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Abstract
It is important to investigate condensation energy density of superconducting material, since it determines its pinning
property. According to the heavy-ion irradiation, the columnar defects are introduced to the superconductor which act
as the strong pinning centers, and the critical current density is enhanced by the new pinning centers. Since the number
density and the size of the columnar defects can be observed, the condensation energy density is estimated by using the
pinning summation theory. In the present study, we prepared Ba(Fe0.93 Co0.07 )2 As2 (Ba-122) pnictide superconductors
by self-flux method. 200 MeV Au ions were irradiated into the specimens along c-axis and the matching field was
2 T. After the irradiation, the critical current density was 6 times larger than that before the irradiation. The estimated
condensation energy density is in the order of 104 J/m3 and is slightly smaller than those of cuprate superconductors.
The temperature dependence is similar to that of YBa2 Cu3 O x oxide superconductors, since the anisotropy parameter is
small in Ba-122. Therefore, it is expected to use Ba-122 at high temperatures near the critical temperature.
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1. Introduction
Newly discovered series of Fe pnictide superconductors have been studied from many interests of
physics and engineering, since the superconducting mechanism is diﬀerent from those of cuprate superconductors and conventional metal superconductors, and the critical temperature is quickly raised to 55 K
after the first discovery in LaFeAsO (1111-type) [1]. Many eﬀorts have been done for preparing wires for
future applications. The first SmFeAsO wire prepared by the powder-in-tube method with critical temperature of 52 K was reported on the same year of discovery of 1111-type [2]. It is well known that there are
two types of critical current densities inside the wire which are corresponding to local and global critical
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors.
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currents. Although the local critical current density value of 2.0 × 109 A/m2 was observed by magnetization
method, the global critical current density was 3.9 × 107 A/m2 and 100 times smaller than the local value.
It is desired to enhance the connectivity between the grains to improve the characteristics of critical current
density. In the case of cuprate superconductors, the same problem was well known and was overcome by
introducing new techniques, such as coated conductor in REBa2 Cu3 O x (Rare Earth-123) superconductor [3]
and controlled over pressure processing in Bi2 Sr2 Ca2 Cu3 O x (Bi-2223) [4]. It is expected that the problem of
grain boundaries in Fe pnictide superconductors will be solved by introducing a suitable technique in near
future. In fact, critical current over 60 A in (Ba, K)Fe2 As2 in Ag sheath wire has recently been reported [5].
Therefore, it would be of great interest to estimate the potential of the critical current density in Fe pnictide
superconductor.
The condensation energy density of a superconductor, Fc = B2c /2μ0 is a physical quantity which represents the strength of the superconductivity, i.e., the energy density diﬀerence between the normal and
superconducting states, where Bc is the thermodynamic critical field. In practical cases, the pinning mechanism which determines the critical current density is the condensation energy interaction of normal cores
of flux lines and pinning centers. That is, the critical current density is determined by the products of the
condensation energy density, volume, number density and eﬃciency of pinning center. For example, the
value of Fc of Nb-Ti is 2.2 × 105 J/m3 at 0 K and is 5 times smaller than that of Nb3 Sn. Therefore, it is
essential to improve the pinning eﬃciency to obtain high critical current density by introducing complicated
form of α-Ti as the pinning centers for practical Nb-Ti wire.
Thus, it is necessary to estimate Fc of a Fe pnictide superconductor to understand the future potential
of critical current density. In our previous works, the temperature dependences of Fc of cuprate superconductors such as RE-123 and Bi-2223 were estimated using the pinning center introduced by heavy-ion
irradiation [6]–[10]. The density and size of the pinning center were estimated from the observation of an
electron microscopy. Therefore Fc was estimated from the results of the critical current density. In this study,
the condensation energy density of Ba(Fe, Co)2 As2 (Ba-122) Fe pnictide superconductor is estimated from
the characteristics of the critical current density with columnar defects introduced by heavy-ion irradiation.
The potential of Ba-122 is discussed.
2. Experiments
Specimens were single crystalline Ba(Fe1−x Co x )2 As2 grown by FeAs/CoAs self-flux method. The concentration of Co was determined by EDX measurements as Ba(Fe0.93 Co0.07 )2 As2 . The critical temperature
was T c = 24 K measured by the temperature dependence of magnetization in field-cooled and zero-fieldcooled by a SQUID magnetometer. The heavy-ion irradiations of 200 MeV Au was performed along c-axis
using the TANDEM accelerator in JAEA. 800 MeV Xe ions were irradiated at NIRS-HIMAC along c-axis.
In addition 2.6 GeV U ions were irradiated at RIKEN. The heavy iron irradiations created columnar defects
in the specimens. The matching magnetic field, Bφ is 2 T in all irradiations. Furthermore, Bφ = 16 T was
performed for U ions irradiation. The critical temperature does not change appreciably after the heavy-ion
irradiations except of U ions irradiation. The critical current density is estimated from the magnetic field
dependence of the magnetization measured by a SQUID magnetometer. Further informations are reported
in references [11]–[13].
3. Theory
The pinning mechanism of columnar defects created by heavy-ion irradiation is considered to be the condensation energy interaction, since the defect is amorphous and is in a normal state. Hence, the elementary
pinning force is given by
πB2c r0 t
fp =
(1)
4μ0
when the coherence length in the a-b plane, ξab , is longer than the radius of the defect, r0 , where t is the
length of the defect and is considered to be equal to the thickness of the specimen in the present case. On
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the other hand, the elementary pinning force is given by
fp =

πB2c ξab t
4μ0

(2)

for r0 > ξab . The coherence length ξab (0) = 3.4 nm is used for the current estimation which is close to the
reported value of 2.44 nm [14]. Therefore, the condition between ξab and r0 depends on the temperature
dependence of ξab (T ) = ξab (0)(1 − T/T c )−1/2 .
The number density of defect is given by Np = Bφ /φ0 t and the probability for flux lines to be trapped
by the defects is given by Bπ(r0 + ξab )2 /φ0 . Here, the eﬀective number density of defect Np is given by the
product of Np and the probability as
π(r0 + ξab )2 BBφ
N p =
.
(3)
tφ20
Finally, the critical current density is theoretically predicted as
Jc0 =

ηNp fp
B

=

πη(r0 + ξab )2 Bφ fp
,
tφ2

where η is the pinning eﬃciency given by
√
c2 + 6c + 1 − c − 1
η=
;
2

c=

(4)

φ
π2 r02 Bφ

.

(5)

The value of Jc0 is estimated from the measurement result of the critical current density using flux creepflow theory. The detail of estimation of Jc0 is reported elsewhere [15]. Therefore, the condensation energy
density, Fc can be estimated.
4. Results and Discussion
The value of critical current density after the heavy-ion irradiation of Au increases 6–7 times as large
as that of before irradiation from 2–20 K at low magnetic fields. Hence, the columnar defects are successfully introduced in the specimen and work as strong pinning centers. Figure 1 shows the magnetic field
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Fig. 1. Magnetic field dependence of critical current density in irradiated Ba-122 at various temperatures. Solid lines represent the
theoretical value by the flux creep-flow model.
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Fig. 2. Temperature dependence of the condensation energy density of various single crystalline superconductors, YBa2 Cu3 O x (Y123)[16], (Bi,Pb)2 Sr2 CaCu2 O x (Bi-2212) and (Bi,Pb)2 Sr2 Ca2 Cu3 O x (Bi-2223)[7].

Table 1. Radius of columnar defects for several kinds of ion irradiation.

ion
r0 [nm]

Au
2.5

Xe
1.0

U (Bφ = 2 T)
1.9

U (Bφ = 16 T)
1.1

dependence of the Jc and the theoretical value by the flux creep-flow model in various temperatures after
irradiation. It is found that the experimental result of Jc is well explained by the flux creep-flow model.
Figure 2 shows the temperature dependence of the condensation energy density of various superconductors [7, 16]. The value at low temperatures is lower than those of cuprate superconductors, since the critical
temperature and the upper critical field of Ba-122 are slightly smaller than those of the cuprate superconductors. However, the temperature dependence of the condensation energy density is close to that of Y-123. It
is considered that the temperature dependence and the value of the condensation energy density are closely
related to the anisotropy parameter, γa , which is the ratio of the coherence length along a-b plane and c-axis
and reported as ∼ 2 [14], while it is known as γa ∼ 7 for three dimensional Y-123. Hence, it is expected to
use Ba-122 at high temperatures near T c for future applications.
In the following, the sizes of the columnar defects by other ions irradiations are evaluated from the
results of the condensation energy density. Since the condensation energy density is considered to be the
same in the present study and the radii of the columnar defects, r0 are unknown for Xe and U irradiations,
it is expected to evaluate r0 by the same manner. The results of r0 are listed in Table 1. It is found that r0
of Au is the largest and the others are smaller than that by Au. The reason for the small value of r0 in U
irradiation at Bφ = 16 T is considered by the overlap of the irradiation at high Bφ .
5. Conclusion
In this study, the condensation energy density of Ba-122 iron pnictide superconductors, which determines the pinning properties, is estimated from the summation theory and the flux creep-flow model. It
is found that the value of the condensation energy density is slightly smaller than those of cuprate superconductors. However, the temperature dependence of the condensation energy density is close to that of
three-dimensional Y-123, since the anisotropy parameter is small in Ba-122. Hence, it is expected that
Ba-122 is used at higher temperature near T c for future applications. The radii of the columnar defects by
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several kinds of heavy-ions are evaluated from the results of the condensation energy density and found that
radii of the columnar by Xe and U are smaller than that by Au.
References
[1] Kamihara Y, Watanabe T, Hirano M, Hosono H. Iron-Based Layered Superconductor La[O1−x F x ]FeAs (x = 0.05–0.12) with
T c = 26 K. J. Am. Chem. Soc. 2008; 130:3296–3297.
[2] Gao Z, Wang L, Qi Y, Wang D, Zhang X, Ma Y, Yang H, Wen H. Superconducting properties of granular SmFeAsO1−x F x wires
with T c = 52 K prepared by the powder-in-tube method. Supercond. Sci. Technol. 2008; 21:112001 (4pp).
[3] Iijima Y, Tanabe N, Kohno O. In‐plane aligned YBa2Cu3O7-x thin films deposited on polycrystalline metallic substrates. Appl.
Phys. Lett. 1992; 60:769–771.
[4] Kobayashi S, Kato T, Yamazaki K, Ohkura K, Fujino K, Fujikami J, Ueno E, Ayai N, Kikuchi M, Hayashi K, Sato K, Hata R.
Controlled over pressure processing of Bi2223 long length wires. IEEE Transaction on Applied Superconductivity 2005 15:2534–
2537.
[5] Togano K, Matsumoto A, Kumakura H. Large Transport Critical Current Densities of Ag Sheathed (Ba,K)Fe2 As2 +Ag Superconducting Wires Fabricated by an Ex-situ Powder-in-Tube Process. Appl. Phys. Express 2011; 4:043101–043103.
[6] Otabe ES, Kohno I, Kiuchi M, Matsushita T, Nomura T, Motohashi T, Karppinen M, Yamauchi H, Okayasu S. Condensation
energy density of superconducting Bi-2223 single crystals. Advances in Cryogenic Engineering, 2006; 52:805–812.
[7] Matsushita T, Kiuchi M, Haraguchi T, Imada T, Okamura K, Okayasu S, Uchida S, Shimoyama J, Kishio K. Condensation energy
density in Bi-2212 superconductors. Supercond. Sci. Technol. 2006; 19:200–205.
[8] Okamura K, Kiuchi M, Otabe ES, Yasuda T, Matsushita T, Okayasu S. The pinning property of Bi-2212 single crystals with
columnar defects. Supercond. Sci. Technol. 2004; 17:S20–S24.
[9] Okamura K, Kiuchi M, Otabe ES, Matsushita T, Yasuda T, Okayasu S, Uchida S, Shimoyama J, Kishio K. Relationship between
condensation energy and dimensionality of Bi-2212 superconductor. Physica C 2004; 412–414:416–421.
[10] Kawai S, Otabe ES, Kiuchi M, Matsushita T, Nomura T, Yamauchi H, Motohashi T, Okayasu S. Superconducting characteristics
of (Bi, Pb)-2223 single crystals with controlled oxygen-content. Physica C 2009 469:1224–1228.
[11] Nakajima Y, Tsuchiya Y, Taen T, Tamegai T, Okayasu S, Sasase M. Enhancement of critical current density in Co-doped
BaFe2 As2 with columnar defects introduced by heavy-ion irradiation. Phys. Rev. B 2009; 80:012510 (4pp).
[12] Nakajima Y, Tsuchiya Y, Taen T, Yagyuda H, Tamegai T, Okayasu S, Sasase M, Kitamura H, Murakami T. Critical current
densities and flux creep rate in Co-doped BaFe2 As2 with columnar defects introduced by heavy-Ion irradiation. Physica C 2010;
470:1103–1105.
[13] Yagyuda H, Nakajima Y, Tamegai T, Kanai Y, Kambara T. Critical current density and vortex dynamics in uranium irradiated
Co-doped BaFe2 As2 . Physica C (2011) in press, doi:10.1016/j.physc.2011.05.056.
[14] Yamamoto A, Jaroszynski J, Tarantini C, Balicas L, Jiang J, Gurevich A, Larbalestier DC, Jin R, Sefat AS, McGuire MA, Sales
BC, Christen DK, Mandrus D. Small anisotropy, weak thermal fluctuations, and high field superconductivity in Co-doped iron
pnictide Ba(Fe1−x Co x )2 As2 . Appl. Phys. Lett. 2009; 94:062511 (3pp).
[15] Kiuchi M, Noguchi K, Matsushita T, Kato T, Hikata T, Sato K. Scaling of current-voltage curves in superconducting Bi-2223
silver-sheathed tape wires. Physica C 1997; 278:62–70.
[16] Civale L, Marwick AD, Worthington TK, Kirk MA, Thompson JR, Krusin-Elbaum L, Sun Y, Clem JR, Holtzberg F. Vortex
confinement by columnar defects in YBa2 Cu3 O7 crystals: Enhanced pinning at high fields and temperatures. Phys. Rev. Lett.
1991; 67:648–651.

697

