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Two-dimensional Suctuations in the magnetization of Bi2Sr2Ca2Cu30tQ
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Magnetization measurements on c-axis-oriented bulk Bi&Sr&Ca&Cu30&0 with the magnetic field parallel
to the c axis are reported. The results show large fluctuation effects, which can be explained by
Ginzburg-Landau fluctuation theory for a two-dimensional (2D) system. The magnetization in high
fields displays good scaling behavior as a function of [T T, (H—)]/(TH)'~~. The weak-field fluctuation
diamagnetic susceptibility y( T) above T, can be fitted well in terms of the 2D Lawrence-Doniach model.
Values of g,b(0) and dH„/dT derived from our fiuctuation analysis are consistent with those obtained

by fitting the Hao-Clem variational model to the reversible magnetization data below T, .

In addition to high superconducting transition temper-
atures, the most prominent characteristics of the cuprate
superconductors are their short (-nm) superconducting
coherence lengths (g) and strong anisotropic supercon-
ducting, as well as normal-state, properties. These
characteristics result in very pronounced fluctuation
effects in their thermodynamic and transport proper-
ties. ' Particularly, in the Bi-based oxides, which are
considered to be the most anisotropic of the supercon-
ductors, it was shown that the fluctuation diamagnetism
persists to temperatures well above T, ( T-2T, ). ' Fur-
thermore, it was also shown that the temperature depen-
dence of weak-field fluctuation diamagnetism in these
high-T, superconductors could be described well by a
Josephson-coupled two-dimensional (2D) superconductor
model proposed by Lawrence and Doniach, and
modified by Klemm. However, the successful applica-
tion of the model has been limited so far to temperatures
above T, and in the weak-field limit.

As pointed out by a number of groups, " in high
fields the spatial correlation that is transverse to the ap-
plied field direction is limited to the magnetic length
given by (Po/2mH)', where Po is the flux quantum, due
to confinement of the quasiparticles to low Landau levels.
This limitation effectively reduces the dimensionality of
the system and further enhances the effect of the fluctua-
tion. This implies that the

~
%(r)

~
term in the Ginzburg-

Landau (GL) expression for free energy in the region of
mixed-state and normal-state transition has to be includ-
ed in calculations of the thermodynamic and transport
properties, where %(r) is the order parameter. This was
done by a number of groups with an approximation
where only the lowest Landau level is considered. ' " In
particular, a recent theoretical calculation by Ullah and
Dorsey, " who applied the Hartree approximation to
treat the quadratic term in the GL Hamiltonian based on
the Lawrence-Doniach (LD) model of layer superconduc-
tors, results in a scaling form of various thermodynamic

and transport properties in high fields in terms of the
variable ts= A [T—T, (H)]/(TH)", where A is a field-
and temperature-independent coefBcient, and n is —', for a
3D system, and —,

' for a 2D system. '" The 3D scaling
function is shown by Welp et al. to work very well for
the magnetization, electrical conductivity, Ettinghausen
effect, and specific heat of single crystals of YBazCu307.
However, they found that the magnetization of the
Bi(2:2:1:2)single crystal did not scale well for the temper-
ature range below T, in terms of either 2D or 3D scaling
variables. ' Recently, Kim, Gray, and Trochet' reported
that fluctuation conductivity of TlzBazCa&CuzO„ films
shows good agreement with a 2D scaling behavior for
temperatures higher than a few degrees above T,(H), but
a deviation occurs very near and below T, (H).

In this paper, we present high-precision magnetization
measurements of c-axis-oriented bulk BizSrzCazCu30&0 in
magnetic fields applied perpendicular to the CuO planes.
The magnetization data for high fields show excellent 2D
scaling behavior in the variable [T—T, (H)]/(TH)'
near T„ in good agreement with the prediction by Ullah
and Dorsey. " Weak-field fluctuation-diamagnetic sus-
ceptibility y(T) above T, is found to be proportional to
T/(T T, ), as expecte—d from earlier work based on the
2D LD model. s s The values of g(0),b, dH, z/dT, as
determined from our 2D fluctuation analysis, are con-
sistent with those values we reported earlier obtained by
fitting the Hao-Clem variational model' to the reversible
magnetization data below 90 K, where fluctuations be-
come much less pronounced. This consistency indicates
that the unconventional behavior' of Bi-based supercon-
ductors in the region of the mean-field transition is due to
2D fluctuation effects and also demonstrates that 3D an-
isotropic GL theory, on which the Hao-Clem model is
based, is still applicable in studying reversible magnetiza-
tion of quasi-2D superconductors in temperature and
field regions where fluctuation effects are sufBciently
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small.
The specimen used for this study came from a

40X3X0. 1 mm hi(;hly c-axis-oriented Bi(2:2:2:3) thin
tape (with grain misorientations typically around 6 or
less) sandwiched in a silver sheath, made by a method re-
ported previously. " The composition of the supercon-
ducting material as determined by various means of
chemical analysis is Bi, spbp 4Sr2Ca2 2Cu30~ (at least
95% phase pure). T)ie transport critical current density
of this tape exceeds 30000 A/cm at 77 K and zero field.
T, has been determined from shielding measurements at
2 Oe to be 107.5 K, with a transition width of 2.6 K, as
reported earlier. Tl:(e high critical current density and
sharp transition demonstrate the excellent quality of this
specimen. The tape was cut into ten pieces and stacked
along the c axis for the magnetization measurement in a
Quantum Design superconducting quantum interference
device (SQUID) magnetometer in fields applied parallel
to the c axis. The data are taken by measuring the mag-
netization versus teniperature at various fixed magnetic
fields in the temperature range from the irreversible tern-
perature to 300 K. Background signals and normal-state
magnetization were carefully subtracted using the extra-
polation of a curve fitted to the measured magnetic-
moment-versus-temperature data between 200 and 300
K, as described in our earlier report. The measurements
were performed with different sample holders, and both
2- and 3-cm scan lengths were used. The results were all
consistent. All data sets of 4irM(T) versus T after the
substraction show very similar behavior.

Shown in Fig. 1, is a plot of 4aM versus T measured at
fields between 500 and 50000 Oe. The strong fluctuation
effect is clearly demonstrated by the large excessive di-
amagnetization above 110 K and the crossover of various
4aM-versus-T curves. We first studied the temperature
dependence of the weak-field fluctuation diamagnetic sus-
ceptibility y(T) above T, based on the static models by
Lawrence and Doniach, Klemm, and Prober and Beas-
ley. ' Within these models, it has been shown that
y(T)/T ~ T, /(T T, )" near T„—where n is 1 for a 2D
system, and —,

' for a 3D system. The weak-field regime
defined by Klemm corresponds to 8 (Sp =/pl(sL),
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where pp is the fiux quantum hc/2e, s [18.6 A for
Bi(2:2:2:3)]is the CuO layer repeat distance along the c
axis, and L is in effective length in the ab plane, which
has the same order of magnitude as the average grain size
of our specimen ( —10 pm). Thus, the weak-field regime
we studied here is equivalent to applied magnetic fields of
less than a few KOe. A plot of T/y(T) versus T of
Bi(2:2:2:3)for fields at 500, 1000, and 2000 Oe is shown in
Fig. 2(a). The data taken at all three fields display rather
good linearity, at least between 114 and 130 K, which
clearly indicates the 2D characteristics of the weak-field
fluctuation diamagnetism. The mean-field transition tem-
perature T, " was obtained as the intercept of the
straight line, shown in Fig. 2(a), from a least-squares fit to
the data of T/y(T) versus T at temperatures between 114
and 130 K. The corresponding values of T, are found to
be (111.13+0.02) K at 500 Oe, (111.09+0.02) K at 1000
Oe, and (111.06+0.04) K at 2000 Oe. Thus, T, "is taken
to be (111.08+0.07) K for Bi(2:2:2:3). The value of T
determined in this way, is about 3.6 K higher than that
from a 2-Oe shielding measurement. This result is simi-
lar to that reported by Kes et al. ,

' where T, "was found

2.0

0.0

Ch

-2.0—
PQ

U

-4.0—

-6.0—

~500 Oe
~1000 Oe

2000 Oe
10000 Oe
30000 Oe

Q)0
E

E
Q)

C)

-2.0—

-4 0-

-60
100

I

120
I

140

T t

-2 -1

yogi p[(T T&)/TJ
l

' ' '
I

160 180 200

-8.0
100

I

110
I

120
I

130

50000 Oe

I

140 150

FIG. 1. Temperature dependence of magnetization of
Bi(2:2:2:3)in various magnetic fields parallel to the c axis.

FIG. 2. {a) T/g data plotted as a function of T, measured at
500, 1000, and 2000 Oe. The solid line is a linear fit to the data
of 1000 Oe between 114 and 130 K. (b) Temperature depen-
dence of g, measured at 500, 1000, and 2000 Oe. The solid
curve is a theoretical fit to the data of 1000 Oe using Eq. (1).
The inset shows a log-log plot of —y/T vs {T—T, )/T, for the
data of 1000 Oe. The solid line is a theoretical fit.
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to be about 4' higher than that from ac susceptibility
measurement of a Bi(2:2:1:2)single crystal. Figure 2(b)
shows a fit of the 2D LD model to the data for y( T), tak-
en at 1000 Oe with T, = 111.08 K via Eq. (1).
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where g,l is the effective number of complex s-wave or-
der parameters in the CuO plane, which is taken as 3 for
three effective CuO planes in Bi(2:2:2:3) within the 2D
fluctuation regime. ' The fit is in good agreement with
the data at temperatures from 113 to 170 K. This can be
seen more clearly from the inset of Fig. 2(b), showing a
log-log plot of y/T —versus ( T T, )/—T, for the data
taken at 1000 Oe, where the solid line is the theoretical fit

by using Eq. (1) with T, =111.08 K. At temperatures
higher than 170 K, the absolute values of y(T) obtained
from fitting are slightly higher than the experimental
data. This is because the LD model is a mean-field
theory in its approach and overestimates the contribution
to the fluctuational diamagnetic susceptibility y from the
high-energy, short-wavelength fluctuations. ' The best fit
to the data for all three fields (500, 1000, and 2000 Oe)
yields g,s(0)=(9.7+0.4) A. This value is quite close to
what we derived by fitting the Hao-Clem variational
model to the reversible magnetization data below T„
which gives g,b(0) =(10.5+0.6) A.s

Because of large fluctuations, as discussed above, the
thermodynamic and transport properties in the transition
region in high magnetic fields scales with the variable
A [T T, (H)]/(T—H)". In the particular case of magneti-
zation, the scaling behavior is given by '"
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FIG. 3. (a) 2D scaling of the magnetization data for
Bi(2:2:2:3),measured at 10000, 30000, and 50000 Oe. (b) 3D
scaling of the same magnetization data as shown in (a).

41TM =-F A
(TH)" (TH)"

(2)

where F is the scaling function, A is a temperature- and
field-independent coefficient, and n is —', for a 3D system
and —,

' for a 2D system. Figure 3(a) shows a plot of the
scaled fluctuation magnetization of Bi(2:2:2:3)assuming
2D behavior, where only the data at 10000, 30000, and
50000 Oe are plotted for clarity. The free parameters in-
volved in this scaling fit are values of T, (H). In this spe-
cial case, where high magnetic fields are parallel to the c
axis, H, 2(T) depends linearly on T near T, in both 2D
and 3D mean-field theory, ' ' so that we can write
T, (H) as T, " H/(dH, 2/dT). —Thus, by using the
mean-field transition temperature T, " (111.08 K) for
zero field, which is derived from the analyzed results for
the weak-field fluctuation susceptibility as shown above,
the only adjustable parameter we used in the fitting is
dH, 2/dT near T, . The best fit for 2D behavior was ob-
tained with —dH, 2/dT equal to 3.9 T/K. However, it is
noted that this good scaling fit with different values of—dH, 2/dT ranging from 3.3 to 4.2 T/K can be hardly
distinguished from any other, and holds down to 101.5 K
for H=50000 Oe. Shown in Fig. 3(b) is the best possible
scaling fit to our data using the 3D expression [or Eq. (2)
with n =—', ], where the corresponding fitting parameters
are T, =111.02 and —dH, 2/dT=3. 2 T/K. The split-

ting near the transition region for different fields inevit-
ably exists. This clearly shows that the nature of the su-
perconducting transition of Bi(2:2:2:3)is two dimensional
and also that no 2D-to-3D crossover was observed in
Bi(2:2:2:3). This result is quite opposite to what Fastam-
pa et a/. ' found in experiments using Bi(2:2:1:2) thin
films, where the angular-dependent magnetic field H' at
the onset of the resistivity exhibits a crossover from 2D
to anisotropic 3D behavior. Let us estimate the possible
temperature range of 3D behavior (or critical region)
by calculating the dimensional crossover temperature
T* given by Klemm. T* is defined through
g, ( T)=g, (0) (/1

—T'/T, )' =s/V'2, where g, is the
GL coherence length perpendicular to the layers. By us-
ing the anisotropy ratio for Bi-based superconductors
(-50),' the value of g', (0) for Bi(2:2:2:3)is of the order
of 0.2 A, where g',b(0) is taken as 9.6 A. Thus, the value
of T' —T, is less than 0.03 K for s =18.6 A. Such an ex-
tremely narrow width of the critical region is virtually
impossible to observe by magnetization measurements.

Once again, the value of —dH, 2/dT derived from the
best fit of our data to the 2D scaling theory is 3.9 T/K,
which is rather close to the value 3.6 T/K derived by
fitting the 3D anisotropic Hao-Clem model to the reversi-
ble magnetization data below T, . Our self-consistently-
determined results for dH, 2/dT and g,&(0) —from 2D
fluctuation analysis demonstrate that the 3D anisotropic



5860 QIANG LI, M. SUENAGA, T. HIKATA, AND K. SATO

GL theory can still ~e used for qualitively studying the
mixed-state magnetic: properties of Bi-based supercon-
ductors, at least in 1;.rge magnetic fields applied perpen-
dicular to CuO layer. and in the region where Auctuation
effects are sufficiently small.

In conclusion, the results presented here show that the
magnetization propej ties near T, (H) in high fields and
above T, "in weak Iields can be described well by GL
fiuctuational theory for a 2D superconductor. No critical
region (2D-to-3D crossover) is observed, based on the
scaling behavior of high-field magnetization data, due to
its extremely narrow extent. These results also explain
that the developmer', it of the characteristic fan-shaped

magnetization near T, (H), ' and the divergence of the
GL parameter ~ near T„obtained as the result of apply-
ing the Hao-Clem variational model to layered supercon-
ductors, are simply due to the large, extended thermo-
dynamic fluctuations of the superconducting order pa-
rameter.
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