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Upper critical field of (Bi,Pb),Sr,CaCu,Oj; single crystals
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Reversible temperature-dependent magnetization measurements are conducted in fields up to 5 T on
two (Bi,Pb),Sr,CaCu,0; single crystals for fields along the c axis. A linear temperature dependence of
the reversible magnetization has been obtained over a wide temperature range. The value of the magne-
tization slope dM /dT in the linear region at a fixed field decreases at higher field. Both the wide range
of rounding of the magnetization near T, and the field-dependent dM /dT in the (Bi,Pb),Sr,CaCu,Oq sys-
tem indicate that the traditional extrapolation method based on a linear Abrikosov formula near H,,
may not be applied. A theoretical model is employed to determine the Ginzburg-Landau parameter «
and upper critical field H,, versus temperature. For these two crystals, we find k=94 and 89, and
H,(0)=95 and 83 T, respectively, for fields parallel to the ¢ axis.

I. INTRODUCTION

One crucial experimental property of high-7,. super-
conductors is their extraordinarily high upper critical
field H.,. Typical values of H_, of high-T, suprconduc-
tors, such as 100 T for YBa,Cu;0,_; crystals below 1 K,
are much larger than the strongest static magnetic fields
achievable at present. Numerous applications of high-T,
superconductors in strong magnetic fields depend on this
property.! Upper critical field studies in the high-7, su-
perconductors also give important information about the
intrinsic properties of the mixed state for type-II super-
conductors. Due to experimental complexities of
research at ultrahigh magnetic fields,? much work on H,,
has been done at low fields by analysis of resistivity and
ac-susceptibility data using traditional methods for con-
ventional superconductors. However, this approach is
complicated in high-7, superconductors by an unusual
broadening of the transition in the magnetic field due to
the strong influence of flux-flow and flux-creep phenome-
na. It was argued that the upper-critical-field value ob-
tained by resistivity and ac susceptibility may only
present the onset field of flux-line motion since the mag-
netization curve becomes irreversible at those points.’~*
On the other hand, it was believed that the upper critical
field determined by a dc magnetization measurement
might give an alternative approach to the true value. To
determine the nucleation temperature, 7.(H), an extra-
polation of the linear portion of the magnetic curve in the
superconducting state to the normal-state value was em-
ployed. The H,, values of YBa,Cu;0,_j; single crystals
were reported from a dc magnetization measurement in
earlier work.%” This linear extrapolation is based on the
linear Abrikosov formula at high field near H,,:*
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(B 4=1.16), where H_,(T) maintains a linear temperature
dependence near T,. However, the slope of dM /dT at a
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fixed field varies for different fields, in conflict with the
expected field-independent slope of the Abrikosov formu-
la. Recently, Hao et al’® developed a variational model
to calculate the total Ginzburg-Landau free energy, in-
cluding the vortex core energy. An analytic expression
for the reversible magnetization was obtained in the field
range of H.,<H <H_.,. Based on this model, they also
revised the London model in the intermediate-field region
of H, <<H <<H_,,'° and a simple trivial expression for
the linear dependence of M versus InH was obtained.
However, this linear dependence varied for different
ranges of the applied field, and so the two parameters
used to determine H,., from the M versus InH data de-
pended on the reduced field H /H,,(0).'° The H,, value
of a YBa,Cu;0,_; crystal determined from the logarith-
mic field dependence of the magnetization was recently
reported by Welp et al.!' In this paper, we report the
magnetization curves in the reversible region below T,
for two (Bi,Pb),Sr,CaCu,0;4 single crystals for fields
oriented parallel to the ¢ axis. Values of k and the upper
critical fields H ,(T) are determined using the model of
Hao et al.,’ thus yielding H., ), &4, and A,.

II. EXPERIMENT

High-quality single crystals (BiPb),Sr,CaCu,0;3 were
prepared by a self-flux method.!? To achieve quantitative
and reproducible results, two crystals grown from
different batches with sharp superconducting transitions
were selected for the magnetization measurements. Each
crystal had a mass of about 1 mg and dimensions of
1X1X0.1 mm.?

Figure 1 shows the Meissner [field-cooled (FC)] and
shielding [zero-field-cooled (ZFC)] curves for two single
crystals of (BiPb),Sr,CaCu,03. The applied field was 1
Oe parallel to the ¢ axis. The experimental curves indi-
cate a superconducting transition temperature at 94 K
with a 10-90% transition width of about 2—-3 K. The
demagnetization factor D is about 0.9 for both crystals.

The magnetization experiments were performed on a

4978 ©1992 The American Physical Society



45 UPPER CRITICAL FIELD OF (Bi,Pb),Sr,CaCu,0s . . . 4979
2 : : - 0
ol o sample mno.l ]
x sample no.2 -10 ¢ 1T ]
-2t 1 ~ 1.5T
e 999229R99R2R B C .20 2T
s 4 <— FC * | s 2.5T
$ -6} x 1 &£ =30 3T A
4T
-8 . 7FC 5 -40 ¢ 5T 1
‘100000000 0000009 98 co J
-12 ; : ' : 50 60 70 80 90 100 110
0 20 40 60 80 100 120
K

FIG. 1. Shielding (ZFC) and Meissner (FC) measurements in
two (BiPb),Sr,CaCu,0;_ 5 crystals for H =1 Oe and Hj|c.

commercial superconducting quantum interference de-
vice (SQUID) magnetometer. !> The SQUID was operat-
ed with a scan length of 3 cm (Ref. 14) and an iterative
regression mode was used to calculate the moment.

The reversible magnetization region reflects an equilib-
rium state and is not affected by flux motion. In order to
measure the reversible magnetizations at various fields,
we first measure the irreversible temperature T, which is
defined as the low-temperature boundary of the reversible
range. The measurement sequence consisted of cooling
to a temperature well below T, in zero field, applying a
magnetic field, and warming up to above T, (ZFC) and
then cooling to the low temperature with the same field
(FC). The increasing temperature steps for warming and
cooling were 1 K. The irreversible temperatures T,(H)
versus field is shown in Fig. 2, which is similar to the data
of ¢ axis-oriented powders of Bi,Sr,CaCu,0j.'* The inset
of Fig. 2 shows a measurement result of a
(BiPb),Sr,CaCu,0; crystal in the temperature range
40-80 K at 0.1 T where T, is determined as 52 K from
an observable derivation between the FC and ZFC
curves. The figure illustrates the large temperature re-
gion of reversible flux motion in the (BiPb),Sr,CaCu,0Oq
system. Above the irreversible temperature, the magneti-
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FIG. 2. Irreversible temperature measurement for field paral-
lel to the ¢ axis of a (BiPb),Sr,CaCu,05_ crystal.

FIG. 3. Magnetization vs temperature for fields parallel to
the ¢ axis of a (BiPb),Sr,CaCu,0;_; crystal. Solid lines indicate
fit to theory.

zation displays a small amount of curvature, then takes
on a nearly linear temperature dependence at still higher
temperatures. The deviation of the linear magnetization
at a temperature just above 7, may be due to a small
amount of flux pinning.

The reversible magnetization was measured at fields up
to 5 T and temperatures between 60 and 100 K. A
normal-state baseline was observed to be temperature in-
dependent from T, to 150 K, which indicates the back-
ground was due to the sample holder and could be sub-
tracted from the data. Figure 3 exhibits the resultant
magnetization in the reversible region at different fields
oriented perpendicular to the ab plane. An error of +5%
was estimated from these measurements. In the reversi-
ble region, we observed that the magnetization showed a
nearly linear temperature dependence (see Fig. 4) except
for the curvature and rounding found near T,. The slope
4m(dM /dT) varies from —68 G/K at 0.5 T to —87 G/K
at 5 T. The range of this curvature extended to about 10
K below T, for the (BiPb),Sr,CaCu,0j3 crystals with the
field parallel to the c axis.

III. RESULTS AND DISCUSSION

For an isotopic infinite type-II superconductor in the
mixed state, Ginzburg-Landau theory expresses the free-
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FIG. 4. Linear temperature dependence of magnetization for
fields parallel to the c axis of a (BiPb),Sr,CaCu,03_; crystal.
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energy density in dimensionless units as!®

2
+h*,

Foy=Fgo+1—|¥>+1|¥|*+ v

1
ikv A

where Fg; and Fg, are the free-energy density of super-
conducting state in a magnetic field and zero magnetic
field, respectively. W is a complex order parameter, h is
the microscopic magnetic field, and A is the vector po-
tential corresponding to the local magnetic field.

The Ginzburg-Landau equations have the form
2

v=y(1—|¥|?),

1
37+

i=Vxh=1|w* |[Lv—aA|v—w|-Lv—ay|.
ik ik

1
2

Hao et al.® introduced two variational parameters £, and
f . representing the effective core radius of a vortex and
the depression in the order parameter due to the overlap-
ping of vortices, and assumed the order parameter to
have the form

V=W,fe ¢,
where
f=—£_:‘f°‘J .
VITE

W, is the magnitude of order parameter in absence of field
and p,¢ are the cylindrical coordinates for a vortex cen-
tered on the z axis.
The thermodynamic magnetic field H was given by
1 dF

H=_4#M+B=EE=H(B,fw’§V’K) (1)

and the two variational parameters satisfied

oF _

of . =0, (2)
oF _

2, ®

where the detailed expressions of Egs. (1)-(3) are given in
the Appendix. These nonlinear equations include three
variables B, f ., §, for a given H and «. In the theoreti-
cal model, the authors used approximated solutions of
Egs. (2) and (3) [see Egs. (24) and (25) in Ref. 9] and
solved Eq. (1) numerically. Here, we employed an itera-
tion method for solving Egs. (1)-(3) simultaneously. In
the analysis, we considered the difference of the values
between dimensionless units and conventional units. We
chose a set of data {47mM,H} at the fixed temperature in
the reversible region, where 47M is the magnetization
and H is the applied field. Assuming a value of k, B’ (the
prime denotes dimensionless units) can be obtained from
the ratio of 47M /(H —D4wM )=4mwM'/H' by solving
the above equations simultaneously, where D is the
demagnetization factor and H —D4mM is the corre-
sponding effective field. Because the magnitude of the
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FIG. 5. Magnetization vs field in dimensionless units for a
(BiPb),Sr,CaCu,0; 5 crystal at H|jc where the solid line corre-
sponds to the theoretical fitting.

magnetization is much smaller than the applied field, the
demagnetization effect is very small. The magnetization
47M’' and applied field H' can be calculated from
B': 47M'/H'=B'/H'—1. Therefore,

H—-D4rM _ 4vM

H' 47M’
can be found for various fields for a given k. The value of
k is determined to have the smallest deviation of the
value V'2H,(T) from all the data of the different fields by
the assumption of k being temperature independent. The
H_,(T)=xV'2H_.(T) is then calculated. The data points
used in the theoretical fitting to obtain « and H (T) are
from the reversible linear magnetization in the range
60<T<85K and 0.5<H <5 T. The best fits to the ex-
perimental data give k=94+4 for sample no. 1 and
k=925 for sample no. 2. The ranges of error are about
+5% which came from the fitting. The large values of «
suggest that the (BiPb),Sr,CaCu,Og system is an extreme
type-II superconductor.

Figures 3 and 5 show 47M versus T and 47M’ versus
H’ of the experimental measurements with corresponding
theoretical fittings as indicated by solid lines in conven-
tional units and dimensionless units, respectively. Both
figures display the excellent fit to the model. The magne-
tization 47M' in Fig. 6 also shows a logarithmic depen-
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FIG. 6. Logarithmic dependence of magnetization in dimen-
sionless units for a (BiPb),Sr,CaCu,05_; crystal at H]c.



45 UPPER CRITICAL FIELD OF (Bi,Pb),Sr,CaCu,0; . . . 4981

dence on H' which is qualitatively consistent with the
prediction of London model in the intermediate-field re-
gion:

1
4k

—47M'=—1n | 2
4. T

’

where 7 is a constant of order unity. Since the London
model neglected the important effect of depression of the
order parameter to zero at the vortex center, Hao and
Clem suggested a modification:!°

a
—1
4k n

Bk

—47TM'= 172

) 4)

where a=0.84 and f=1.23 are found by fitting in the
field range of 1 <H' <50 (or 0.01 <H /H_, <0.5).

The critical fields H_,(T) are shown in Fig. 7 which
give the slope of dH ,(T)/dT near T, as —1.5 and —1.3
T/K for samples 1 and 2, respectively. The orbital criti-
cal fields extrapolated to 7=0 K using the Werthamer-
Helfand-Hohenberg (WHH) formula'’

dH_,(T)

H,(0)=0.69 | — -

are H_,(0)=95 and 83 T for two samples at fields parallel
to the c axis. These values are comparable to those ob-
tained from microwave measurements'® and are larger
than those determined from resistivity measurements. '’
H_,(T) is about 26 T at 77 K and rising to above 90 T at
low temperature, which is much larger than conventional
commercial superconductors. For Nb-Ti, T, is 9 K and
H., 4 K) = 11T, and for Nb;Sn it is 22 T with 7, =18
K. Therefore, the high-T,. superconductors are not only
conceptually interesting in attempts to understand the
microscopic magnetism, but also of practical interest be-
cause of potential strong-magnetic-field applications.

To find the coherence length at zero temperature, we
use the expression H,,(0),=¢y/27E%,(0), where
$0=2.07X10"7 G cm? is the flux quantum. £,,(0)=1.9
and 2.0 nm are then calculated assuming the clean limit.
The short coherent length, several orders smaller than in
conventional superconductors, gives rise to only a few
Cooper pairs within one coherence volume and leads to
pronounced fluctuation effects at the transition into su-
perconducting state. In the fit of the data, the large and
temperature dependent k was found in the temperature
range about 10 K below T,, which is unexpected from
Ginzburg-Landau mean-field theory where « is expected
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FIG. 7. Upper critical field vs applied field at H|c of a
(BiPb),Sr,CaCu,0;_; crystal.

as constant near T,. This region also shows the curva-
ture and rounding curves as we mentioned before. This
behavior might be explained due to diamagnetic fluctua-
tions or minor sample inhomogeneities.

London penetration depth A,,’s are estimated as 178
nm for both crystals, in good agreement with the result of
172 nm, from direct penetration depth measurement ob-
tained from a muon spin rotation experiment. 2

IV. CONCLUSION

In conclusion, we have used the reversible, linear tem-
perature dependence of the dc magnetization of
(BiPb),Sr,CaCu,O4 crystals to determine the equilibrium
upper critical fields of this material. Compared with
YBa,Cu;0,_;, (BiPb),Sr,CaCu,0O;4 crystals have a large
reversible magnetization region and smaller flux pin-
ning.!? Thus, the theory based on an equilibrium state
without pinning is more applicable to this oxide system.
The critical field slope dH_,/dT of (BiPb),Sr,CaCu,04
crystals is found to be —1.440.1 T/K for the ¢ direction
averaged over the two samples. A fluctuation region was
observed at high temperatures 7>0.97,. Using the
WHH formalism, the zero-temperature orbital critical
fields are 89+6 T, and the associated coherent lengths
and London penetration depths are £,,(0)=2.01+0.1 nm
A, (0)=178+8 nm, respectively.

ACKNOWLEDGMENTS

This research was supported by the U.S. Department
of Energy under contract No. W-7405-ENG-48 to
Lawrence Livermore National Laboratory and by the
National Science Foundation under Grant No. DMR-
90-21029.

APPENDIX

The complete form of Egs. (1)—(3) presented in the Results and Discussion section is given below. Parameters are
identified in the text with the exception of K, and K ;, which are modified Bessel functions of the zeroth and first orders,

respectively:
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