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Comparison of temperature and field dependencies
of the critical current densities of bulk YBCO,

MgB2 and iron-based superconductors
A. Koblischka-Veneva, M. R. Koblischka, K. Berger, Q. Nouailhetas, B. Douine, M. Muralidhar and M. Murakami

Abstract—We compare the temperature and field dependence
of the critical current densities of high-Tc superconductor ma-
terials intended for various bulk applications like trapped-field
magnets. This comprises bulk samples of YBa2Cu3Ox (YBCO),
MgB2 and iron-based materials, including also various versions of
the YBCO compound like melt-textured ones, infiltration-growth
processed ones, and YBCO foams. Critical current densities
and flux pinning forces were obtained from magnetization loops
measured using Quantum Design SQUID and PPMS systems
with applied magnetic fields of up to ±9 T. The obtained data
are compared to each other with respect of the optimal cooling
temperature possible using modern cryocoolers. Furthermore,
we plot the temperature dependencies of the critical current
densities versus the normalized temperature t = T/Tc. This
enables a direct judgement of the performance of the material
in the trapped field applications.

Index Terms—YBCO, MgB2, iron-based superconductors, crit-
ical currents, temperature dependence.

I. INTRODUCTION

THE magnetic properties of high-Tc superconducting sam-
ples are commonly plotted like magnetization M or

critical current jc as function of applied field, Ha. However, if
we want to compare different types of such superconductors
with each other, the different values of the superconducting
transition temperature, Tc, have to be considered as well as
this defines which coolant or cooling procedure is required in
an application. Therefore, the irreversibility lines, Hirr(T ), are
often discussed in review articles [1], [2], when addressing the
proper use of the superconducting materials.

For the application as superconducting permanent magnets,
dubbed supermagnets or trapped field (TF) magnets, there are
three different candidate materials available: (i) bulk, melt-
textured single crystalline materials of YBa2Cu3Ox (YBCO or
RE-123, where RE indicates rare-earths) [3], [4], and a super-
conducting YBCO foam [5]. (ii) Bulk, polycrystalline MgB2
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prepared in two different ways [6], [7] and (iii) bulk, polycrys-
talline iron-based superconductors (IBS) of Ba0.6K0.4Fe2As2
(122) [8], [9] and FeSe with addition of Ag [10], [11] were
chosen for comparison. The latter two types of material offer
a much easier (and hence, cheaper) way of producing the
samples as the grain boundaries (GBs) were found not to be
weak-links, but do provide flux pinning like in the case of
conventional superconductors like NbTi or Nb3Sn. For FeSe,
which would be the simplest possible material free of toxic
components, the GB pinning is still under question [12]–[14].
Furthermore, all these samples are free of rare earths.

To come to a decision which superconducting material
offers the best-suited properties for applications regarding
also the demands of the required cooling equipment, we
investigated the temperature dependence of the critical current
densities of several types of samples being interesting for the
application as TF magnets. The sample preparation and the
jc(H) behavior of the selected samples are described in the
references given. For most of the samples, new measurements
were required using samples cut to smaller size (max. 1 × 1
× 0.5 mm3). For the RE-123 materials, we have chosen a bulk
YBCO sample [15] prepared via the infiltration-growth (IG)
process [16], [17], a strut of a YBCO foam due to its outstand-
ing pinning properties [5], [18], [19], and a (Nd,Eu,Gd)-123
(NEG) melt-textured bulk with TiO2-nanoparticles enhancing
the flux pinning properties [20], [21]. For MgB2, we selected
a sample prepared via solid-state sintering [6], a spark-plasma
sintered sample [7], [22] and a sintered sample with added
carbon-encapsulated boron [23], [24]. Finally, for the IBS, we
selected sintered FeSe with 4 wt.-% Ag [11], [25] and we took
data of hot-isostatic processed (HIP) 122 sample from Weiss
et al. [8], [9], where already data of TF measurements were
published. For comparison, all jc data are plotted versus the
reduced temperature, t = T/Tc.

II. EXPERIMENTAL PROCEDURE

Details of the sample preparation procedures of the samples
investigated here can be found in the literature [5]–[8], [15],
[20], [24]. Table I summarizes the superconducting transition
temperatures, Tc, the transition width, ∆Tc, and information
about the measured sample size and the size available for TF
experiments.

Magnetic measurements were performed using a Quantum
Design MPMS3 SQUID system with ±7 T applied field,
and Quantum Design PPMS systems equipped either with an
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extraction magnetometer or with VSM option (± 7 T and
±9 T applied magnetic field). I n a ll c ases, t he fi eld was 
applied perpendicular to the sample surface. The field sweep 
rate was always 0.36 T/min. From the magnetization data, the 
critical current densities, jc, were evaluated using the extended 
Bean approach for rectangular samples [26]. The irreversibility 
lines were determined from the closing of the hysteresis loops 
from own measurements, except the literature data [8], where 
extrapolation from the jc(H) graphs was employed [27].

III. RESULTS AND DISCUSSION

The jc(T )-data were extracted from the measured/published 
jc(Ha)-data at 0.5 T, 1.0 T, 1.5 T, 2.0 T, 2.5 T, 3.0 T, 3.5 T, 
4.0 T, 4.5 T and 5 T applied fields. These data are then plotted 
versus the reduced temperature, t = T/Tc to account for the 
differences in Tc between the samples of different origin or 
different treatments.

Figure 1 presents the temperature dependence of jc for 
three different types of MgB2 samples. Data at temperatures 
below 10 K were severely influenced b y fl ux ju mps [28], 
which are a serious problem for bulk MgB2. Therefore, the 
application temperature aimed for is commonly chosen to be 
20 K (t ≈ 0.52), which is easily accessible using cryocoolers. 
The sintered, polycrystalline MgB2 sample treated at 775 ◦C 
shows only small current densities as compared to the sintered 
MgB2 sample where carbon-coated boron was added, and 
to the spark-plasma sintered MgB2 sample (HD1200), which 
shows a very high density (almost 99.2 % of the theoretical 
value). For the sintered, polycrystalline MgB2 samples, the 
reaction temperatures between 775 and 805 ◦ were found to be 
optimal in previous works [6], [29], [30], but a certain amount 
of porosity still remains in the samples which severely limits 
jc. The sample HD1200 was spark-plasma sintered at 1200 ◦C, 
which may lead to the formation of some MgB4 particles, but 
these were found to be located mainly along the GBs and not 
within the MgB2 grains, where they would be more effective 
as flux pinning sites. The density of this sample reaches 99.2%
of the theoretical value [7]. As a result, the MgB2 sample with 
10 %-added carbon-coated boron exhibits the highest critical 
current densities of all MgB2 samples studied here. It is also 
important to point out that all MgB2 samples share the fact 
that only relatively small fields can be applied without severe 
reduction of jc, so at 60% of Tc, only small currents can flow 
in the sample. This indicates that all MgB2 samples suffer 
from a relatively low Hirr(T ) [1], [2], [31].

Figure 2 shows a similar comparison of three different 
types of REBCO samples, including an IG-processed, melt-
textured bulk sample, a single strut of a superconducting 
YBCO foam and a NEG sample with addition of 0.1 mol-%
TiO2 nanoparticles. The latter sample was found to exhibit 
very large critical current densities, especially at elevated 
temperatures [21]. The IG-processed YBCO sample and the 
YBCO foam strut share the preparation route using the IG-
approach, but the foam strut stems from a real 3D structure, 
so the crystallographic texture is not in (001)-direction as 
in the case of the bulk piece. The microstructure of both 
types of samples is, however, similar to each other, and both
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Fig. 1. Temperature dependence of jc vs. t = T/Tc at various applied
magnetic fields of selected MgB2 samples. The lines are guidelines for the
eye.

samples share the presence of many, very small 211 particles
as discussed in Ref. [18]. These particles provide additional
flux pinning, and the pinning force scaling of these two sample
types exhibit peak positions of ∼0.5 and a completely different
shape of the resulting pinning function which resembles a
dome-shape. The consequence is a clear upturn of jc(T ) at
lower temperatures, and a slow increase between Tc and about
t = 0.8. In the case of the NEG-sample doped with 0.1 mol-
% TiO2 nanoparticles, these additional particles can provide
additional flux pinning, which is mainly effective at elevated
temperatures [21]. The resulting jc(T )-curves show a much
steeper upturn right away from Tc, yielding relative high jc
data at 77 K, and eventually, even applications at 90 K may
become possible using such samples. The temperature aimed
at for applications of the RE-123 samples is normally 77 K
(t = 0.85), which is very close to Tc as compared to the
other materials. Cooling these samples to lower temperatures
enables very large trapped fields to be realized, see e.g., the
record trapped field values achieved in [3], [4].

Figure 3 presents finally the results of the two IBS samples.
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TABLE I
SUPERCONDUCTING PARAMETERS OF THE SAMPLES INVESTIGATED, DIMENSIONS, REFERENCES AND REMARKS.

Sample type Tc ∆Tc dimensions Ref. remarks
[K] [K] [mm3]

YBCO-IG 91 1.7 1.5 × 1.5 × 0.5 [15] 27 mm dia.
YBCO foam 91.1 3.2 1.5 × 0.7 × 0.07 [19] single foam strut

NEG + 0.1 mol% TiO2 93.2 2.1 1.5 × 1.5 × 0.5 [20] 18 mm dia., 10 mm height
MgB2 sintered 38.5 2.3 1.5 × 1.5 × 0.5 [6] 20 mm dia., 775◦C reaction temp.

electric and magnetic data available
MgB2 HD1200 38.5 0.6 1.5 × 1.0 × 0.5 [7], [22] spark-plasma sintered, 99.2% dense, up to 50 mm dia.

MgB2 CB90+CCB10 37.8 1.8 3.5 × 3.0 × 2.0 [23], [24] 10% carbon-coated boron, 20 mm dia., 7 mm height
FeSe+4 wt.-% Ag polycryst. 9.42 0.98 1.0 × 1.0 × 0.5 [25] 10 mm dia, 7 mm height, electric and magnetic data available

Ba0.6K0.4Fe2As2 (122) 37.1 7.5 no information [8], [9] HIP-processed, polycrystalline, 10 mm dia., 92% dense
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Fig. 2. Temperature dependence of jc vs. t = T/Tc at various applied
magnetic fields of selected REBCO samples. The lines are guidelines for the
eye.

The first sample is a FeSe sample plus 4 wt.-% Ag [11],
[25]. The Ag-addition proved to be effective to improve the
superconducting properties of FeSe as well as the grain con-
nectivity, allowing the use of the simple sintering process. The
second type is a polycrystalline 122 sample, densified using
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Fig. 3. Temperature dependence of jc vs. t = T/Tc at various applied
magnetic fields of the selected IBS samples (sintered FeSe + 4 wt.-% Ag and
polycrystalline Ba0.6K0.4Fe2As2 (122) after HIP). The lines are guidelines
for the eye.

HIP [8], [9]. This type of sample was already demonstrated
as TF magnet [9]. For IBS, the possible operation temperature
would be 4.2 K (t ≈ 0.47 (FeSe) or t ≈ 0.1 for 122), which
is for FeSe a similar reduced temperature like in the case of
MgB2. The advantage of the IBS are the much larger magnetic
fields possible, which is also seen from the higher Hirr(T ) in
Fig. 6 below. In Figs. 4 and 5, we finally compare the jc(T )
data at two selected applied fields, 0.5 T (Fig. 4) and 2 T
(Fig. 5). At 0.5 T applied magnetic field, the superconducting
properties of all samples are well developed. In contrast, 2 T is
larger than the surface field of any permanent magnet, which
makes this field a first target field for applications. Here, we
can see that jc(REBCO) > jc(MgB2) > jc(IBS), with the
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exception of the lower jc of the YBCO foams. Nevertheless,
the large potential of the foams is demonstrated by the high
irreversibility line (see below), so it could be possible to come
close to jc of the IG-processed bulks when the texture is
further optimized [19]. The other REBCO materials develop
high critical current densities already very close to their Tc,
showing a steep increase when lowering T . All MgB2 samples
exhibit a similar jc(T ) dependence, and the additional flux
pinning sites get active only below t ≈ 0.65. The jc data of

the sample with added carbon are found to be comparable to
those of YBCO, but for that the sample has to be cooled down
to t ≈0.4. At 20 K (t = 0.52), jc is still smaller as that of
REBCO at 60 K (t = 0.66).

Figure 6 presents Hirr(T ) for all samples, plotted also versus
the reduced temperature, t = T/Tc. Hirr(T )-data possible
with the REBCO materials are fairly above the other two
material systems. Also, Hirr(T ) of the IG-processed materials
is much higher than that of melt-processed samples, even
with the addition of nanoparticles as flux pinning sites. This
also applies for the IG-processed foam sample. All MgB2

samples reveal a very similar Hirr(T )-behavior, irrespective
of the pinning sites added. The Hirr(T )-data of MgB2 and
FeSe are strikingly similar to each other in a wide range of
t. Only below t =0.4, the data begin to show the potential of
the IBS materials. In contrast, the 122 sample exhibits Hirr

close to that of YBCO at similar t, which demonstrates the
usefulness of the IBS materials operating at low T .

Overall, for TF magnet applications 3 different material
systems are currently available, which all have their advan-
tages and disadvantages. Concerning the highest jc values, the
REBCO materials show the highest ones, and also exhhibit
the highest Hirr(T ) of all compounds. Furthermore, REBCO
materials enable the use of liquid nitrogen (77 K) as coolant.
This advantage is, however, paid for by a specifically devoted
and costly preparation technique. The materials with simpler
(and cheaper) preparation techniques like MgB2 and IBS
require the use of cryocooling systems due to their lower Tc.
MgB2 to date cannot operate at fields higher than 4 T, even
at low temperatures and suffers from the flux jump problem,
leading to a chosen operation temperature at 20 K, which
is a good compromise. The IBS materials offer high enough
currents at high fields and low T , so they are a good alternative
to MgB2 without the flux jump problem. Both systems still
require further development of the flux pinning properties.

IV. CONCLUSION

In summary, we have presented jc(T )-data from a variety
of samples which are interesting for applications as TF mag-
nets. Plotting jc as function of t = T/Tc enables a direct
comparison of the different materials and various preparation
routes employed. For TF magnets, the REBCO materials set
the goal for the other systems, as both jc(T ) and Hirr(T )
are the largest ones, being well developed already at t =0.9.
The MgB2 materials suffer from the relatively low Hirr(T ),
but when cooled to low temperatures below 20 K, current
densities similar to that of REBCO at 60 K can be reached,
provided that additional flux pinning sites are added to the
compound (e.g., by C addition). If only trapped felds of about
1-2 T are demanded, then MgB2 has the clear advantage of the
cheap preparation technology. Finally, IBS materials can also
be processed using simple technology, and have the potential
for high trapped fields free of flux jumps operating at 4.2 K.
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