
VOLUME 63, NUMBER 7 PHYSICAL REVIEW LETTERS 14 AUGUST 1989

Giant Superconducting Anisotropy in Bi2Sr2Ca t Cu20&+ z

D. E. Farrell '
NASA Lewis Research Center, Cleveland, Ohio 44135

S. Bonham and J. Foster
Physics Department, Case H estern Reserve University, Cleveland, Ohio 44106

Y. C. Chang, P. Z. Jiang, K. G. Vandervoort, and D. J. Lam
Materials Science Di(.ision, Argonne National Laboratory, Argonne, Illinois 60439

V. G. Kogan
Theoretical Ph) sics institute, University of MinnesotaMin, neapolis, Minnesota 55455

(Received 8 May 1989)

Using torque magnetometry, the superconducting anisotropy of a single crystal of Bi2Sr2CalCuqOg+~
has been measured in the temperature range 77.5 & T & 83 K (T, =85 K). The data provide direct ex-
perimental evidence for a giant anisotropy. A London analysis provides an excellent description of the
results and establishes a temperature-independent value of 3X10 for the superconducting eAective-mass
anisotropy.

PACS nun&hers: 74.70.Vy, 74.60.Ec, 75.30.Gw

It is generally recognized that anisotropy plays an im-

portant role in the properties of high-T, superconductors.
A member of the bismuth family, Bi2Sr2Ca1Cu208+&
(Bi-Sr-Ca-Cu-0 hereafter), is thought to be one of the
most anisotropic, but experiments have given widely

varying estimates for the magnitude of its anisotropy in

the superconducting state. Quasi-two-dimensional be-
havior is a sine qua non for the existence of two proposed
new phenomena in Bi-Sr-Ca-Cu-Q, a Kosterlitz-
Thouless phase transition ' and flux-lattice melting. The
importance of these proposals motivated the work report-
ed here.

Qbtaining a reliable number for the superconducting
anisotropy in any high-T, . material has proved to be an
experimental challenge. A number of different tech-
niques have been used to estimate the parameter
y=(m, ./m, )'t'-, where m, . and m, are the Ginzburg-
Landau superconducting effective masses for pair mo-
tion along the c direction, and in the a-b plane, respec-
tively. Initial reports of values for Y18a2Cu307 —$ ob-
tained from resistive H, 2 measurements, ranged up to
about 10. More recent results, obtained using a variety
of other methods (torque magnetometry, dc magnetiza-
tion, ' and decoration experiments ) suggest a value for y
of around 5, close to that found for the conventional
three-dimensional superconductor NbSeq (y —3). In
the case of Bi-Sr-Ca-Cu-O, the separation of the Cu-0
planes is —12 A, significantly larger than in YtBa2Cu3-
07 —$ and some resistive H, . 2 experiments " ' have sug-
gested y values an order of magnitude larger. Unfor-
tunately, as has been emphasized by Malozemoff, ' ' such
measurements are subject to large uncertainties because
of the weak Aux pinning in these materials. Even in the
case ' of Y

~ Ba2Cu307 —&, this difhculty results in an
overestimate of the anisotropy by about 50%. The prob-
lem is likely to be more severe in the case of Bi-Sr-Ca-

Cu-0 where Aux pinning in single crystals essentially
vanishes' above a temperature of —50 K. Weak pin-
ning leads to a resistive transition whose anisotropy can
be interpreted in terms of differences in the Aux-Aow

viscosity. ' Perhaps as a consequence of these
difficulties, estimates of y have wandered widely, ranging
from —15 (Ref. 13) to —140. '

Fortunately, in contrast to the resistive H, 2 technique,
it turns out that the recently introduced method of
torque magnetometry is well suited to the low-pinning
regime. This approach is based on the peculiar magnetic
structure of anisotropic superconductors: When the
external magnetic field does not point in a principal crys-
tal direction, the magnetization has a nonzero com-
ponent normal to the field, resulting in a mechanical
torque. ' In fields H&&H, 1, the torques due to demag-
netization eflects are very small. ' The existing
theoretical treatment' is based on the London equa-
tions. In the intermediate field domain, H, 1«H «H, 2,
the vortex cores are widely separated and the London ap-
proach is appropriate, notwithstanding its simplicity.
The only other criterion that must be satisfied for the ex-
perimentally observed torque to have the fundamental
origin discussed is that the pinning be weak so that vor-
tices can readily move and assume their equilibrium
configuration. We have confirmed that this is the case
for Bi-Sr-Ca-Cu-0 in these studies.

In the case of Y~Ba2Cu307 ~, it has been shown ex-
perimentally that the angular dependence of the torque,
r(0), in a field, H, is quite well described by the expres-
sion

r(0) = . . . In
tltoHI y-' —

1 sin20 yqK 2»

64tr-'k-' y-'" e(0) He(0)

e(0) = (sin-"0+ y-'cos-'0) 't'.
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Here, po is the fiux quantum, V the sample volume, and
X the average penetration depth. H, ..

~~
is the upper criti-

cal field measured along the c axis, q is a constant of or-
der unity, ' and 0 is the angle between the field and the c
axis. For Y]Ba2Cu307 —q the maximum torque, z,„ is
observed for H —70' [see Fig. 1(a)] but Eq. (1) implies
that the maximum should move to higher angles if the
material is more anisotropic.

The normalized torque, r(H)/r „. „depends on just two
parameters, y and plH, 2~~/H. However, when the anisot-
ropy is large, the dependence on the latter is negligible'
for 0 close to 90 . It is useful to introduce an "angular
half-width, "

Oq, as a measure of the breadth of the re-
gion of interest and the definition of this quantity is indi-
cated in Fig. 1(a). The dependence of Hp, on y calculated
with the help of Eq. (1) is shown in Fig. 1(b). Provided
that y is itself temperature independent, the angular
variation of the torque for 0—90' should be tempera
ture independent, with a half width t-hat provides a
direct measure of the anisotropy

The measurements reported here were performed us-
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FIG. l. (a) Angular variation of the normalized torque ob-
tained from Eq. (I) using y=5 and rtH, ii/H=15, representing
(Ref. 2) the case of YpBaiCuiOp —b in a field of I T and at a
temperature 5 K below T,. z,„ is the maximum magnitude of
the torque and the quantity Hp, (discussed in the text) is also
defined in this figure. (b) The dependence of Hp, on y calculat-
ed from Eq. (1), using rpH, 2((/H =35 (Ref. 14).

ing a torque magnetometer designed and built specifical-
ly for this investigation by one of us. ' It is a null-
deAection instrument with a temperature stability of 0.01
K and angular displacements of the field relative to the
crystal can be measured with an uncertainty of ~0.03 .
All these features were crucial to the success of the mea-
surements reported. The field was maintained at a con-
stant value of 1 T, and the torque was examined in the
temperature range 77.5 & T & 83 K: A crystal was
grown for this investigation from a melt mixture of
B1203 SrCO3, CaCO3, and CuO oxides in high-purity
A12O3 crucibles. The nominal cation ratio of the liquid
mixture was 2:2:1:2, as indicated in the title of our
Letter, but the actual ratio in the final crystal, as deter-
mined by the ICP spectrochemical technique, was
2:1.48:0.6:1.56. The crystal was annealed for seven days
in air at 845 C and was single phase as judged by x-ray
diA'raction. Both conventional SQUID and torque mag-
netometry indicated a sharp transition at -85 K, with

the former indicating a Meissner fraction of unity within
the -20% uncertainty in estimating the demagnetiza-
tion factor. Bi-Sr-Ca-Cu-0 cleaves very readily along
the a-b plane and the sample actually used in our mea-
surements was obtained in this manner from the charac-
terized parent crystal. It was in the form of a thin Aat

plate with edge dimensions 1.5X0.8 mm and had a
thickness of about 10 p m. Despite the Aat-plate
geometry of the sample, shape effect torques may readily
be shown to be negligible ' in our experimental regime.

The angular dependence of the torque at T=77.5 K
and in the limited angular range from 80 to 90 is
shown in Fig. 2(a). Any irreversibility, at this and
higher temperatures, was below our instrumental resolu-
tion, demonstrating the absence of Aux pinning as men-
tioned previously. As 0 approaches 90 the variation in

the torque becomes extraordinary rapid, so in Fig. 2(b)
the angular scale has been expanded once again so as to
show just the last two degrees of the characteristic. This
figure contains data for the lowest and highest tempera-
tures investigated (77.5 and 83 K) and they are experi-
mentally indistinguishable. The solid curve was obtained
from Eq. (1) using y =55 and it is in good agreement
with both data sets. [The anisotropy can be estimated
directly by noting that Hp, in Fig. 2(b) is about 0.45,
and then referring to Fig. 1(b).] The fitting uncertainty
for y is estimated to be + 5.

To further test the theory, we have obtained torque
data over the complete angular range, an example of
which is shown in Fig. 3. The theoretical prediction for
low angles is inIIuenced by both rtH, q~~/H and y, but the
latter is fixed by the data close to 90' and treating the
former as a fitting parameter we obtain a very good fit
for rtH, ~i/H =35 T, as shown in Fig. 3. The value of the
constant g is not well known theoretically but is
thought' to be of order unity. Our torque data there-
fore imply a value for —dH, 2~~/dT of a few tesla per de-

gree kelvin, which is in order-of-magnitude agreement
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FIG. 3. Normalized torque data for Bi-Sr-Ca-Cu-0 at a
temperature of 77.5 K and in field of 1 T. The curve is the
theoretical result from Eq. (I) using y=55 and rtH, 2I~/H=35.

0.0

FIG. 2. (a) Experimental normalized angular dependence of
the torque in a field of 1 T and at a temperature of 77.5 K for
the single crystal of Bi-Sr-Ca-Cu-0 discussed in the text. The
open squares are data points recorded with the angle 0 increas-

ing; closed squares with the angle decreasing. For this data set,
r,„2.56X10 ~ dyncm. (b) Normalized torque data for the
magnetic field lying close to the a bplane -(0 90'). Full cir-
cles are data for T 77.5 K and consist of all the points in Fig.
2(a), while the closed circles are data for T=83.0 K. The
measured values of r,„were 2.56 x 10 and 9.3 x 10
dyncm, respectively. The full line was obtained from Eq. (1),
using the parameters y 55 and rIH, 2~~/H 35.

with published estimates for this and other high-T, ma-
terials. Hence, not only is the lower-angle fit good, but it
has been obtained with a physically reasonable choice of
the only remaining free parameter in the theory.

On first sight it might seem that any torque measure-
ment of the sort described can only establish a lower
bound on the anisotropy, because any regions within the
crystal that happen to be misaligned at the tenth of a de-
gree level could measurably increase Op and reduce the
apparent value of y. Small misaligned regions can cer-
tainly occur. In addition to the data reported here, we
have made torque measurements on a total of nine other
crystals. While the overall characteristics were very
similar to those reported, all displayed clear structure in
the region 88 & 0 & 90 which we associated with slight-
ly misaligned regions. In the absence of regions whose
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presence can be directly detected in this way, a small
sample curvature might still increase Oq above the true
value. However, this possibility is also strongly con-
strained by the good theoretical fit to the torque charac-
teristic in the range 80 ( 0 & 88, since the shape of the
characteristic in this region is insensitive to a slight sam-
ple curvature but is still a strong function of the anisot-
ropy.

For both Y~Ba2Cu307 —~ and Bi-Sr-Ca-Cu-O, with,
respectively, moderate and giant anisotropies, the success
of Eq. (1) in describing torque data is remarkable. We
would therefore like to spell out here some further the-
oretical consequences of the Bi-Sr-Ca-Cu-0 result. In
the first place, with the field lying in the Cu-0 plane, the
equilibrium flux-line lattice (FLL) consists of isosceles
triangles with their long dimensions (the median to the
base) lying parallel to the Cu-0 plane, and base parallel
to c. The side-to-base ratio is (I+3y )'// 2 —47 and
the small angle of the triangle is tan '(3y)'/ —0.6 . '

For H I T the base dimension is 63 A while that of the
side is about 3000 A. The elastic properties of such FLL
should be extremely anisotropic. In fact, the modulus
for a "hard" shear (vortices displaced in the c direction
across Cu-0 layers) should exceed that for "sliding
shear" (displacements parallel to the a-b plane) by a fac-
tor of y —10 (Ref. 19). Even for Y~BazCu307 —s,
where this factor is only —600, some observations inter-
pretable as evidence for a soft sliding shear have been re-
ported and the question of FLL stability must now be of
serious concern in Bi-Sr-Ca-Cu-O. It would not be
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surprising, for example, if a FLL instability turns out to
be one of the factors causing the precipitous drop'z in

critical current as the temperature is increased. Lastly,
the torque discussed in this paper is associated with the
appearance of a transverse component of magnetization,
MT, in addition to the usual longitudinal component,
ML, in the direction of the field. In agreement with
theory, Tuominen and Goldman have found by direct
SQUID measurement that the maximum value for
MT/ML in YiBazCu307 s is about 2.7. The same
theory that leads to Eq. (1) predicts a maximum value of
-27 for this ratio in Bi-Sr-Ca-Cu-O.

In conclusion, our results establish that the supercon-
ducting effective mass anisotropy in BizSrzCaiCu20s+s
has the giant value of 3 X 10, providing strong support
for recent proposals' which depend on the existence of
an extreme anisotropy in this material. In the tempera-
ture range studied, our results are well described by a
theory which is essentially three dimensional in charac-
ter, presumably refiecting the applicability of the mean-
field approximation in the vicinity of the transition tem-
perature.
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