of H* is completely
analogous to that of H„2(8) in artificial layered supercon-
ductors. Then the knowledge of H* can give useful in-

formation in the same way as H, 2. The main result of
this work, obtained by studying the behavior of H*, is the
existence of a crossover from a 2D to an anisotropic 3D
behavior near the transition temperature in 2:2:1:2 Bi-
Sr-Ca-Cu-O. The fact that H* and H, 2 have the same
angular dependence is crucial and needs a theoretical ex-
planation.

We would like to thank Dr. E. Milani for the sample
preparation. Special thanks go to Dr. L. Maritato for

6(degrees)
FIG. 4. The behavior of H*(0) at two different temperatures

in a narrow angular range around 6=0 ( —1.0' ~ 0~ 1.0'). A
crossover between a 2D and an anisotropic 3D behavior going
from (a) to (b) is present: A cusp is clearly detectable at 6 =0
for T=76.0 K, while dH /d6=0 at 0=0 in the curve at
7=78.0 K. For each temperature the fit of the experimental
results by means of the two theoretical models [Eqs. (1) and
(5)] is reported for comparison.
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Note added. —Just as the 0 dependence exhibits a 2D-
3D crossover, so does the T dependence of H~~ . Subse-
quent measurements show a sharp variation in the slope
dH~~ /dT at the angular crossover temperature.

[I] B. Batlogg, T. T. M. Palstra, L. F. Schneemeyer, R. B.
van Dover, and R. J. Cava, Physica (Amsterdam) 153-
155C, 1062 (1988).

[2] K. Kadowaki, N. J. Li, F. R. de Boer, P. H. Frings, and J.
J. M. Franse, in Proceedings of the LT 19 Satellite
Conference on High Temperature Superconductivity,
13-15 August 1990, Cambridge, United Kingdom (to be
published).

[3] A. P. Malozemofl, T. K. Worthington, Y. Yeshurun, F.
Holtzberg, and P. H. Kes, Phys. Rev. 8 38, 7203 (1988).

[4] Y. Iye, S. Nakamura, T. Tamegai, T. Terashima, K.
Yamamoto, and Y. Bando, Physica (Amsterdam) 166C,
62 (1990); Y. Iye, A. Watanabe, S. Nakamura, T. Tame-
gai, T. Terashima, K. Yamamoto, and Y. Bando, Physica
(Amsterdam) 167C, 278 (1990).

[5] D. Feinberg and C. Villard, Phys. Rev. Lett. 65, 919
(1990).

[6] W. J. Gallagher and T. R. Dinger, Phys. Rev. Lett. 59,
1160 (1987); T. T. M. Palstra, B. Batlogg, L. F.
Schneemeyer, R. B. van Dover, and J. V. Waszczak,
Phys. Rev. 8 38, 5102 (1988); S. Martin, A. T. Fiory, R.
M. Fleming, G. P. Espinosa, and A. S. Cooper, Appl.

Phys. Lett. 54, 72 (1989); P. Mandal, A. Poddar, A. N.
Das, B. Ghosh, P. Choudhury, Physica (Amsterdam)
169C, 43 (1990); T. T. M. Palstra, B. Batlogg, L. F.
Schneemeyer, R. B. van Dover, and J.V. Waszczak, Phys.
Rev. 8 43, 3756 (1991).

[7] J. Y. Juang, J. A. Cutro, D. A. Rudman, R. B. van Dover,
L. F. Schneemeyer, and J. V. Waszczak, Phys. Rev. B 38,
7045 (1988).

[8] M. J. Naughton, R. C. Yu, P. K. Davies, J. E. Fischer, R.
V. Chamberlin, Z. Z. Wang, T. W. Jing, N. P. Ong, and
P. M. Chaikin, Phys. Rev. 8 38, 9280 (1988).

[9] D. E. Farrel, S. Bonham, J. Foster, Y. C. Chang, P. Z.
Jiang, K. G. Vandervoort, D. J. Lam, and V. G. Kogan,
Phys. Rev. Lett. 63, 782 (1989).

[10] M. Tuominen, A. M. Goldman, Y. Z. Chang, and P. Z.
Jiang, Phys. Rev. 8 42, 412 (1990).

[11]S. T. Ruggiero, T. W. Barbee, Jr. , and M. R. Beasley,
Phys. Rev. Lett. 45, 1299 (1980); Phys. Rev. 8 26, 4894
(1982).

[12] I. Bauerjee, Q. S. Yang, C. M. Falco, and I. K. Schuller,
Phys. Rev. 8 28, 5037 (1983); C. S. L. Chun, G. G.
Zheng, J. L. Vicent, and I. K. Schuller, ibid. 29, 4915
(1984).

[13] I. Banerjee and I. K. Schuller, J. Low-Temp. Phys. 54,
501 (1984).

[14] K. Kanoda, M. Mazaki, T. Yamada, N. Hosoito, and T.
Shinjo, Phys. Rev. 8 33, 2052 (1986).

[15] M. Tinkham, Phys. Rev. 129, 2413 (1963); in Supercon
ducticity, edited by P. R. Wallace (Gordon and Breach,
New York, 1969), pp. 371-424; P. E. Harper and M.
Tinkham, Phys. Rev. 172, 441 (1968).

[16] W. E. Lawrence and S. Doniach, in Proceedings of the
Twelfth International Conference on I ow Temperature
Physics, Kyoto, Japan, 1970, edited by E. Kanda
(Kiegaku, Tokyo, 1971), pp. 361 and 362.

[17] G. Balestrino, A. Paoletti, P. Paroli, and P. Romano,
Appl. Phys. Lett. 54, 2041 (1989); G. Balestrino, V.
Foglietti, M. Marinelli, E. Milani, A. Paoletti, and P.
Paroli, Appl. Phys. Lett. 57, 2359 (1990).

1798


