J Supercond Nov Magn (2017) 30:569-574
DOI 10.1007/s10948-016-3840-4

CrossMark

@

ORIGINAL PAPER

Magnetoresistance, Irreversibility Fields, and Critical
Currents of Superconducting 2G Tape

W. M. Woch! - M. Kowalik! - M. Giebultowski! - R. Zalecki! - A. Szeliga! -

J. Przewoinik! - Cz. Kapusta!

Received: 28 September 2016 / Accepted: 30 September 2016 / Published online: 14 October 2016
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract The magnetoresistance, irreversibility fields, and
critical current density were studied for a commercial 2G
tape at the two relative orientations of magnetic field and
superconductor plane. The critical temperatures of this tape
of Teso = 91.5 K and T,p = 90 K and the width of
superconducting transition of AT = 1.5 K were obtained.
The widths of the transition from the normal to the super-
conducting state do not increase at the applied magnetic
field up to 90 kOe and do not depend on the orienta-
tion of the magnetic field with respect to the tape plane.
The irreversibility field values were obtained and success-
fully fitted as a function of temperature using the formula:
Hyy =
an anisotropy, and at the liquid nitrogen temperature, they
reach Hj; = 430 kOe and Hj; = 106 kOe for the parallel
and perpendicular directions, respectively. The anisotropy
ratio amounts to y = 4 at 77 K and is small in compari-
son with other high-temperature superconducting materials.
The critical current density of this tape was found to be of
the order of 106 A cm~2 at 77 K in the self-magnetic field.

n
) <1 — Tl()) . The irreversibility fields show
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1 Introduction

In classical low-temperature superconductors, the resistive
transition from the normal to the superconducting state is
generally sharp and significant broadening of the transi-
tion is usually hardly observable. It is because in low-
temperature superconductors, pinning is reasonably effec-
tive, while the fluctuating effects are relatively unimportant.
So that there is a rather sharply defined resistive transi-
tion in which the resistance drops to zero in a very narrow
temperature range. The applied magnetic field generally
moves the resistive transition as well as the critical tem-
perature to lower temperatures and increases the width of
the resistive transition [1, 2]. The utterly different behav-
iors can be observed in high-temperature superconductors
(HTSs) in which the width of the resistive transition is easy
to observe and it can be anomalously broadened under the
influence of the applied magnetic field. This effect was
observed for almost all HTSs, particularly in the bulk [3,
4], single-crystalline [5], thin-film [6], and first-generation
(1G) bismuth-based tape [7] forms. The width of the resis-
tive transition of HTS can generally be described in the
following form [6]:

AT = CH™ + AT, (1

where m = 2/3 and ATy denotes the width at the zero
applied magnetic field. The exponent m is related to the
exponent n that appears in the temperature dependence of
the irreversibility field by the relation: m = 1/n. The coef-
ficient (C) depends on the critical current at zero magnetic
field as well as on the critical temperature. The high-
temperature superconductors are an extreme second type
with a large penetration depth (1) of the order of 10°—
10* A [8] and a very small coherence length (&) of the order
of 10 A [9]. This makes the Ginzburg—Landau parameter

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-016-3840-4&domain=pdf
mailto:wmwoch@agh.edu.pl

570

J Supercond Nov Magn (2017) 30:569-574

(k = A/&) of the order of 102 or more. Other important
superconducting parameters are also extremely anisotropic
(e.g., the ratio of c-axis to a—b plane direction of pene-
tration depths (y = Ac¢/Aqp) is of the order of 10-10? for
YBCO and of the order of 10* for BSCCO) like the crit-
ical currents, the irreversibility fields, and others. This is
due to the anisotropic layered structure of weakly coupled
CuO; superconducting planes. Typical critical current den-
sities of the 1G bismuth-based tapes are of the order of
15-35 kA cm~2 at 77 K in the own magnetic field [10]
that gives the critical currents of the order of 120-170 A
for typical tapes [11, 12]. These critical currents decrease to
20-60 A in the magnetic field of B = 1 T at 77 K. One of
the highest critical current densities reported for 1G tapes
was about 110 kA cm~2 at 77 K [13]. The critical current
densities of YBCO c-axis-oriented film can reach 1.2 x
10* kAcm™~2 at 77 K in the self-magnetic field [14].

In this paper, the temperature dependencies of the mag-
netoresistance of commercial second-generation (2G) tape
were measured and studied. The unique field dependen-
cies of the transition width are reported and analyzed. The
temperature dependencies of the irreversibility fields were
obtained and interpreted within the vortex glass picture of
HTS. The transport critical current at 77 K was measured.
The absorption part of a.c. susceptibility was measured and
used for calculations of the critical current densities using
Bean’s critical-state model.

2 Experiment

The commercial 2G HTS tape was manufactured by Super-
Power Inc. The width of the tape is 4 mm and its thickness
is 50 um. The average thickness of the superconducting
material is about 1pum.

The temperature dependencies of the magnetoresistance
were measured using the standard four-point a.c. method
option of the Quantum Design PPMS apparatus equipped
with a 90 kOe superconducting magnet. The measurements
were carried out for the two relative configurations of the
tape plane and the applied magnetic field: perpendicular and
parallel. The transport critical current density was measured
at the liquid nitrogen temperature with the fourpoint method
using a d.c. current power supply. For these measurements
the H-shaped sample was prepared. The cross section of the
superconducting film of the tape is 0.5 x 0.001 mm. The
gap between the voltage contacts is 3 mm. The dispersion
(x) and absorption (") parts of the a.c. susceptibility as
a function of temperature in the a.c. magnetic field ampli-
tudes ranging from 0.098 Oe up to 11 Oe were measured
by a standard mutual inductance bridge operating at the
frequency of 188 Hz. A Stanford SR 830 lock-in nanovolt-
meter served both as a source for the a.c. current for the
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coil which produced the a.c. magnetic field and as a volt-
age meter of the bridge. The temperature was monitored by
a Lake Shore temperature controller employing a chromel-
gold—0.07 % Fe thermocouple with the accuracy of £0.05 K
for this experimental setup. The magnetic field was parallel
to the sample surface.

3 Results and Discussion

The temperature dependencies of the magnetoresistance for
the parallel and perpendicular magnetic field orientations
with respect to the tape plane are shown in Fig. 1a, b, respec-
tively. At the zero magnetic field, the critical temperatures
for this tape are of T;50 ¢ = 91.5 K and T9 = 90.0 K and
the width of superconducting transition is ATy = 1.5 K.
One can notice a significant shift of the superconducting
transition to the lower temperatures if the applied magnetic
field is increased and, at the same time, the transition from
the normal to the superconducting state is not broadened.
A bigger shift is observed if the applied magnetic field is
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Fig. 1 Temperature dependencies of the magnetoresistance of the
2G tape for the parallel (a) and perpendicular (b) orientations of the
applied magnetic field with respect to the tape plane
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perpendicular to the tape plane. The width of the resistive
transition that is usually defined as AT = Tog ¢, — T10 %
is of the order of 1.5 K for the different applied magnetic
fields for both orientations (see Table 1). A very impor-
tant observation is that the transition from the normal to the
superconducting state does not broaden if the applied mag-
netic field is increased up to 90 kOe and does not depend on
the orientation of the magnetic field with respect to the tape
plane.

The most important curve on the H-T phase diagram
of HTS is the irreversibility line [15, 16] that separates the
vortex glassy from the vortex liquid state. This line is deter-
mined by the temperature dependence of the irreversibility
fields, and above it, the flowing current forces the vortices to
move. It means that energy dissipation occurs and the super-
current vanishes. From this point of view, the irreversibility
field of HTS plays a similar role to that of the upper critical
field in classical superconductors. The temperature depen-
dence of the irreversibility field can be described by the
following relation [15]:

T n
Hiy irrQ <1 TcO> (2)
where Hiyo is the irreversibility field at O K, Ty is the zero
critical temperature at zero magnetic field and the expo-
nent n which is theoretically 3/2, can vary in wide range
and depends on the vortex properties. One can assume
[6] that the temperature at which the whole sample stays
superconducting (resistance equal to zero) at the given mag-
netic field separates the reversibility from the irreversibility
region. The data Hi(T) were derived from the magne-
toresistance measurements and are shown in Fig. 2. The
experimental data of Hj(T) were successfully fitted using
(2) with the two fit parameters: n and Hj. The zero
field critical temperature Tco = 90 K was taken from the
experiment (solid lines in Fig. 2). The fit procedure deliv-
ers the following parameter values: n = 1.56 £ 0.02 and

Table 1 The width of the resistive transition for the different applied
magnetic fields for both orientations of the field versus the tape plane

Applied magnetic field (kOe) Width of the resistive transition (K)

H 1 plane of tape H || plane of tape
0 1.5 1.5
2 1.6 1.5
4 1.5 1.5
8 1.5 1.5
16 1.5 1.5
30 1.3 1.5
50 1.3 1.5
70 1.5 1.5
90 1.4 1.6

150

— 100
(0]
O
=<
T 50

O H,, for H parallel to tape
O H,, for H perpendicular to tape
O C L L L | L L L L | L L L L

75 80 85 90

T (K)

Fig. 2 Irreversibility fields as a function of temperature for the per-
pendicular (open squares) and the parallel (open circles) orientations
of the applied magnetic field with respect to the tape plane. Solid lines
are the fits to (2)

Hirro = 9090 + 420 kOe for the parallel direction and
n = 1.08 £ 0.03 and Hjp = 880 £ 60 kOe for the perpen-
dicular direction. The exponent for the parallel direction is
much higher than for the perpendicular one. The big differ-
ence of the values of the exponent n suggests that there is
a high texture in the superconductor film of this tape and
the a—b plane of HTS crystallites largely coincides with the
tape surface. The irreversibility fields show an anisotropy,
and at the liquid nitrogen temperature, they are as follows:
Hi;r = 430 kOe and Hjy = 106 kOe for the parallel and the
perpendicular directions, respectively.
The anisotropy ratio can be expressed as [17]

Ae . HcZHab _ HirrHab

= , (3)
Aab HcZHc HirrHc

‘}/ =
where the upper critical fields parallel to the ab plane and to
the c-axis, respectively, were replaced by the irreversibility
fields corresponding to both directions. The anisotropy ratio
amounts to y =4 at 77 K which is small in comparison with
other HTS materials.

The transport critical current density for the 2G tape
was measured at the liquid nitrogen temperature by the
four-point technique using a d.c. current power supply. The
voltage drop is shown as a function of the applied d.c.
current in Fig. 3. According to this dependence, one can
notice that at the current of / = 17.2 A, the voltage drop
starts to increase following the E = 107% V em™! crite-
rion. This value of the current was taken for evaluation of
the critical current density. The H-shaped cross section of
the superconducting film of the tape (0.5 x 0.001 mm)
gives the cross-sectional area (S = 5 x 10~ cm?), and the
critical current density obtained amounts to J. = 3.44 x
10% A cm~2 at 77 K in the self-magnetic field.
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Fig. 3 Voltage drop as a function of the applied d.c. current. Inset
shows that at the current / = 17.2 A, the voltage drop starts to rise

The temperature dependences of the real (x’) and imag-
inary (x”) parts of the a.c. susceptibility measurements are
shown in Fig. 4. On the transition from normal to the super-
conducting state, one can observe a sharp step in the x'(T)
dependence and a very narrow peak of its imaginary com-
ponent x”. The critical temperature determined from the
x'(T) dependence is T, = 90.05 K (see the inset in Fig. 4),
and the width of the transition determined from the x”(T)
dependence is AT, = 0.5 K. These features give evidence
of a good quality of the superconducting film used in this
tape. The absorption part in the a.c. susceptibility is shown
in Fig. 5 as a function of temperature for several values of
the a.c. applied magnetic fields. It exhibits, in general, one
peak related to the energy losses of the inter-granular region
that moves to lower temperatures when the applied mag-
netic field amplitude is increased. These shifts are small, so

- 3 T.=90.05K u
©
—~ B —
S e 15
(0] 89 90 91 92 " ©
~r T/K " X ~
N i 15

[ ZFC,H,_=0.09821 Oe K 1

78 80 82 84 86 88
T (K)
Fig. 4 Real (x') and imaginary (x”) parts of the a.c. susceptibility

as a function of temperature for the 2G superconducting tape. Inset
illustration of the way of the critical temperature determination
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Fig. 5 Selected curves of the imaginary part of the a.c. susceptibility
as a function of temperature

it means that the critical current densities in the sample are
very high.

The critical current densities were obtained from the peak
positions in the absorption part of the a.c. susceptibility
using Bean’s critical-state model which is expressed by the
formula [18, 19]

 2H,.

7 “

Je

where H, . is the a.c. magnetic field amplitude and d is
the sample thickness in the direction perpendicular to the
a.c. field. The critical current densities are shown in Fig. 6
as a function of temperature. They are related to the inter-
grain properties of the superconducting material. According
to the Ginzburg—Landau strong coupling limit approach, the

J(77K)=5 MA/cm”

2
)
N
(&)}
T

0k .

! !
89.4 89.6

T (K)

Fig. 6 Critical current densities as a function of temperature (open
circles). The solid line is the fit to (5)
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critical current varies with temperature following the equa-
tion [20]

T\"
Jo= JCO <1 - Fc) (5)

where T, is the critical temperature and J. is the critical
current at 0 K. Originally, the exponent n was determined
to be 1.5 [15, 21] but it may vary within a wide range
[22]. If the exponent n is greater than unity, strong pin-
ning occurs and a vortex glass structure can be observed.
In this case, the function expressed by (5) has a slightly
upward curvature which is typical for HTS. If the exponent
n is less than unity, the pinning force is rather weak, which
limits the critical current. Then, the function expressed by
(5) has a downward curvature typical for low-temperature
superconductors.

The temperature dependence of the critical current den-
sity of the tape was fitted using (5) in which the critical
current at 0 K, Jo, and the exponent n are the fit parameters.
The critical temperature value 7 = 90.05 K was taken from
the experiment. The fit to the temperature dependence of the
critical current density is shown in Fig. 4 by a solid line. The
fit parameters J.o and n as well as the critical current density
at the liquid nitrogen temperature (J. = 77 K), derived using
(5), are the following: Joo = 1.7 x 108 Acm™2,n =138,
and J. (77 K) = 5 MA cm 2. The transport critical current
flows through the grains as well as through the inter-grain
links which can be treated as Josephson junctions. The crit-
ical current is limited by the weakest junctions along the
current percolative path. A comparison of the critical cur-
rent densities at 77 K obtained from the transport and from
the a.c. susceptibility measurements shows that these val-
ues are close to each other. So that one can realize that the
a.c. susceptibility measurement is a convenient alternative
method to get the critical currents to that from transport
measurements and is much easier to carry out. The expo-
nent n = 1.8 is much higher than unity that is typical for
HTS, and it exhibits an upward curvature of J(7T) depen-
dence. It means that a vortex glass structure occurs with a
strong pinning force, which plays an important role for the
applied properties of this tape.

4 Conclusion

The superconducting second-generation tape studied
exhibits good superconducting parameters: the high critical
temperatures of T¢s0 ¢ = 91.5 K and T9 = 90.0 K and the
width of superconducting transition of ATp = 1.5 K. A
significant shift of the superconducting transition to lower
temperatures with the increasing applied magnetic field is
observed. A very important and unique feature of this tape
is that the transition from the normal to the superconducting

state does not meaningfully broaden in the applied magnetic
field up to 90 kOe and does not depend on the orientation of
the magnetic field with respect to the tape plane. The tem-
perature dependencies of irreversibility fields were derived
and successfully fitted using (2). The fit procedure delivers
the following exponents: n = 1.56 =+ 0.02 for the parallel
direction and n = 1.08 =+ 0.03 for the perpendicular direc-
tion with respect to the plane tape. The exponent for the
parallel direction is much higher than that for the perpen-
dicular one. A big difference of the values of the exponent
n suggests that there is a high texture in the superconductor
film of this tape, such that a—b plane largely coincides
with the tape surface. The irreversibility fields show an
anisotropy, and at the liquid nitrogen temperature, they are
of Hj = 430 kOe and Hj;; = 106 kOe for the parallel and
the perpendicular directions, respectively. The anisotropy
ratio which amounts to y = 4 at 77 K is quite small in
comparison with other HTS materials. The critical current
density measured by the transport method was found to be
Jo = 3.44 x 10° A cm~2 at 77 K in the self-magnetic field.
The critical current densities were also obtained from the
peak positions of the absorption part of susceptibility using
Bean’s critical-state model. The temperature dependence
of the critical current density of this tape was successfully
fitted using (5). From the fit parameters, the critical cur-
rent density in the liquid nitrogen temperature was derived
according to (5) (J; (77 K) = 5 MA cm™2) in the self-
magnetic field. The values of critical currents obtained
with the transport method and the a.c. susceptibility
measurements are in satisfactory agreement.
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