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A Study on the Temperature Dependence of the
Ginzburg-Landau Parameter, Thermodynamic and

Upper Critical Field of Nb3Sn Strands
Sangjun Oh, D. K. Oh, C. J. Bae, H. C. Kim, and Keeman Kim

Abstract—We report detailed magnetization measurement
results for two internal-tin Nb3Sn strands. The paramagnetic
background of a Mitsubishi strand is about 4 times larger than
that of a KAT strand below the transition temperature, which
can be understood as combined effects of Pauli and Langevin
paramagnetism. From magnetic relaxation measurement for the
KAT strand, a possibility of surface barrier effect is discussed.
After subtracting the paramagnetic background, reversible
magnetization data are analysed using the Hao-Clem model
and the Ginzburg-Landau parameters ( ), the thermodynamic
and the upper critical fields ( 2) at various temperatures
are obtained. The temperature dependences of , and 2

are compared with the recent theoretical calculation results for
Nb3Sn and also with widely used empirical formulas.

Index Terms—Eliashberg theory, paramagnetic background, su-
perconducting parameters, the Hao-Clem model.

I. INTRODUCTION

ON a proper scaling law especially for the critical current
of strands, there is a growing interest, however, no

consensus yet. In general, proposed scaling laws state that the
pinning force can be represented as a function of the Ginzburg-
Landau parameter and the upper critical field [1]–[6].
In Ekin-Summer’s scaling law, the Summers approximate ex-
pression for the temperature dependence of is used

, where is a ratio of temper-
ature to the critical temperature, . The temperature
dependence of the thermodynamic critical field is usually
described by , following the two fluid
model approximation. From the definition of , the tempera-
ture dependence of can be written as a product of and

, [1]. These temperature depen-
dences are also used in the deviatoric strain scaling law of ten
Haken and his co-workers [2]. Recently, Taylor et al. [5] and
Godeke et al. [6] reported that can be better approxi-
mated by , where is about 1.5 and
in their scaling laws, is represented as a ratio of to

, instead. In our previous work, the results of theoretical
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calculations for using strong coupling theory of super-
conductors (Eliashberg theory) were reported [4]. It was shown
that can be better described by
and also argued that the Summers relation, , shows devia-
tion from the calculation results.

The Summers expression or the recent
relation were obtained from the analysis of the critical cur-

rent measurements, except the work of Godeke et al. [7], where
the relation is obtained by direct transport measure-
ments. In this work, we report on the temperature dependences
of , and from magnetization measurements.
In Section II, it is shown that the paramagnetic backgrounds are
quite significant near the critical temperature and are strongly
sample dependent. The reversible magnetization data are anal-
ysed using the Hao-Clem model and the obtained temperature
dependences of , and are discussed in Section III.

II. PARAMAGNETIC BACKGROUND

Two internal-tin processed strands are used for the
measurements. A Mitsubishi (MELCO: Mitsubishi Electric
Corporation) strand has been used for the construction of
the KSTAR (Korea Superconducting Tokamak Advanced
Research) superconducting magnet system. The strain depen-
dences of the critical currents for the MELCO strand and a
KAT (Kiswire Advanced Technology) strand at 4.2 K had been
reported elsewhere [8]. The length of the sample used for the
measurement is 10 mm for the MELCO strand and 5 mm for
the KAT strand (KAT B strand in [8]). To reduce the demagneti-
zation effect, both strands are mounted along with the direction
of field during the measurements. Magnetizations are measured
with a Quantum Design MPMS (Magnetic Properties Measure-
ment System) SQUID magnetometer. The magnetic relaxations
are measured with a Quantum Design PPMS (Physical Prop-
erties Measurement System) with ACMS (AC Measurement
System) option, which enables faster measurements.

Fig. 1 shows typical hysteresis measurement results for both
strands at 15.5 K. At high field, the magnetization curves are re-
versible and the paramagnetic contributions, probably caused by
non-superconducting elements other than in the strands,
are obvious. The curvature observed in the high field region of
the hysteresis curve for the MELCO strand is a typical feature
we can expect for Langevin paramagnetism. Fig. 2 is the temper-
ature dependence of magnetization for the MELCO strand with
an applied field of 500 Oe. It can be understood as a sum of
a temperature independent Pauli paramagnetism contribution,
which is represented as a horizontal dotted line in Fig. 2, and
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Fig. 1. The magnetization measurement results for the MELCO and the KAT
strand at 15.5 K. Solid line is a sum of linear Pauli paramagnetic background
and Langevin paramagnetic effect calculated with (1). Dotted line is a linear
calculated background using the susceptibility with (2).

Fig. 2. The temperature dependence of magnetization for the MELCO strand
with applied field of 500 Oe. Dotted line is a fitted temperature independent
Pauli paramagnetic background and solid line represents the Langevin paramag-
netism calculated with (1). Inset: The temperature dependence of magnetization
for the KAT strand with applied field of 5 kOe. Dotted line is calculated with
(2).

Langevin paramagnetic effect, the solid line in Fig. 2. The Solid
line is fitted with the following Brillouin function [9],

(1)

After subtracting the contribution of Pauli paramagnetic back-
ground, the magnetization curves as a function of B/T at various
temperatures around the critical temperature are shown in Fig. 3.
Solid lines in Figs. 2 and 3 are calculated with (1) using param-
eters, , . Above the transition temperature,
magnetization measurement results coincide with the calculated
fitting line.

On the other hand, the paramagnetic backgrounds in the hys-
teresis curves for the KAT strand are simply linear and the para-
magnetic susceptibility shows weak temperature dependence as
can be seen in the inset of Fig. 2. The inset of Fig. 2 is the mag-
netization as a function of temperature for the KAT strand at

Fig. 3. The magnetization plots with B/T at various temperatures after sub-
tracting the Pauli paramagnetic backgrounds. Solid line is calculated with (1)
with parameters, g = 1:86, J = 5=2.

5 kOe. The paramagnetic background susceptibility for the
KAT strand can be written as,

(2)

Both the MELCO and the KAT strands are fabricated by in-
ternal-tin method and the diameters are both 0.778 mm, a sim-
ilar non-Cu fraction of 0.4 and 0.5, respectively, and were heat
treated by the same heat treatment scenarios. It is quite inter-
esting that the small difference in the ternary contents or in the
sample geometry result in such a huge difference in the para-
magnetic backgrounds.

III. THE HAO-CLEM MODEL ANALYSIS AND THE TEMPERATURE

DEPENDENCES OF , AND

Fig. 4 are the magnetization hysteresis curves for the KAT
strand at various temperatures below the transition tempera-
ture, after subtracting the paramagnetic backgrounds discussed
in Section II. The thermodynamic parameters, such as the ther-
modynamic critical field , can be determined from the re-
versible magnetization. As can be seen in Fig. 4, the magneti-
zation is irreversible below a certain field (this field is usually
defined as the irreversibility field, ) even at 16.5 K. If this ir-
reversibility is only due to the bulk pinning effect then the mag-
netic relaxation rates will be the same for the field increasing
branch and the decreasing branch. The reversible magnetization
can be approximated as a mean value of the magnetizations in
the field increasing branch and the decreasing branch. However,
the magnetic relaxations are quite different as shown in the inset
of Fig. 4. The inset of Fig. 4 is the relaxation measurement re-
sults for the KAT strand at 14 K, with an applied field of 5 kOe.
The data represented as solid squares are measured in the in-
creasing field branch and the open circles in the decreasing field
branch. The magnetic relaxation in the field increasing branch
shows a typical logarithmic decay, while the relaxation in the
decreasing branch appear to be strongly non-linear as a func-
tion of time. A possible explanation for this difference in the
relaxation rate is the Bean-Livingston surface barrier [10]. In
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Fig. 4. The magnetization results for the KAT strand at various temperatures
after subtracting the paramagnetic backgrounds. Inset: Magnetic relaxation
measurements for the KAT strand at 14 K and 5 kOe.

the presence of surface barrier, asymmetry in the relaxation rate
for flux entry and exit was predicted.

Due to the possibility of surface barrier, only the magneti-
zation data above the irreversibility field are analysed. For the
analysis, the Hao-Clem model is applied [11]. In the Hao-Clem
model, a trial function with two parameters for the order pa-
rameter is assumed to solve the Ginzburg-Landau equations.
The two variational parameters and , represent the finite
size of a vortex core and the reduction of the order parameter
by vortices overlap, respectively. The free energy including the
core energy as well as the energy of the circulating currents is
minimized with respect to these variables. It is widely used for
the description of the reversible magnetization and for the de-
termination of the thermodynamic parameters of type-II super-
conductors [12]. Fig. 5 shows the volume magnetizations as a
function of field at various temperatures with the Hao-Clem fit-
ting results. For the Hao-Clem fitting, the magnetization data
shown in Fig. 4 are normalized by the superconducting volume
fraction. The superconducting volume fraction is obtained from
the initial slope below the lower critical field where the
perfect diamagnetism is expected. The non-Cu fraction for the
KAT strand is 0.5 and the superconducting volume fraction with
respect to the non-Cu volume at 16.5 K is 14.3%. The supercon-
ducting volume fraction sharply increases with decreasing tem-
perature. It is 22.8% and 24.5%, at 15.5 and 15 K respectively
and finally saturated below 14.5 K to 25.7%. Similar behavior is
observed for the MELCO strand. At 16 K the superconducting
volume fraction is 20.4% and saturated to 25.5% below 14.5 K.
Near the upper critical field, a slight positive curvature is ob-
served in the data shown in Fig. 5. It is attributed to
sample inhomogeneity and the data lower than 5 G are
not used for the fitting.

The temperature dependences of the Ginzburg-Landau pa-
rameter , the thermodynamic and the upper critical field

obtained from the Hao-Clem analysis for the KAT
and the MELCO strand are shown in Figs. 6 and 7. According
to the recent theoretical calculations for using strong

Fig. 5. The (superconducting) volume magnetizations for the KAT strand at
various temperatures. Solid lines are the Hao-Clem fitting results. Inset: The
volume magnetizations for the MELCO strand with the Hao-Clem fitting results.

Fig. 6. The temperature dependences of the superconducting parameters ob-
tained from the Hao-Clem model analysis for the KAT strand. Solid lines are
calculated with (3). Dotted lines are calculated with empirical formulas.

coupling theory of superconductors, the temperature depen-
dences of superconducting parameters can be written as [4],

(3)

Solid lines in Figs. 6 and 7 are calculated with (3). The fitting pa-
rameters, , , , , , and , for the KAT strand
are 4.35 kG, 28.0 T, 45.5, 17.4 K, 0.5, 1.5 and for the MELCO
strand, 5.05 kG, 32.0 T, 44.8, 17.0 K, 0.5, 1.5, respectively. The
differences in the superconducting parameters between the KAT
and the MELCO strands can be attributed to slight differences
in tin content or ternary element addition. The effects of tin con-
tent variation and ternary element on and are recently
reviewed by Godeke [13].

Dotted lines in Figs. 6 and 7 are calculated with widely used
empirical formulas, for comparison. For the temperature de-
pendence of , the two fluid model approximation,
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Fig. 7. The temperature dependences of the superconducting parameters ob-
tained from the Hao-Clem model analysis for the MELCO strand. Solid lines
are calculated with (3). Dotted lines are calculated with empirical formulas.

, is represented as a dotted line in Figs. (6a) and
(7a). The best fit is obtained with of 4.5 kG for the KAT
strand and 5.25 kG for the MELCO strand, with the same value
of used for the fitting with (3). obtained from the fit-
ting to the empirical formula is slightly higher than that ob-
tained from the fit to (3). In Figs. (6b) and (7b), an empirical
expression for the temperature dependence of the upper crit-
ical field [5], [6], , with
is shown as a dotted line. The same fitting parameters of
and obtained from the fit to (3) are used. The empir-
ical relation for is also reported by Godeke et al. [7]
from the analysis of resistive transition data. In their work, the
upper critical fields obtained from transport measurements are
reported to be comparable with magnetization results where the

is defined as the lowest field at which magnetization without
paramagnetic background becomes zero. The Summers relation
[1], , is presented as a
dotted line in Figs. (6c) and (7c). The fitting parameter used
for the calculation of the Summers expression are 46.3 for the
KAT strand and 45.7 for the MELCO strand. Within the tem-
perature range analysed in this work, it is difficult to verify the
validity of a particular expression. The lower bound of 14 K
is due to the magnetic field limitation of the SQUID magne-
tometer. Below 14 K, the irreversibility fields are very close to
or even higher than 7 T, the maximum field used in this work,
and the Hao-Clem model analysis cannot be applied. With a bit
lower temperature and higher field measurements, a proper ex-
pression especially for the Ginzburg-Landau parameter might
be easily verified. If we can further determine the strain depen-
dences of the superconducting parameters from magnetization
measurements by the method described in this work, the strain
and temperature dependences proposed in each scaling law can
be directly compared.

IV. CONCLUSION

In Summary, detailed magnetization measurements for two
internal-tin strands have been made. A huge difference
in paramagnetic backgrounds for the two strands is observed. In
particular, the paramagnetic background for the MELCO strand
can be represented as a sum of Pauli and Langevin paramag-
netism. From the asymmetry in the magnetic relaxation rate
for flux entry and exit, we report a possibility of surface bar-
rier effect. Reversible magnetization data are analysed by the
Hao-Clem model to deduce the temperature dependences of the
Ginzburg-Landau parameters , the thermodynamic and the
upper critical fields . The temperature dependences of
the superconducting parameters obtained are compared with the
recent theoretical predictions and the empirical formulas. The
method used in this work will be useful for a study on the strain
and temperature dependences of the superconducting parame-
ters from magnetization measurements.
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