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Magnetic Anisotropy of a Bi;Sr,CaCu,0O, Single Crystal
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New magnetic torque measurements on a high-quality BizSroCaCu20O; single crystal show that
only a lower bound for the anisotropy parameter v > 150 can be given. For misorientations of the
field H from the (a,b) plane larger than 0.5°, the results can be rescaled to magnetization M vs
H. The behavior of M can be consistently described by a recent theory of Bulaevskii, Ledvij, and

Kogan.

PACS numbers: 74.70.Vy, 74.60.Ec, 75.30.Gw

From numerous recent publications [1], it has become
clear that the anisotropy plays a crucial role in under-
standing the phenomenology of high-temperature super-
conductors (HTS). Flux pinning, flux creep, and fluctua-
tions in the extremely anisotropic Bi and T1 compounds
clearly demonstrate two-dimensional (2D) characteristics
in a large range of the field-temperature (B-T') phase di-
agram. The amount of anisotropy is determined by the
ratio of the Josephson-coupling energy between the su-
perconducting CuO2 double (triple) layers and the con-
densation energy. It can be expressed in terms of the ra-
tio of the respective effective masses as v = y/mc/mq ).
For BisSroCaCuy0, (Bi:2212) a value of v between 55
and 200 is quoted [2, 3], and for T1;Ba;CaCuy0, Gray,
Kampwirth, and Farrell estimated v = 90 [4]. These val-
ues of v were obtained by comparing experimental mag-
netic torque data with the anisotropic Ginzburg-Landau
(AGL) expression in the London limit derived by Ko-
gan [5]. However, the determination of v and more gen-
erally the analysis of the reversible magnetic behavior
in terms of AGL seems to be invalidated for strongly
anisotropic HTS. Farrell et al. [6] showed that even for
the less anisotropic YBayCu3zO7 (Y:123) with v = 7.9
an AGL description breaks down for temperatures below
0.8T,. For lower temperatures a model of a stacking of
superconducting planes coupled by the Josephson effect
(Lawrence-Doniach model) gives a better agreement with
the experimental results [7].

These problems in the analysis of torque and the avail-
ability of samples of better quality call for a new detailed
investigation of highly anisotropic systems like Bi:2212.
This Letter reports a detailed study on a high-quality
single crystal of the Bi:2212 compound in the reversible
regime close to T,.. It is shown that for v only a lower
estimate can be given which is larger than the values
quoted in early works. The results for § > 0.5° can be
rescaled to magnetization M vs H curves which can be
consistently described by a recent theory of Bulaevskii,
Ledvig, and Kogan (8].
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For this work we measured a Bi:2212 single crystal
(2 x 3x0.1 mm?®) prepared by the traveling solvent float-
ing zone method [9]. The transition temperature is esti-
mated to be close to 85 K (see below). The volume V =
6.76 x 1071 m3 is determined from the mass and the the-
oretical density of 6.8 0.1 g/cm3. The latter is deduced
from the composition obtained from the microprobe anal-
ysis: Bi2.15+0.055r1.95+0.05Ca1.03+0.04Cu20s_,. The sin-
gle crystallinity of the sample was checked by x rays. In
our better samples we observed a remarkably narrow dis-
tribution of orientations of the ¢ axis with a half width
at half maximum (HWHM) ¢o = 0.1°. The presence
of small amounts of the phase Bi:2201 (phase with one
CuO; plane per unit cell) [10] suggests that the distri-
bution of orientations comes from the existence of stack-
ing faults in our single crystals. The magnetic torque is
measured by means of a calibrated capacitive torqueme-
ter with a resolution of 107! Nm [11]. The precision
of the calibration is better than 1%. Fields up to 1.5 T,
which are stabilized within 1 pT using a Hall probe, are
provided by a rotating electromagnet. The temperature
is regulated by a ruthenium-oxide thermometer to bet-
ter than AT/T = 10=3. The torque is measured as a
function of the angle 6 between the (a,b) plane (CuO,
planes) and the field direction. At low angles the mag-
net is rotated with a constant angular velocity of 0.1°/s.
Data sampling at a rate of 20 points per second yields an
angular resolution of 0.005°.

The magnetic torque per unit volume 7 is given by

T = po(M x H), 1)

where H is the applied field and M the magnetization. In
Fig. 1 typical results are presented in a plot of V7 /uoH
vs 6 for a fixed field poH = 1.4 T at various temperatures
ranging between 77.4 and 84.4 K. A peak much sharper
than previously reported [2, 3] is observed for 6 < 0.5°.
This sharp maximum decreases with increasing tempera-
ture until a smooth background remains for temperatures
close to T,.. A blowup of the small-angle results at 77.4
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FIG.1. Angular dependence of the scaled torque Vr/uoH

of a Bi:2212 single crystal for constant field (1.4 T) and vari-
ous temperatures. The different plots correspond respectively
to (from top to bottom) 77.4; 78.6; 79.7; 81.5; 82.6; 83.1; and
84.4 K. The inset shows the behavior close to H || (a,b) at
77.4 K for fields varying from poH = 0.2 to 1.2 T.

K for various fields (inset of Fig. 1) shows that the peak
position @), is field dependent, i.e., that it decreases from
0, = 0.5° at 0.2 T and levels off to 6, = 0.38° at 1.2 T.
For the fields used in our experiments (above 0.1 T) no
irreversibility was observed. This confirms that we are
measuring the equilibrium properties.

Equation (1) can be written as 7y = poHzH,(M,/H,—
M, /H,), where z corresponds to H || ¢ and (z,y) is as-
sociated with the plane (a,b). For Hy > H., and for
samples with a large demagnetizing factor n, we estimate
that | M,/H, |>| M,/H, |. Most of the contribution to
the torque is thus given by poH,M,(H,H,). Moreover
for angles such that ysinf > cosf we can neglect the
dependence on H, so that Eq. (1) can be written in the
simple form

T

H cosf :E

= poM(Hsinb) = poM(H;).  (2)

This expression coincides with the expectation for layered
superconductors in the decoupling limit (2D case). As a
test for the validity of Eq. (2) we measured both 7(H) at
a fixed angle and 7(0) at fixed field. After plotting the
data as 7/H, vs H, both kinds of measurements gave
exactly the same result for 8 > 6,.

To further analyze the data we have to account for the
geometry of our sample by computing the internal per-
pendicular field H; , = H, — nM,. The demagnetization
factor n = 0.93 is obtained from the ellipsoid approxima-
tion [12] and for M, we substituted 7/uoH,. We obtain
the results shown in Fig. 2 for T' = 77.4 K and various
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FIG. 2. Scaled torque 7/uoH: vs the internal perpendic-
ular field poH; . and the perpendicular induction B; (inset)
for different applied fields at T = 77.4 K. The collapse of
the data above H, demonstrates the quasi-2D character of
Bi:2212. The lines in the inset are the best fits of the AGL
expression [Eq. (3)] to the data at 0.2 and 1.2 T.

applied fields between 0.2 and 1.2 T. Most striking is the
collapse of all data above Hp ,. The universal behavior
represents the reversible M,(H; ;) curve as suggested by
Eq. (2). We conclude that for § > 0.5° the magnetization
behaves as for a 2D superconductor.

Our data cannot be interpreted in terms of the AGL
model. To show this we use the small-angle data below
H, , and plot 7/H; vs B, = po(H;,, + M) for 0.2 and
1.2 T in the inset of Fig. 2. The lines correspond to an
attempt to fit our results with AGL which for v > 1 can

be written as [5]
vB YnHco
z_] ( c >’ (3)

T _ (Do
Hcos(f) ~ 16muo2, Be(9) Be(0)

Be(8) = /BZ + 2B (4)

In Eq. (3) we consider nH., = 22 T. This value is ob-
tained from a least-squares fit of the high field data that
is independent of . In the inset of Fig. 2 we see that
the least-squares fit of 7/H, by Eq. (3) is not of good
quality. Furthermore the fitted values of v decrease from
1500 down to 280 with field increasing from 0.2 to 1.2
T. This is in contradiction with AGL since in this theory
v is supposed to be independent of field. We conclude
therefore that the anisotropy parameter v of a quasi-2D
superconductor as Bi:2212 cannot be deduced from a fit
of torque data to Eq. (3) as it has been done before |2,
3].
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Returning to Fig. 2, it is seen that the overall behav-
ior at 0.2 T resembles very closely the magnetization
curve of an ideal type-II superconductor. At low fields
(H;, < Hp ;) M, varies linearly with H; , and a trans-
verse susceptibility can be defined:

- aMz(Hi,m, Hz',z)

5
Xz aHi,z ( )

H; .,—0

In the most general case x, depends on the total applied
field. However, for layered superconductors at small tilt-
ing angles, the vortices are expected to be “locked” be-
tween the layers. The perpendicular component of the
field should only penetrate into the sample above some
critical angle 8, ~ (1 — n)H. ,/H by the creation of
kinks (lock-in transition) [13]. In this case below 8., for
locked vortices B, = 0 and X should be exactly —1 at all
fields. This expectation is not confirmed by the present
experiment. From Fig. 2 at 77.4 K, we see that | x,(H) |
decreases almost linearly with field from 0.99 at H = 0.2
T down to 0.55 at 1.2 T.

The absence of a “lock-in” transition, as well as the
field dependence of | x. |, is probably due to two different
factors. The lock-in transition can be destroyed by ther-
mal fluctuations at high enough temperatures. The pres-
ence of thermally activated vortex kinks and antikinks al-
lows the z component of the field to penetrate the sample
even for § < 6.. Recently Iye, Tamegai, and Nakamura
[14] used this mechanism to explain the (a,b)-plane re-
sistivity pgp in Bi:2212 thin films for § smaller than 0.5°.

Our results can also be influenced by the slight buck-
ling of the CuO; layers related to the distribution of c-
axis orientations with ¢o = 0.1°. If 8. < ¢¢ the lock-in
transition cannot be observed, and | x.(H) | decreases
with field. From poHci, = poHp, ~ 10 mT (see Fig. 2)
we estimate for our sample that 6. is of the same mag-
nitude as ¢ when poH > 0.4 T. The behavior at high
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FIG. 3. Magnetization vs B; for temperatures between
77.4 and 84.4 K. We observe a logarithmic behavior for the
magnetization at B, > 10 mT.
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fields can thus be explained by this mechanism.

The texture will also influence the estimate of the
anisotropy constant v. In the absence of texture, for AGL
as well as for a Lawrence-Doniach model, at high fields
we can write the relation 9,,211/7. On the other hand,
the distribution of orientations smooths the torque and
would make the experimental value of 8, increase for sam-
ples of lower quality. The experimental value 6,, = 0.38°
is thus an overestimate of 1/ and we get v > 150.

We now turn to a comparison of our data with the
recent theory of Bulaevskii, Ledvig, and Kogan [8] that
provides detailed predictions for the magnetic behavior, of
layered superconductors with weak interlayer Josephson
coupling. In this theory the lower critical field H.; and
the magnetization at intermediate values of B, i.e., for
toHc1 > B > pgH.o, are both renormalized due to the
effect of thermal fluctuations. As follows from Fig. 2, at
the lowest field the magnetization resembles the classical
Abrikosov behavior and from the peak position H,(T) it
is possible to make a reasonable estimate for H.;(T').

Taking into account that we are dealing with an ex-
tremely anisotropic system we can easily extract the
magnetization from torque measurements at high angles
(above 2°). In Fig. 3 the deduced magnetization is plot-
ted as a function of B, for various temperatures above 77
K. At lower temperatures the magnetization follows the
standard decreasing logarithmic behavior for B, > 10
mT. For some temperature close to 83.1 K the slope
changes sign and we observe an increasing logarithmic be-
havior at higher temperatures. In Fig. 4 we show the tem-
perature dependences of the slope duoM /9 1n B and the
peak field H,(T') at puoH = 0.1 T. One can see that both
plots are linear but extrapolate to zero at different tem-
peratures. This agrees with the theoretical predictions
by Bulaevskii, Ledvig, and Kogan [8] who calculated the
entropy corrections to the magnetization and penetration
field. They argue that the slope puo8M/9 In B should ex-
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FIG. 4. Plot of M /8 In B (left) and Hp vs T (right) as
a function of temperature. A linear behavior is observed for
both quantities. The extrapolations to zero give T, = 84.7 K
and T = 83.2 K for the Kosterlitz-Thouless temperature.



VOLUME 69, NUMBER 15

PHYSICAL REVIEW LETTERS

12 OCTOBER 1992

trapolate to zero at the analog of the Kosterlitz-Thouless
temperature for a layered superconductor 7* while H.;
should go to zero at a temperature T that is slightly
smaller than the “mean field” transition temperature 7.
From Fig. 4 we get Ts = 84.7 K and T™ = 83.2 K for the
temperature of unbinding of vortex-antivortex pairs.

From the slope poOM /9 In B the Ginzburg-Landau
penetration depth ASL can be deduced [8):

oM 21— ()
HomB ~ srpCLO\  T*)

Taking into account that ASL(0) = 0.70)45(0) we get for
the penetration depth Ayp(0) = 110 nm. From A,y it is
possible to estimate the difference Teo — T [15):

Teo — T* = dmpokTA2(0) /3 s; (7

by taking for the distance between the superconducting
planes s = 1.5 nm, we get T, — T = 3.2 K. This gives
T.o = 86.4 K for the mean field transition temperature
and a difference T,,p — T™* that is in good agreement with
previous results obtained from transport measurements
(16].

In this Letter we conclude that from AGL we cannot
obtain the anisotropy 7 of Bi:2212. Only a lower bound
(y > 150) that is sample dependent can be given. Even
in our better samples we could not detect any “lock-in”
transition above T' = 77 K. This seems to be due to a
distribution of the ¢ axis with a HWHM of 0.1° and/or
the existence of thermally activated kinks and antikinks.
In this work we clearly show that for angles above 0.5°
Bi:2212 behaves like a 2D superconductor. The magne-
tization can thus be deduced from the magnetic torque.
From our data we observe in our field range a logarithmic
behavior which agrees with a recent theory of Bulaevskii,
Ledvig, and Kogan [8]. We deduce that T, — T* =1.5 K
and Agp(T = 0) = 110 nm.
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