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Critical fluctuations in the magnetization of Bi,Sr,CaCu,Oj; near the H,.,(T) line

Qiang Li
Division of Materials Sciences, Brookhaven National Laboratory, Upton, New York 11973

K. Shibutani
Division of Materials Sciences, Brookhaven National Laboratory, Upton, New York 11973
and Superconducting & Cryogenic Technology Center, Kobe Steel, LTD., Takatsukadai 1-Chome, Nishi-ku, Kobe 651-22, Japan

M. Suenaga
Division of Materials Sciences, Brookhaven National Laboratory, Upton, New York 11973

I. Shigaki and R. Ogawa
Superconducting & Cryogenic Technology Center, Kobe Steel, LTD., Takatsukadai 1-Chome, Nishi-ku, Kobe 651-22, Japan
(Received 21 April 1993)

The magnetization measurements on Bi,Sr,CaCu,Oy single crystals with H parallel to the c¢ axis are
presented to show that the critical fluctuations in the magnetization near the H,,(7T) line can be well
studied within the two-dimensional nonperturbative scaling theory developed by TeSanovic et al. By us-
ing this scaling theory and basic thermodynamic arguments, we obtained the Ginzburg-Landau parame-
ter k (=~115) and dH_,/dT (~—2.7 T/K) near T, for this material. In addition, we found that these de-
rived parameters are in good agreement with those determined from the study of reversible magnetiza-

tion in an intermediate field at low temperature.

Recently, it has been shown that the critical fluctua-
tions in the thermodynamics of high-T. superconductors
near the upper critical-field H ,(T) line can be studied in
terms of the Ginzburg-Landau (GL) field theory on a de-
generate manifold spanned by the lowest Landau level
(LLL) for Cooper pairs.!™® The GL-LLL theory implies
that the free energy F (H, T) near the H_,(T) line is of the
form F(T,H)=THf ( At). f(At)is a scaling function of
the variable t =[(T —T.(H)]/(TH)", where A is a field-
and temperature-independent coefficient, and nis %
for a three-dimensional (3D) system, and 1 for a two-
dimensional (2D) system. This scaling behav1or for some
thermodynamic quantities has been observed by several
groups for many high-7, superconductors. For instance,
a 3D scaling behavior of the magnetization, Ettinghausen
effect, and specific heat of the YBa,Cu;0, single crystal
near the H_,(T) line was observed by Welp et al.,* while
a 2D scaling behavior of the magnetization for a c-axis-
oriented superconducting Bi,Sr,Ca,Cu;0;, [Bi(2:2:2:3)]
thin tape near the H_,(T) line was reported by Li et al.’
However, there has been no report so far to our
knowledge, that demonstrates a clear 2D scaling behavior
for the magnetization of superconducting Bi,Sr,CaCu,0Og4
[Bi(2:2:1:2)] even though Bi(2:2:1:2) is thought to be a
quasi-2D-type superconductor. It is the purpose of this
paper to present our magnetization measurements on
large Bi(2:2:1:2) single crystals with magnetic field paral-
lel to the ¢ axis, and to show that the critical fluctuations
in the magnetization near the H,,(T) line do display a 2D
scaling behavior. Furthermore, we shall demonstrate
that the magnetization of Bi(2:2:1:2) near the H,(T) line
can be well studied within the two-dimensional nonper-
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turbative scaling theory developed by TeSanovic, et al.?
By using this scaling theory and basic thermodynamic ar-
guments, we obtained the value of the Ginzburg-Landau
parameter « (=~115) for superconducting Bi(2:2:1:2), as
well as dH_,/dT (=—2.7 T/K) near T.. These values
are found in excellent agreement with those derived by
applying the modified Hao-Clem variational model (in-
cluding the effect of vortex fluctuation in 2D supercon-
ductors) to our reversible magnetization data taken in in-
termediate field at low temperature.

Single-crystals Bi(2:2:1:2) were grown by the traveling
solvent floating zone method.® The large crystal used in
our study (cleaved from the single-crystal boulc) weighs
76 mg with dimensions 4.1X4.3X0.64 mm>. The lattice
parameters were measured by a four-circle diffractometer
(CukK, radiation) and found to be a =5. 406 A, b =5.411
A, ¢ ——30 789 A. The composition of the crystals is
Bi, 1451, 50Ca; 13CU, 0007.83, in which all metal elements
were determined by employing an inductively coupled
plasma (ICP) technique, while oxygen content was mea-
sured by extraction of oxygen by carbon at a temperature
above 2000°C in an inert gas. A detailed optical micros-
copy study showed that the crystal that we studied con-
sists of a few domains, but the ¢ axes of each Bi(2:2:1:2)
domain aligned perpendicular to the broad surface of our
crystal with very small angle boundary of less than 5°.
For the purpose of magnetic measurement along the ¢
axis, we did not break this crystal into a single domain,
since the magnetization measurement on this kind of
crystal at fields parallel to the ¢ axis is well known to
have negligible difference with that of a perfect single
crystal. The shield [zero-field-cooled (ZFC)] and Meiss-
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ner [field-cooled (FC)] data taken at a field of 2 Oe for
this Bi(2:2:1:2) crystal are shown in Fig. 1. The shielding
value of 47 M at 20K is —11.3 G which leads to the frac-
tion of ideal shielding volume being a little over 100%
after taking account the correction for the demagnetiza-
tion factor’ along the c direction. A linear extrapolation
of 4wM(T) data to the zero magnetization line defines
T,=84.2 K, and that to the horizontal 47M=—11.3 G
line gives a transition width of 1.5 K. The sharp transi-
tion demonstrates the uniformity of our crystal in quite a
large scale (mass = 76 mg).

All magnetization measurements were carried out in a
field applied parallel to the ¢ axis by using a supercon-
ducting quantum interference device (SQUID) magne-
tometer (by Quantum Design) with a 2-cm scan length,
where the field inhomogeneity is estimated to be no
greater than 0.005%. The reversible magnetization data
were taken by measuring the magnetic moment versus
temperature from irrreversible temperature up to 200 K.
A 10-min delay was introduced after each temperature
change to stabilize the system so that the system temper-
ature was always within £0.02 K of the target tempera-
ture prior to measurement. An accuracy of better than
2X107% emu (equivalent to 3X 1072 G for the value of
47M) for magnetic moments was obtained. Due to the
strong fluctuation effect observed in Bi-based supercon-
ductors,>® we corrected for both background and
normal-state contributions by subtracting the measured
magnetization at 200 K. It was also noted that back-
ground substraction by using the measured magnetiza-
tion at 150 K instead of that at 200 K made negligible
difference in the absolute value of the magnetization near
the H_,(T) line used in this study.

Figure 2(a) shows the magnetization of superconduct-
ing Bi(2:2:1:2) near T, in various fields parallel to the c
axis. The strong fluctuation effect is clearly demonstrated
by the crossover of various 47M (H,T) versus T curves.
The crossing point for each 4mM(H, T) versus T curve at
fields between 500 and 55000 Oe was found at the same
location within the experimental error, where the
crossing-point temperature *=83.1+£0.2 K, and
crossing-point magnetization 47M*=-—3.7+0.3 G.
This well-defined crossing point for magnetization recent-
ly has been ascribed to one of the characteristics of fluc-
tuation effects of a quasi-2D superconductor near mean-
field transition temperature T.(H). In low fields near
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FIG. 1. The magnetic-shielding (ZFC) and Meissner effect
(FC) measurements of the Bi(2:2:1:2) crystal for a field of 2 Oe
applied parallel to the c axis.
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FIG. 2. (a) The T dependence of the magnetization of super-
conducting Bi(2:2:1:2) measured in various fields (parallel to the
c axis). (b) 2D scaling of the magnetization data of Bi(2:2:1:2),
where the theoretical curve is obtained from scaling function
— f'(x) given by Eq. (2).

T.(H), this crossover behavior is due to the phase fluc-
tuation of order parameters’ (or the positional fluctuation
of vortices), while in high fields near the H,,(T) line it is
largely caused by the amplitude fluctuation of order pa-
rameters.? In this work, we concentrated on the critical
fluctuations at high field in the vicinity of H_,(T).

Critical fluctuations in the thermodynamics of quasi-
2D type-II superconductors can be studied in terms of
nonperturbative scaling theory developed by TeSanovié
et al.,? as long as the GL-LLL description for Cooper
pairs is valid. The main result given by this theory is that
the scaling function for free-energy density F(B,T) of a
2D type-II superconductor in the critical region around
the H,,(T) line can be expressed in an explicit closed form
[Eq. (D]:

B? F(B,T)

FS(B’ T)=8—7T-+F(B, T) N —I‘B——s¢0=f(x) , X =‘?1t)’

f(x)=—1x?+1xV'x24+2+sinh !

X

v2 |’
where t=[T —T,(B)]/(TB)'?, A4 is a field- and
temperature-independent constant given in Ref. 2, s is the
effective spacing of superconducting layers, and ¢, is the
flux quantum hAc /2e. Since the magnetization of an ex-
treme type II superconductor near H,(T) is very small as

compared to applied field H, we can put B =H in the ar-
gument of function F(B,T) in Eq. (1). Then, the scaling



48 BRIEF REPORTS

function for magnetization takes the following form:

M(H,T) S$oHcr _
VHT 4

where the leading derivative is kept, H,, =|dH,,/dT| at
T =T,y and T, is the mean-field transition temperature
at zero field. The scaling-function — f'(x) for magnetiza-
tion implies that all M (T) curves for different H cross at
temperature T*, at which the value of magnetization
M*(T*) is given by M*(T*)=kpyT*/(s¢,) and
(T,o—T*)/T*=H,, /(2A4%), where kj is the Boltzmann
constant (1.38X 107 ' erg K™!). In an earlier study of
superconducting Bi(2:2:2:3), we found excellent agree-
ment between our measured magnetization of Bi(2:2:2:3)
near the H_,(T) line and this scaling theory.?!® Refer-
ence 10 gives a detailed description on the application of
this scaling theory to study free energy, magnetization,
and specific heat of a quasi-2D superconductor in the
critical fluctuation region.

The critical region near the H,,(T) line, where the
scaling theory applies, is taken approximately as
H 2 1H_,(T) at fixed temperature, or in the equivalent
temperature region of T' > T,,—3H /H, at fixed field. We
fitted Eq. (2) to our entire magnetization data taken at
fields from 15000 to 55000 Oe, and temperatures in the
critical region of T2 T,,—3H /H/,, by using the fitting
sequence given in Ref. 10. The only adjustable parame-
ters involved are T, and H/,. The result of fitting is
shown in Fig. 2(b), where a 2D scaling of these magneti-
zation data and the corresponding fitting curve are
displayed. An excellent agreement between the theory
and our data is clearly illustrated in Fig. 2(b). The best fit
yields T,,=87.32 K and H/, =2.73 T/K. It was also ob-
served that the 2D scaling behavior of our data was much
more sensitive to the choice of T, than the choice of H.,.
For instance, we found that a 1% change in T, could
significantly distort the scaling plot, while a 7% change
in H/, only slightly altered the appearance of the scaling
plot. In order to verify that the 2D scaling of the magne-
tization of Bi(2:2:1:2) is unique, we also tried to scale our
magnetization data in terms of variables 47 M /(TH)?"?
and [T —T,(H)]/(TH)*”*, as suggested for a 3D super-
conductor.*> A rather poor scaling behavior was ob-
served, with any choice of T, and H_,.

The real superconducting volume fractions presented in
a particular quasi-2D superconducting specimen can be
estimated based on the measured values M*(T*) and T*.
M*(T*)/T* depends only on s, the effective interlayer
spacing, which characterizes the type of 2D supercon-
ducting system. For Bi-based superconductors,?! s can
be taken to be half the unit cell length along the ¢ direc-
tion. Then, in our Bi(2:2:1:2) crystal, we should have
s =15.395 A, which leads the ideal value of
4TM*(T*=83.1 K) to be —4.53 G. However, our mea-
sured value for 4mM*(T*=83.1 K) is —3.70 G so that
the superconducting volume fraction in our crystal is
about 82%, even though the low-field 7. measurements
shows a 100% shielding. Actually, it is not surprising to
find that some nonsuperconducting phases are enclosed
in our crystal, since the Bi(2:2:1:2) single crystals used in

—fl(x)=x—Vx2+2, (2)
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almost all experiments are grown with an off-
stoichiometry composition. Hence, these crystals may
not be 100% superconducting in the mixed state. But,
the fact that only 82% of our crystal contributes to the
total measured diamagnetic moment does not affect the
scaling behavior and the derived values of T,, and H,
because the ratio of M (T,H)/M* was used in the fitting
(for details, see Ref. 10).

The free energy, thermodynamic critical field H (T),
and specific heat of Bi(2:2:1:2) in the critical region can
be estimated by means of Eq. (1) and the derived parame-
ters (T,o, H;y, T* and 4mM*).'° Figure 3 shows the tem-
perature dependence of the calculated free-energy density
f(H,T)~f,(H,T) for the Bi(2:2:1:2) crystal near T,,
where solid squares and circles are for H=15000 and
55000 Oe, respectively. Also shown in Fig. 3 are the
changes in Gibbs free-energy density [g,(H,T)—g,(0,T)]
(open squares and circles are for H =15000 and 55000
Oe, respectively) for the superconducting state of the
Bi(2:2:1:2) crystal in magnetic fields, obtained by integrat-
ing the magnetization data (including low field). ° By us-
ing these results, we can calculate the superconducting
condensation energy f(7T)—f,(T) for the Bi(2:2:1:2)
crystal, which in turn could be utilized to compute
H(T), via f(T) — f,(T)=HXT)/87. The inset of Fig.
3 shows such a derived H,(T) as a function of tempera-
ture. Here it should be noted that the data shown in Fig.
3 are calculated results without the correction for the ac-
tual superconducting volume fraction (82%) present in
our sample. If we account for this correction, the corre-
sponding values for the free energy of an ideal Bi(2:2:1:2)
should increase by 22%, while H_(T) increases by 11%.
Using the derived value of —dH,(T)/dT near T .
(170£20 Oe/K) and the relation H,,(T)=«V2H,(T), we
found the Ginzburg-Landau parameter x~115 for
Bi(2:2:1:2). It is surprising to note that these derived
values of H/,(~2.73 T/k) and k(=115) based on this
scaling analysis are in good agreement with the values
H;,(~2.8 T/K) and «(~130 at T =30 K), determined
independently!! by studying the magnetization of the
same crystal in the intermediate fields at lower tempera-
tures, where the reversible magnetization data were fitted
to the Hao-Clem model'? modified by taking account of
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FIG. 3. The free-energy density f,(H,T)—f,(H,T) (solid
symbols) and g,(H,T)—g,(0,T) (open symbols) for Bi(2:2:1:2)
plotted as a function of temperature near T, for H =15000 Oe
(squares) and 55000 Oe (circles). The inset shows the derived T
dependence of H,(T).
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the vortex fluctuation in a quasi-2D superconductor. '3

The detailed results of the low-temperature magnetiza-
tion study will be reported elsewhere. !!

The maximum specific-heat jump AC,/T, at T, of
Bi(2:2:1:2) at zero field can be estimated via the expres-
sion AC,/T.=H ,M*/(Tq—T*). The value of
AC, /T, for our Bi(2:2:1:2) crystal is ~31 mJ/mol/K?. If
we take into account the 82% superconducting volume
fraction in our sample, the maximum specific-heat jump
for an ideal Bi(2:2:1:2) would be around 38 mJ/mol/K>.
This value is substantially smaller than the corresponding
value of AC,/T, (~63 mJ/mol/K?), estimated for an
ideal superconducting Bi(2:2:2:3) (Ref. 10).

In conclusion, we have shown a clear 2D scaling
behavior for the high-field magnetization of a Bi(2:2:1:2)
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crystal near the H_,(7T) line. This scaling relation was
found to be in an excellent agreement with the nonpertur-
bative 2D GL-LLL scaling theory, developed by
TeSanovic et al. Based on the scaling analysis, we also
presented our study on the temperature and field depen-
dences of some of the thermodynamic quantities for this
material in the critical region. Superconducting parame-
ters derived in this study are found very close to their
values determined in a different approach based on the
magnetization in intermediate fields at low temperature.
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