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Chapter 1

Introduction

The discovery of iron-based superconductors (IBSs) [28] demonstrates that cuprate supercon-

ductors are not the only high-temperature superconductors, and opens the door to develop new

high-temperature superconducting materials. In the IBS system, there are many kinds of ma-

terials, and even now, new IBS compounds are being discovered one after another. Although

the superconducting transition temperature Tc does not exceed liquid nitrogen temperature 77

K as in the case of cuprates, the highest Tc of 55 K is recorded just a few months after the dis-

covery [29], which made us interested in IBSs from scientific and engineering points of view. All

compounds belonging to IBSs have an alternating stacking structure of conducting FeAs layers

and blocking layers. It is also common in IBSs that the Fermi surfaces (FSs) are mainly com-

posed of Fe 3d electrons. In addition, we point out that most of the superconductivity appear

accompanied by the suppression of anti-ferromagnetic (AF) order and structural transition with

doping to parent compound. Among many types of compounds, BaFe2As2 (so-called ”122”)

system [30] is the most notable since very large single crystals are readily available. This is

why this system has been the platform for fundamental studies. It is noted that, in 122 system,

we can obtain not only the large crystals but also all types of doping, namely, electron doping

of Co or Ni substitution to Fe site, hole doping of K to Ba site, and isovalent doping of P to

As site. However, despite intensive efforts, a lot of superconducting properties have remained

incompletely understood. In particular, the pairing mechanism does not gain a consensus. One

of the candidates for pairing, proposed just after the discovery of IBSs, is the spin-fluctuation

mechanism [31, 32], as in cuprates. This seems quite natural since the superconductivity ap-

pears in the vicinity of AF ordered phase. On the other hand, it is also natural to view that the
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superconducting dome appears with suppression of the structural transition. The corresponding

theory is the orbital-fluctuation mechanism [15, 33]. Since these two mechanisms can be discrim-

inated by the sign-reversal of superconducting order parameter (OP) between the disconnected

FSs, several experimental approaches are attempted to determine the relative phase of the OP

between FSs, such as inelastic neutron scattering, scanning tunneling microscopy under high-

magnetic field, and impurity effect by means of chemical substitutions (Chapter 2). With a

determination of the OP in IBSs with a help of those probes, we can properly understand how

such high-temperature superconductivity emerges in IBSs.

Meanwhile, IBSs are expected for application aspects due to its high Tc and high critical

current density Jc second to cuprates [34]. Additionally, IBSs have an advantage over cuprates in

the property of small anisotropy [35], which can help to prepare high-performance superconduct-

ing wires [36]. Taking future applications into account, it is quite important to understand the

vortex pinning properties and vortex dynamics to achieve high performance of transport current.

From the scientific point of view, it is interesting to approach the intriguing phenomena of vor-

tices, as in the case of cuprates [21]. This is not accounted for low-temperature superconductors,

and intensive studies are carried out, forming new field of “vortex matter” physics. Understand-

ing of vortex states under strong fluctuations has progressed in the study of cuprates. However,

it is not clear if those vortex behaviors are universal in high-temperature superconductors or

unique in cuprates. By investigating vortex properties in IBSs, we can achieve a comprehensive

understanding of the vortex physics.

In order to achieve these two purposes, we investigate the change of the superconductivity

in response to the introduction of disorder. In other words, it is required to reveal the effects

of defects in IBSs, where the defects work as scattering centers or vortex pinning centers. The

simplest way to introduce disorders is the chemical substitutions. Actually, the impurity effect

or pinning properties have been examined with this method. However, the chemical substitution

involves critical issues. For example, chemical substitutions have side effects such as doping of

additional electrons or holes, changing the topology of FSs, and so on. In most cases, it is

extremely difficult to distinguish the pure impurity scattering effect from another. Even if we

could find a substitutions without such problems, chemical instability would occur at a large

amount of substitution. It means that it is difficult to prepare highly substituted compounds due

to the solubility limit. Moreover, even if this problem were overcome, the concomitant variations
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of physical quantities due to sample piece dependence could not completely be eliminated. In

fact, the temperature dependent resistivity in the chemically substituted samples does not show

the parallel shift to that in non-substituted one, which indicates that the pure introduction of

scattering centers is not properly realized. By contrast, the particle irradiation is the powerful

tool to solve these problems. By means of the irradiation, we can introduce disorder in a

stepwise fashion with desired amounts in a given sample, which completely removes the sample

dependency. Besides, with a suitable choice of ions and their energy, the morphology of the

defects are controllable. Actually, it is known in cuprates that random point defects are created

by light particles such as electrons, protons, and α-particles, whereas swift heavy ions such as

gold and lead form tracks correlated along the velocity vector of particles.

In order to clarify the effects of disorders in IBSs, we study the change of superconductivity

by particle irradiation in electron- and hole-doped BaFe2As2 in the present work. This thesis

is organized as following. In chapter 2, we briefly review the second class of high-temperature

superconductors of IBSs. In chapter 3, we introduce the vortex pinning and dynamics in high-

temperature superconductors under dc magnetic field after referring the vortices in the conven-

tional superconductors. In chapter 4, the details of crystal-growth method and a brief review of

the measurement techniques are described, where the particle irradiation, the marked approach

in this study, is included. The first topic, the pair-breaking effect in IBSs, is discussed in chap-

ter 5. Subsequently, the vortex pinning and dynamics with the introduction of point defects

and columnar defects created by the irradiation are discussed in chapters 6 and 7, respectively.

Finally we summarize the work in this thesis and give conclusions.
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Chapter 2

Iron-based superconductors

2.1 Crystal structure

The iron-based superconductors (IBSs) have a layered structure with alternatively stacks of

conducting layers and blocking layers, which is schematically shown in Fig. 2.1. The material

variety of this class is very large. The first discovered IBSs are LnFeAsO (so-called 1111) system,

where Ln is lanthanide such as La, Pr, Sm, Nd, and so on. The undoped sample does not show

the superconductivity, while it appears in the sample with substitution of fluorine for oxygen,

or with oxygen deficiency. The highest transition temperature (Tc) reaches 56 K in Ln = Sm or

Nd. However, there is a serious problem in 1111 system of the difficulty to obtain large single

crystals. Another class of AEFe2As2 (122) system solves this problem. Single crystals with

mm-size are easily grown by self-flux method. Besides, many different kinds of superconducting

materials are available. Even if we concentrate on AE = Ba, we can get all types of doped

systems of hole, electron, and isovalent doping with substitution of K for Ba, Co for Fe, and

P for As, respectively. The highest Tc in these materials are 38, 25, and 31 K, respectively.

Although they are not as high as 1111 system, the advantage of large single crystals are widely

utilized in fundamental studies.

It is noteworthy that the local structure of FeAs4 tetrahedron strongly affects to Tc. The

so-called ”Lee plot”, shown in Fig. 2.2, suggests that the highest Tc is realized when FeAs4 is

the regular tetrahedron [3].
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Figure 2.1: (a) The schematic view of the crystal structure for several kinds of IBSs. (b) The
common structure of FeAs plane and its spin structure. (Source of figure: [2])

Figure 2.2: Tc as a function of the bond angle α in As-Fe-As (so-called Lee plot). The vertical
lines indicates the angle of α = 109.47◦ at the regular tetrahedron of FeAs4. (Source of figure:
[3])
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2.2 Electronic structure

The parent compound of IBSs is a semimetal, which is in contrast to a Mott insulator in cuprates.

According to the theoretical calculation and valence-band photoemission spectra, the Fermi

surfaces (FSs) in IBSs are predominantly constructed by Fe 3d-electrons, as shown in Fig. 2.3.

This situation is very similar to the CuO2 layer in cupartes. However, the striking difference

can be seen between cuprates and IBSs, namely, the multi-band nature and disconnected FSs.

Figure 2.4 is the FSs in electron-doped and hole-doped BaFe2As2 obtained by the density-

functional calculation. Although the details of the structure depend on the doping level, the

hole FSs and electron FSs exist at the zone center and the zone corner, respectively, in the case

of BaFe2As2. This trend is applicable for most of the IBS compounds. Due to this FSs, the

parent compound has a nesting vector, showing the magnetic order at low temperatures.

Figure 2.3: Valence-band photoemission spectra in IBSs of LaFeAsO1−xFx (x = 0, 0.06) and
LaFePO0.94F0.06 and their comparison with band-structure calculation. Vertical bars mark main
features observed in the spectra. The inset presents the near-EF spectra. (Source of figure: [4])

The nesting vector, which is the origin of spin-fluctuations, is shown in Fig. 2.5(a) and (b)

for cuprates and IBSs, respectively. In the cuprates the FS is large, and antiferromagnetic

Q = (π, π) connects points on the same FS. Since the spin-mediated interaction is positive
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Figure 2.4: The FSs in (a) electron-doped BaFe2As2 and (b) hole-doped BaFe2As2, calculated
by the density-functional theory. (Source of figure: [5])

(repulsive), the gap must change sign between FS points separated by Q. Consequently, the gap

changes the sign twice along the FS. This implies a d-wave gap symmetry. In IBSs, scattering by

Q moves electrons from one FS to another. In this situation, the gap must change sign between

different FSs but to first approximation remains a constant on a given FS. By symmetry, such

a gap is an s-wave gap. It is called s± because it changes sign between different FSs. However,

another pairing interaction is proposed, namely, the orbital fluctuations. We review these pairing

mechanisms later.

Figure 2.5: A comparison of the pairing state from spin-fluctuation exchange in (a) cuprates
and (b) IBSs. (Source of figure: [6])
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2.3 Superconducting properties

In this section, we briefly review the normal and superconducting properties in IBSs. The resis-

tivity is one of the most fundamental characterization. Figures 2.6(a), 2.6(b) and 2.6(c) shows

the temperature dependence of resistivity ρ in Co-doped, P-doped, and K-doped BaFe2As2,

respectively. In the parent compound of BaFe2As2, the structural and anti-ferromagnetic tran-

sition is observed at TS = TAF = 143 K. With increasing doping level, these transitions are

dragged down to lower temperatures with a slight separation each other, and the superconduct-

ing transition appears. The optimal doping level for the superconducting transition can be seen

at a further doping level, where Ts and TAF reach 0 K. The electronic phase diagram for these

compounds are shown in Figs. 2.7(d), 2.7(e) and 2.7(f), respectively. In general, these are quite

similar to each other. However, we can see some differences, such as the suppression rate of Ts

with doping, the optimal doping level, and the x at which the superconductivity disappears.

It is noteworthy that the residual resistivity (RR) is largely different among different doping

systems, as shown in Figs. 2.7(a), 2.7(b), and 2.7(c). In Co-doped system, RR at the optimal

level is ∼ 100 µΩcm, while much smaller RR is observed in P-doped and K-doped systems with

∼ 10 µΩcm and ∼ 1 µΩcm, respectively. These trends correspond to how the doping atoms are

close to Fe sites, i.e., the doping at Fe site leads to a large RR, whereas the doping at blocking

layer does not.

Figure 2.6: Temperature dependence of resistivity with several doping levels from x = 0 to
x = xopt in (a) Ba(Fe1−xCox)2As2, (b) BaFe2(As1−xPx)2, and (c) Bax1−xKxFe2As2. For Co-
doped and P-doped systems, the samples were annealed with BaAs. (Source of figure: [7])
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Figure 2.7: Temperature dependence of resistivity with several doping levels from x = 0 to
x = xopt in (a) Ba(Fe1−xCox)2As2, (b) BaFe2(As1−xPx)2, and (c) Ba1−xKxFe2As2. For Co-
doped and P-doped systems, the samples were annealed with BaAs. (Source of figure: [7])

In contrast to quasi two-dimensional superconductivity, where the out-of-plane electron mass

is much heavier than the in-plane one, IBSs show an almost isotropic upper critical field (Hc2)

at low temperatures. The results in (Ba,K)Fe2As2 are represented in the main panel of Fig. 2.8.

In the lower inset of Fig. 2.8, the anisotropy is explicitly shown as the anisotropy parameter

γ = H⊥
c2/H

||
c2, where H⊥

c2 and H
||
c2 are Hc2 under out-of-plane H and in-plane H, respectively.

We can see almost isotropic behavior of Hc2, namely, γ ' 1 at low temperatures and at most

γ ' 2 around Tc, which is in sharp contrast to cuprates, such as γ = 5− 7 in YBa2Cu3O7−δ and

γ = 50 − 200 in Bi2Sr2CaCu2O8+δ.

The probe for the low-energy quasiparticle excitation determines whether the superconduct-

ing gap is fully opened or nodal. The existence of nodes in the superconducting gap affects

the thermodynamic properties at low temperatures, such as the specific heat and the thermal

conductivity. Besides, it is important to know the node in the superconducting gap, since the

information of the nodal structure helps to determine the superconducting-pairing mechanism.
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Figure 2.8: Upper critical field Hc2 under applied field perpendicular and parallel to the FeAs
plane. The anisotropy parameter γ = H⊥

c2/H
||
c2 is shown in lower inset. (Source of figure: [8])

One of such probes is the penetration depth λ, which is related to the superfluid density ns via

ns = (mc2/4πe2)λ−2. The temperature dependence of λ in the low temperature limit gives the

exponential behavior in the optimal doping levels of (Ba,K)Fe2As2 (Fig. 2.9) and Ba(Fe,Co)2As2,

although some exceptions are observed in the overdoped samples of K-doped and Co-doped sys-

tems and a wide range of BaFe2(As,P)2 [37]. The exponential behavior corresponds to the

fully gapped state, while the T -linear decrease is attributed to the presence of the line nodes,

such as d-wave state. The specific heat and the thermal transport at low temperature also

support these gap structure [38, 39, 40]. Such nonuniversal behaviors, as can be sketched in

Fig. 2.10, imply that the line nodes are not symmetry-imposed but the accidental one. For exam-

ple, the loop nodes are suggested in angular-dependent thermal-conductivity measurements in

BaFe2(As,P)2 [41], while the octet line nodes are observed in the end member of KFe2As2 [42].

In addition, the recent electron irradiation in BaFe2(As,P)2 implies the disappearance of the

nodal behaviors [43]. The nodal or nodeless gap structure is represented in the phase diagram

of BaFe2As2 with Co-doping, K-doping, and P-doping are shown in Fig. 2.11 [10].
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Figure 2.9: The temperature dependence of
the superfluid density in Ba0.45K0.55Fe2As2.
The flat region at low temperature indicates
the fully-opened superconducting gap. Inset:
The exponential behavior of δλab(T )/λab(0)
at low temperature. T -linear dependence ex-
pected in clean d-wave superconductors are
also represented by the broken line. (Source
of figure: [9])

Figure 2.10: The normalized-field dependence
of the electronic thermal conductivity at low
temperature limit in doped BaFe2As2. The
behavior expected in fully-gapped supercon-
ductors is observed in (a), while the presence
of line node is suggested in (b). (Source of
figure: [2])

Figure 2.11: Electronic phase diagram in electron-doping Ba(Fe1−xCox)2As2, isovalent doping
BaFe2(As1−xPx)2, and hole-doping (Ba1−xKx)Fe2As2. (Source of figure: [10])
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2.4 Superconducting pairing mechanism

The parent compound undergoes the paramagnetic to anti-ferromagnetic transition concomi-

tantly with tetragonal to orthorhombic transition upon cooling. The superconducting dome

appears near the critical concentration of doping where the anti-ferromagnetic transition is

completely suppressed, which implies the close relationship between the magnetic correlation

and the superconductivity. This is very similar to the cuprate superconductors.

In fact, the superconductivity in cuprates is thought to be mediated by anti-ferromagnetic

fluctuations. If the same mechanism is dominant also in IBSs originating from nesting between

hole and electron pockets, s-wave but the anti-phase superconducting gap between these FSs

are realized. This gapped stated is the so-called s±-wave state. On the other hand, another

intriguing mechanism is proposed, where the orbital fluctuations are the glue of the pairing. In

this case, the sign-reversal is absent, and s++-wave state should be realized. In the following,

we will see some experimental approaches to examine the superconducting gap structure.

2.4.1 Angle-resolved photoemission spectroscopy

In the spin-fluctuation mechanism, the superconducting gap is closely related to the spin sus-

ceptibility. The calculated susceptibility indicates that the dominant contribution is given by

the pair scattering between the disconnected FSs having the same orbital character (intraorbital

pairing). In this case, the gap ∆ is anticipated to be highly sensitive to the orbital character.

In this point of view, the angle-resolved photoemission spectroscopy (ARPES) is a powerful

tool since this can directly measure the momentum-resolved information at the FSs. Espe-

cially, the polarized laser-ARPES can distinguish the orbital character on each FS. According

to ARPES observation, the magnitude of the superconducting gap is independent of the FSs,

which is inconsistent with the orbital-dependent superconducting-gap magnitude predicted by

the spin-fluctuation scenario. For example, the orbital character 3Z2 − R2 in 122 system does

not have a contribution in the electron FS at the zone corner, which leads to the suppression of

intra-orbital pairing between the disconnected FSs and ∆ derived from 3Z2 −R2 orbital should

be very small. According to the band calculation, the 3Z2−R2 orbital dominates the outer hole

FS around kz ∼ π in BaFe2(As1−xPx)2, which is confirmed by the polarized laser ARPES. Tak-

ing it into account, the fact that the superconducting gap size is similar among the FSs having
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various orbital character (Figs. 2.12 and 2.13), including the FS with 3Z2 − R2 orbital, shows

the mechanism of the superconducting pairing is not accountable only by the spin fluctuations.

Figure 2.12: The angular dependence of
the superconducting gap in each FS deter-
mined by the laser-ARPES measurement in
BaFe2(As0.65P0.35)2. Inset: the definition of
the angle θ in FS. (Source of figure: [11])

Figure 2.13: The angular dependence of
the superconducting gap in each FS deter-
mined by the laser-ARPES measurement in
Ba0.6K0.4Fe2As2. Inset: the definition of the
angle θ in FS. (Source of figure: [11])

2.4.2 Inelastic neutron scattering

The observation of the spin resonance peak in the inelastic neutron scattering (INS) indicates

that the magnetic pairing mechanism is involved in the heavy-fermion and cuprate supercon-

ductors [44, 45, 46, 47, 48, 49]. In IBSs several groups observed the hump structure in the

spin susceptibility [50, 51, 12], which is assigned to the resonance peak. Figure 2.14 shows the

example in the Ba(Fe,Co)2As2 at the normal and the superconducting states. They concluded

that this peak at the superconducting state is the evidence for the sign-reversal in the supercon-

ducting gap function. However, it is pointed out that the observed peak structure is too broad

to be assigned to the resonance peak and is doubtful that the resonance condition is satisfied. In

fact, Onari et al. has theoretically shown the prominent hump structure in s++-wave state [13],

where the the quasiparticle dumping is related to this hump structure. They also calculated for

s±-wave state, where the peak is much sharper as indicted in Fig. 2.15. Consequently the broad

spectral peak in INS can be well reproduced under the assumption of s++-wave state, rather

than s±-wave state.
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Figure 2.14: The imaginary part of the spin
susceptibility in Ba(Fe0.925Co0.075)2As2 at the
superconducting state (T = 4 K) and the nor-
mal state (T = 60, 280 K). (Source of figure:
[12])

Figure 2.15: The calculated imaginary part of
the spin susceptibility in the s+−-wave super-
conducting state (blue line) and the normal
state (red broken line). (Source of figure: [13])

2.4.3 Scanning-tunneling microscopy

The scanning-tunneling microscopy (STM) technique is utilized as the phase-sensitive probe,

since the quasiparticle interference (QPI) pattern under the magnetic field gives an information

of the relative sign of the superconducting gap. In fact, this technique achieved a great success

in cuprates to confirm the dx2−y2-wave state [52, 53]. Similar measurements and analyses are

applied to Fe(Te,Se) [14], in which an electrically neutral surface can be obtained among IBSs.

At the specific q of q2 = (π, 0) connected between hole and electron disconnected FSs, the QPI

signals are suppressed at high magnetic fields, which is in contrast to the increase of intensities

at q3 = (π, π), as shown in Fig. 2.16. This result seems to be a strong evidence for the realization

of s±-wave state. However, the model adopted for analysis is similar to that used in cuprates,

which might have a problem if the multiband or multiorbital nature is important. In fact, it is

suggested that the suppression of QPI signal is possibly realized in the framework of s++-wave

state [54]. Further theoretical studies are necessary for understanding the results of STM.

2.4.4 Impurity effects on the superconducting transition temperature by

chemical substitution

Historically, the impurity effect has played a role to determine the superconducting gap structure.

If the isotropic gap is opened in the single band (classic s-wave state), the impurity effect on the

superconductivity is strongly dependent on the magnetism of the impurity. If the impurities are
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Figure 2.16: The magnetic-field induced change in QPI intensities. q2 = (π, 0) and q2 = (π, 0)
are the q vector connecting hole-electron FSs and hole-hole FSs, respectively. (Source of figure:
[14])

non-magnetic, the Anderson’s theorem manifests that Tc is invariant with non-magnetic impurity

concentration nimp as far as nimp is small enough not to induce the localization. By contrast, the

magnetic impurities immediately suppress the superconductivity in accordance with Abrikosov-

Gor’kov (AG) theory. In AG theory, the relation between Tc and the pair-scattering rate by

impurities, τ , is described as

ln
Tc

Tc0
= ψ

(
1
2

)
− ψ

(
1
2

+
α

2πkTc

)
, (2.1)

where Tc0 is Tc without pair-breaking effect, α = ~/2τ is the pair-breaking parameter, ψ(x) is

digamma function. When α reaches the critical value of 2αc = ∆0 ≡ 1.76kTc, the superconduc-

tivity is disappeared, where ∆0 is the superconducting gap at zero temperature. Equation (2.1)

gives the universal relation between Tc/Tc0 and 2α/∆0. On the contrary, d-wave state is very

fragile not only to magnetic but also to non-magnetic impurity. This is because the scattering

by means of non-magnetic impurities is qualitatively explained as averaging the superconducting

gap. Then, the question of the nonmagnetic-impurity effect on the multiband superconductors

arises, which is the case in IBSs. For simplicity, we consider two bands. The relative amplitude

and the phase of the superconducting gap function can be different between these two bands. It

is easy to understand in the absence of the phase difference, where the conventional Anderson’s

theory is expected to hold. However, the anti-phase state of s±-wave is realized, both gaps are

expected to go toward zero due to the averaging role for gaps by the impurity scattering. Such

an intuitive inspection of the contrast between s++ and s± states is confirmed based on the
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Figure 2.17: The robustness of Tc with an introduction of nonmagnetic impurities in the case of
s±-wave state and s++-wave state. (Source of figure: [15])

5-orbital model [15, 33, 55, 56], as depicted in Fig. 2.17, which correctly treats the multiorbital

effect. In chapter 5, we discuss which state is plausible in IBSs.

Figure 2.18: The temperature dependence of ρ in
Ba0.5K0.5Fe2−2xM2xAs2 (M = Mn, Ru, Co, Ni, Cu, and
Zn. (Source of figure: [16])

Figure 2.19: The suppression of Tc

as a function of the residual resis-
tivity ρ0 in chemically substituted
Ba0.5K0.5Fe2−2xM2xAs2 (M = Mn,
Ru, Co, Ni, Cu, and Zn. (Source of
figure: [16])

First experimental results were obtained in the polycrystalline sample. For example, Sato et

al. measured the temperature dependence of the resistivity ρ(T ) in the LnFeAs(O,F) polycrystal

with several concentrations of impurities, where Ln is La or Nd [57]. They finally concluded

the inconsistency of the robustness of Tc with s±-wave state. Although those experiments are
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carefully performed, the magnitude of the impurity-scattering rate is difficult to extract from the

overall resistance due to ambiguity of the resistivity ratio of intragrain to intergrain. Therefore

the study in the single crystals are quite important to get a quantitative agreement. Such a study

in the single crystals is reported in Ba(Fe,Co)2As2 and (Ba,K)Fe2As2 with chemical substitutions

such as Zn [58, 16]. Fig. 2.18 shows ρ(T ) of the chemically substituted (Ba,K)Fe2As2. To evaluate

the impurity scattering rate, the suppression of Tc as a function of the residual resistivity ρ0

is plotted in Fig. 2.19. Regardless of impurity atoms, Tc is fully suppressed at ρ0 = 1 mΩcm,

although there is a problem in the determination of ρ0 since the evolution of ρ is not parallel

with the introduction of impurities.

The peculiar way to introduce point defects is performed by particle irradiation. The in situ

resistive measurements has an advantage to irradiate just after the irradiation at low temper-

ature [59, 60, 17, 61]. The example in YBa2Cu3O7−δ are shown in Fig. 2.20. The monotonic

increase of ρ is detected with increasing amounts of defects. It is noted that at higher doses of

irradiation ρ at low temperatures shows an upturn, attributable to Kondo effect or localization.

For a quantitative analyses, Tc is plotted against the increase of ρ. The results are consistently

explained by d-wave with localization, as shown in Fig. 2.21.

Figure 2.20: The temperature dependence of
resistivity in single crystal of YBa2Cu3O7−δ

with 2.5-MeV electron irradiation. (Source of
figure: [17])

Figure 2.21: The decrease of Tc as a function
of the resistivity just above Tc, ρ(Tc). (Source
of figure: [17])

Similar techniques have been utilized in IBSs such as NdFeAsO [62] and Ba(Fe1−xCox)2As2 [18].

In NdFeAsO, the data processing is difficult due to Kondo effect or localization. On the other

hand, in Ba(Fe1−xCox)2As2, the low-T upturn is not identified, where the results manifest that
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s±-wave state is unlikely.

Figure 2.22: The temperature depen-
dence of resistivity in single crystal of
Ba(Fe1−xCox)2As2 with 3-MeV proton
irradiation. (Source of figure: [18])

Figure 2.23: The reduced temperature Tc/Tc0

as a function of the normalized relax-
ation rate g in 3-MeV proton irradiated
Ba(Fe1−xCox)2As2 single crystals. gc is the
critical value of g for s±-wave state. (Source
of figure: [18])

2.4.5 Summary and the motivation of our study

Although the unconventional gap symmetry of s± in IBSs has received attention, the conclusive

evidence has not been found so far. The s±-wave state seems inconsistent with the results of

laser-ARPES. The interpretation of INS and STM is not enough to conclude the gap symme-
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try in IBSs, where the damping effects or the multiband nature should be taken into account.

Furthermore, the impurities effects on Tc is much smaller than the theoretical prediction in

s±-wave state based on the five-orbital model. Accounting all the above, the realization of

s±-wave state is doubtful, and s++-wave state seems rather appropriate to understand the ex-

perimental results. Therefore the gap symmetry should be carefully reexamined by means of

the phase-sensitive probe. We will see this theme in chapter 5. Here we stress the pairing

interactions of spin fluctuations and orbital fluctuations are not exclusive, and the crossover

between s±-wave state and s++-wave state is possible by changing the strength of each interac-

tion. In fact, both interactions seems important in KFe2As2 to explain the FS dependent gap

magnitudes observed in laser-ARPES. Subsequent experimental study is performed for heavily

overdoped (Ba,K)Fe2As2 by means of the thermal transport and the penetration depth, sug-

gesting the transition from s++-wave state to s±-wave state. We also note that these results

also support that the superconducting pairing is not realized only from the spin fluctuations.

The point we investigate is whether the superconductivity is mediated only or predominantly

by the spin-fluctuation mechanism, in which case the s±-wave state with sign reversal between

the disconnected hole and electron FSs is realized. Even if the realization of s++-wave state is

concluded, we do not exclude the presence of spin fluctuations itself, whereas it points out the

importance of the other mechanism, possibly the orbital fluctuations.
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Chapter 3

Vortex matter in high-temperature

superconductors

3.1 Vortex structure and vortex-line energy

The small magnetic field is expelled from a superconductor by Meissner effect. In type II

superconductors, where κ is the ratio of the penetration depth λ to the coherence length ξ is

larger than 1/
√

2, the magnetic flux enters into a superconductor in terms of flux quantum under

a relatively large field. Such a magnetic property is observed between the lower critical field Hc1

and the upper critical field Hc2, and the superconducting state with flux quanta is called the

mixed state. It is the result from the negative surface energy. The flux quantum has the value

φ0 =
hc

2e
(3.1)

= 2.07 × 10−7G cm2, (3.2)

where h, c, and e are the Planck’s constant, the velocity of light, and the elementary charge.

Due to its circulating structure of the current, the quantized flux in a superconductor is called

”vortex”. The schematic structure of the vortex is illustrated in Fig 3.1. In the simplest model,

the core with a radius of
√

2ξ ∼ ξ is dealt as the normal state, and the circulating current

reaches as far as λ.

In an isotropic superconductor, the vortex-line energy per unit length, or the line tension, is
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Figure 3.1: The structure of isolated vortex in a superconductor with κ ≈ 8. The superconduct-
ing order parameter Ψ is suppressed at the vortex core r ≈ 0, and the local magnetic field h is
screened outside the core r → 0. (Source of figure: [19])

calculated by concerning the field energy and the kinetic energy of the currents as

εl =
1
8π

∫
(h2 + λ|curl h|2)dS (3.3)

≈
(

φ0

4πλ

)2

lnκ. (3.4)

Here we neglect the core.

3.2 Bean’s Critical state model

We set the magnetic field direction H as ẑ axis. By creating vortices into a superconductor, the

surface energy is gained, while the condensation energy is lost. First, consider the interaction

between a single vortex (sv) and a defect. If the vortex sits on a defect in the superconductor,

the loss of the condensation energy is minimized compared with sitting outside the defect.

This is why the vortex-defect interaction is attractive in contrast to the vortex-vortex repulsive

interaction. Next, we examine the interaction between the vortex and the screening current.

The vortex is parallel to the direction of the field H, while the screening current density J is

perpendicular to H. As a result, the Lorentz force density 1
cJ × φ0ẑ is exerted to the sv. Due

to this force, the vortex tends to move perpendicular to J with the average velocity of flux lines

v. This motion induces the electric field E = 1
cB × v, which is parallel to J . This leads to

the resistive voltage, and power is dissipated. However, when defects are present in a sample,

vortices are trapped by the defects and their motions are disrupted to move. As a result, a

superconductor shows a zero resistance even after the penetration of vortices. In such a point

of view, those defects are called vortex-pinning centers or pinning sites.

Then, let us consider the situation with many vortices in a superconductor. In a dirty super-
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Figure 3.2: (a) The magnetic induction profile B(x) under the relatively small applied field
H(< Hsf). Outside the sample, B = H, while inside the sample a straight lines with dB/dx = 0
or a constant slope. Subsequent increase in H produces the profile of B(x) under (b) H = Hsf =
4πJcd/c and (c) H > Hsf. The field sweeping after reaching to (c) produces B(x) of (e) under
zero field (the remanent state) via the state of (d). (f) The relation among the average B̄, H,
and 4πM .
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conductors, i.e., a superconducting sample containing considerable amount of pinning centers,

the distribution of vortices are strongly affected by them. To illustrate such a situation, a phe-

nomenological model is established by Bean [63, 64], which is so-called (Bean’s) critical-state

model. The concept of the model is the following. Once H is applied and the vortices penetrate

the sample (Hc1 is assumed to be zero), the screening current flows at the sample edge. Due to

the Lorentz force FL = (1/c)Jφ0, vortices tend to be pushed forward the center of the sample.

On the other hand, they are trapped by pinning centers, which disturb the motion of vortices

with the pinning force Fp. First we consider a one-dimensional sample without demagnetization

effect located −d ≤ x ≤ +d. If the maximal Fp is higher than FL, B(x) will substantially drop

from B = H at the sample edge to B = 0 at some point close to the edge. When H becomes

large and the FL exceeds the maximum Fp, the vortices penetrate farther toward the center of

the sample, and finally balanced at the condition FL = Fp. Hence, when applying magnetic field,

the screening current density always has a maximum value of Jc = cFp/φ0 in the flux-penetrated

region or zero in the non-penetrated region. After the full penetration, the screening current

density reaches the largest value (|J | = Jc) in the whole region of the sample. The state is called

the Bean’s critical state. This unique current density Jc is called the critical current density,

above which (J > Jc) zero-resistance state is destroyed by the motion of vortices. According to

Maxwell’s equation

J =
c

4π

∣∣∣∣dB

dx

∣∣∣∣ = Jc. (3.5)

Since the Bean’s model assumes a field-independent Jc, the profile of B(x) is piecewise-linear,

as shown in Fig. 3.2(a). With increasing field, the vortices completely penetrate, reaching the

center at the self field H = H = 4πJcd/c (Fig. 3.2(b)). Further increase in the field (H > Hsf)

pushes up the valley structure of B(x) (Fig. 3.2(c)). As we can see, the magnetic property has

a hysteretic character in sweeping field. The irreversible magnetization Mirr (or simply M) is

related to B as

M =
1
4π

(B(x) − H), (3.6)

where B(x) =
1
2d

∫ +d

−d
B(x)dx is the mean value of B(x), and the sample is from −d to +d, so
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that Jc is estimated by measuring M . Namely, from Eq. (3.5) and (3.6),

B(x) − H =
4π

c

∫ +d

−d
B(x)dx − H (3.7)

=
2π

c
Jcd (3.8)

= 4πM (3.9)

⇒ M =
Jcd

2c
. (3.10)

Therefore, we have

Jc =
2c

d
M. (3.11)

In order to adopt the practical unit such as A/cm2 in J , cm in dimension, and emu/cm3 in

M , c = 10 is substituted. The hysteresis loop is depicted in Fig. 3.3. Since the flux enters or

exits from the edge, and B(±d) equals to the applied field H, the evolution of the profile B(x)

is identified only at the sample edge in the initial slope or at the beginning of changing the

field-sweeping direction.

Figure 3.3: The hysteresis loop of a dirty superconductor according to the Bean’s model. (Source
of figure: [20])

In the three-dimensional case, the area
∫ +d

−d
B(x)dx is modified to the volume of the roof-top

pattern in Fig. 3.4. Then Jc is practically estimated as

Jc =
40M

a(1 − a/3b)
, (3.12)
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where a and b(≥ a) are the lateral dimension of the sample, and c = 10 is adopted.

a

b

c

Figure 3.4: The rooftop pattern of B in three-dimensional Bean’s model. The volume of the
rooftop pattern is related to M .

3.3 Weak-collective pinning

When the vortex system forces from the weak and dense pinning centers, the weak-collective

pinning theory works [65, 21]. The pinning force density acting on the flux lines per unit volume,

Fp = (1/c)JcB, is the result of the accumulation of individual pinning forces, which depends

on the elementary pinning force fp and the density of pins np, as well as the flux density

to be pinned, namely, the magnetic inductance B. In general, Fp tends to increase when fp

and np becomes large, although their dependence is considerably complex. In contrast to the

strong pinning, where Fp is evaluated by the direct summation, the pinning forces in the case of

randomly distributed weak pins are canceled out due to the elastic interaction among flux lines.

That is, the mutually repulsive flux lines are not always placed at the optimal position for the

pinning. This is in sharp contrast to the strong pinning, where the compensation of pinning

force is small since the elastic interaction among flux lines is negligible.

The collective pinning and creep of flux-line lattice are quite difficult to fully understand

due to their complexity. The main reason is that there are many length scales to precisely

describe the phenomena. The smallest length scale is the coherence length ξ, which describe

the extent of the vortex core coupled with the pinning potential. The next small scale is the

vortex-vortex distance a0. This scale determines the interaction among vortices themselves, so

that it is related to the collectively pinned vortex bundle. The concept of the vortex bundle is

described below. This also determines the internal structure of an elastic medium composed of

the discrete flux-line lattice. The internal structure has an effect to the phase transition of the

vortex matter, such as the melting. The third length scale is the penetration depth λ, which
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define the range of the interaction among vortices. Therefore this plays a role of adjusting a

vortex bundle size. At elevating temperatures, the fourth intermediate length scale, locating

between ξ and a0, becomes relevant, i.e., the thermal displacement of each vortex < u2 >
1/2
th .

This has the thermal smearing effect on the vortex core.

The free energy F associated with distortions of flux-line lattice induced by randomly dis-

tributed weak pins is

F =
∫

d3r
[c11

2
(∇ · u)2 +

c66

2
(∇⊥ · u)2 +

c44

2
(∂zu)2 + Upin(r,u) − FL · u

]
, (3.13)

where the two-dimensional vector u(r) describes a local displacement of flux-line lattices; c11,

c44, and c66 are bulk, tilt, and shear elasticity modulus, respectively; Upin(r, u) is the random

potential describing the lattice interaction with defects. When the pinning is weak, the elastic

force dominates rather than pinning force. In this case, we face the problem of statistical

summation of elementary pinning force fp. When accounting the pinning force density, the

average < fpin > disappears for weak pinning sites. Hence the pinning is induced by the local

fluctuation of pinning site density. Considering the pinning sites with each pinning force fp, a

density np, and the range of pinning potential rp ∼ ξ, the summed pinning energy is given by

< ε2
pin(V ) >1/2≈ [f2

p np(ξ/a0)2V ]1/2ξ. (3.14)

This equation can be led as following. Since the average of the weak pinning force fp is canceled

out to be zero, the second order term becomes relevant. We sum them by multiplying the

number of defects npV , where V is the volume of the system. The factor (ξ/a0)2 is to account

for the volume of vortex core, only which is pinned instead of the whole vortex. Finally, with

multiplying the characteristic length scale ξ, the total pinning energy is obtained to convert

the total pinning force to the energy. In a realistic case, the elastic interaction distance of

flux-line lattice is finite, as Larkin and Ovchinnikov pointed out, so that the discussion above is

appropriate in the condition fulfilled. Let us consider the correlation volume Vc with the length

along the field direction ∼ Lc and the length perpendicular to filed ∼ Rc, in which the flu- line

lattice does not distorted, and the pinning-induced distortion of shear c66 and tilt c44 occurs

among them. Accordingly, each volume of Vc is independently pinned with the pinning energy
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of Uc =< ε2
pin(Vc) >1/2 and the pinning force density is then written as

Fpin ∼ Uc/Vcrp ∼ [f2
p np(ξ/a0)2/Vc]1/2. (3.15)

Since this balances with the Lorentz force density JcB/c, we can obtain the critical current

density Jc ∼ cFpin/B.

Now we go back to an isolated vortex (1D) problem. By comparing the elastic energy ε0ξ
2/Lc

and the pinning energy Uc = (f2
p npLcξ

2)1/2ξ, the collective pinning length is determined as

following:

ε0ξ
2

Lc
= (f2

p npLcξ
2)1/2ξ (3.16)

ε2
0 = f2

p npL
3
c (3.17)

Lc =
(

ε2
0

f2
p np

)1/3

. (3.18)

Thus, the critical current density is calculated as

jc = cFpin/B (3.19)

=
c

B

Uc

Vcrp
|dp (3.20)

=
c

B

(f2
p np(ξ/a0)2Vc)1/2ξ

Vcξ
|dp (3.21)

=
c

B

[
f2

p np
ξ2

a4
0Lc

]1/2

(3.22)

=
cε0

Ba2
0ξ

f2
p np

ξ4

( ε2

f2
p np

)1/3ε2
0

1/2

(3.23)

= j0

(
f2

p npξ
4

ε2
0

)3 (
f2

p np

ε2
0

)1/6

(3.24)

= j0(n4
pξ

12f8
p /ε8

0)
1/6 (3.25)

= j0(npξ
3f2

p /ε2
0)

2/3. (3.26)

Here we express in terms of the depairing current density j0 ∼ cε0/φ0ξ.

Now we move on to the pinning of the vortex bundle. We put “b“ to distinguish from sv
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case if necessary. The discussion below is appropriate as long as

< u2(Rc) >' ξ2, < u2(Lb
c) >' ξ2 (3.27)

are applicable. We apply the current condition to the general expression introduced by Larkin-

Ovchinnikov

< u2(r) >' ξ2

(
a0

Lc

)3
[(

R2

λ2
+

a2
0L

2

λ4

)1/2

+ ln
(

1 +
R2

a2
0

+
L

a0

)]
, u < ξ, a0 < Lc. (3.28)

When the 2nd term is relevant, i.e., in the short length scale,

Rc ' a0 exp
[
c̃

(
Lc

a0

3)]
, a0 < Rc < λ (3.29)

Lb
c '

R2
c

a0
, a0 < Lb

c <
λ2

a0
(3.30)

are obtained, where c̃ is a constant of order unity. On the other hand, in the region that the 1st

term is relevant, i.e., in large length scale,

Rc ' λ

(
Lc

a0

)3

, λ < Rc (3.31)

Lb
c '

λ

a0
Rc,

λ2

a0
< Lb

c (3.32)

are obtained. The pinning energy is summarized in the following. In the sv regime, it is written

by the elastic energy as

Usv = ε0ξ
2/Lc ' H2

c ξ3 ξ

Lc
, Lc < a0, (3.33)

where Hc = Φ0/2
√

2πλξ is the thermodynamic critical field. At the equilibrium state, the energy

of tilt, shear, and pinning are equal, so that we use the shear energy here. Concerning the elastic

domain, characterized by the scale Rc with the displacement of u ∼ ξ, we have

Uc ' c66

(
ξ

Rc

)2

Vc. (3.34)
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Here c66 is given by φ0B/(8πλ)2. Using Eq. (3.29) and (3.30), it leads

Uc ' c66

(
ξ

Rc

)2

Vc (3.35)

' c66ξ
2Lb

c (3.36)

' c66ξ
2 R2

c

a0
(3.37)

' Φ0B

(8πλ)2
ξ2

a0
a2

0 exp

(
2c̃

(
Lc

a0

)3
)

(3.38)

= H2
c

8π2λ2ξ2

Φ2
0

Φ0B

(8πλ)2
ξ2a0 exp

(
2c̃

(
Lc

a0

)3
)

(3.39)

' H2
c

ξ4Ba2
0

Φ0

1
a0

exp

(
2c̃

(
Lc

a0

)3
)

(3.40)

= Usv
Lc

a0
exp

(
2c̃

(
Lc

a0

)3
)

, Lc[ln(λ/Lc)/c̃]−1/3 < a0 < Lc (3.41)

In the case of Eq. (3.31) and (3.32),

Uc ' c66ξ
2Lb

c (3.42)

' c66ξ
2 λ

a0
Rc (3.43)

' c66ξ
2 λ2

a0

(
Lc

a0

)3

(3.44)

' H2
c

8π2λ2ξ2

Φ2
0

Φ0B

(8πλ)2
ξ2 λ2

a0

(
Lc

a0

)3

(3.45)

' H2
c

ξ2λ2

a3
0

(
Lc

a0

)3

(3.46)

= Usv

(
λ

a0

)2 (
Lc

a0

)4

, a0 < Lc[ln(λ/Lc)/c̃]−1/3 (3.47)

is obtained. The critical current density Jc is given by

jc '
c

B

Uc

Vcξ
(3.48)

' c

B
(c66/ξ)

(
ξ

Rc

)2

(3.49)

= j0

(
ξ

Rc

)2 a2
0

ε0
c66 (3.50)

'= j0

(
ξ

Rc

)2

. (3.51)
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First we examine the critical current density for sv. From Eq. (3.18) and (3.26),

jsv ' ξ2

L2
c

j0, Lc < a0 (3.52)

is obtained. Substituting Eq. (3.29) into Eq. (3.51), we have

jc '
ξ2

a2
0

j0 exp

(
−2c̃

(
Lc

a0

)3
)

(3.53)

=
ξ2

L2
c

j0

(
Lc

a0

)2

exp

(
−2c̃

(
Lc

a0

)3
)

(3.54)

= jsv

(
Lc

a0

)2

exp

(
−2c̃

(
Lc

a0

)3
)

. (3.55)

On the other hand, with Eq. (3.31),

jc '
ξ2

λ2

(
a0

Lc

)6

j0 (3.56)

= jsv
a2

0

λ2

(
a0

Lc

)4

(3.57)

is obtained. Summarizing the results above, Jc as a function of B = φ0/a2
0 in the weak-collective

pinning theory behaves the following way.:

sv jc/jsv ∼ const.

sb jc/jsv ∝ B exp[−B3/2]

lb jc/jsv ∝ B−3

These behaviors are summarized in Fig. 3.5.

3.4 Sparse strong-point pinning

By contrast, in the strong pinning theory, Jc behaves as

js
c (0) =

π1/2n
1/2
i j0

ελ

(
fp,sξab

ε0

)3/2

(B < B∗) (3.58)

js
c (B) ≈ 2nij0

ε
5/4
λ ξ

1/2
ab

(
fp,sξab

ε0

)9/4 (
Φ0

B

)5/8

(B > B∗), (3.59)
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Figure 3.5: The field dependence of the critical current density Jc in the framework of the weak-
collective pinning theory. For low field, the interaction between the vortices is irrelevant and
jc does not depend on the magnetic field. Within the small-bundle pinning regime, the critical
current density decreases exponentially. Finally, in the large-bundle pinning regime, the field
dependence of jc turns algebraic, with jc ∝ B−3. (Source of figure: [21])

where B∗ = 0.74ε−2
λ Φ0(ni/ξab)4/5(fp,sξab/ε0)6/5. This power-law behavior Jc ∝ B−α with α ∼

1/2 is experimentally confirmed in YBa2Cu3O7−δ film [66] and IBSs [67].

It is noteworthy that the vortex pinning is used to probe the defects included to a supercon-

ductor [67]. If atomic size defects are included, they contribute to the weak-collective pinning,

while nm-sized defects work as strong pinning sites. Assuming Jc is the sum of Jcoll and Js
c ,

where Jcoll is Jc only weak pins are included, and analogously Js
c with only strong pins, we

can deduce the density of each type of defects. Further studies of vortex pinning will provide a

strong tool to identify the defect morphology and amount included in a superconductor.

3.5 Flux-pinning mechanism

In the discussion above, we have set the pinning potential without considering what is the

origin of it. Here we briefly review the representative pinning mechanism of δTc pinning and δl

pinning [68].

δTc pinning The pinning originated from the fluctuation of Tc, which is accompanied by the

impurities in some cases. The temperature dependence of Jc is

Jc(t) = (1 − t2)7/6(1 + t2)5/6

δl pinning The pinning originated from the fluctuation of the mean-free path l, accompanied
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by the microscopic inhomogeneity of dopant atoms. The temperature dependence of Jc is

J(t) = (1 − t2)5/2(1 + t2)−1/2

Here we adopt the reduced temperature t = T/Tc. These are led by jc = j0δ
2/3ε−2/3, where

j0 = 4Bc/3
√

6µ0λ ∝ (1 − t2) is the depairing current density, ε < 1 is mass anisotropy, and δ is

disorder parameter. In δTc pinning and δl pinning, δ ∝ ξ and δ ∝ ξ−3 are assumed, respectively.

3.6 Flux creep in Anderson-Kim model

Up to now, we neglect the hopping probability of vortices among pinning sites. This is valid at

T = 0 K, apart from quantum tunneling. At the finite temperature, the vortex system is expected

to undergo the relaxation process toward the equilibrium state, where the uniform distribution

of vortices B(r) = B is realized. We start from the critical state, which is a nonequilibrium

state. When the vortex is thermally excited to escape from the pinning potential U , the hopping

time t is described as

t = teff exp(U/kT ) (3.60)

where teff, k and T are the vortex hopping attempt time, the Boltzmann constant and temper-

ature, respectively. teff is of the order of 10−6 s. The driving force of the hopping process is the

Lorentz force density F = (1/c)J × B. For simplicity, we consider only the hopping direction

due to this force. Thus U takes the form of

U = U0 −
1
c
JBx0V (3.61)

where V is the volume of the hopping flux, and x0 is the hopping distance. The second term

is the work by the Lorentz force. With an assumption of constant V and x0, independent of J

and B, U is linearly related to J , taking the form of

U = U0[1 − J/Jc0] (3.62)

where Jc0 = cU0/Bx0V is the critical current density without thermally excited hopping. Since

the Eq. (3.60) is rewritten as

U(J) = kT ln(t/teff), (3.63)

42



Eq. (3.62) and Eq. (3.63) lead to the classical flux-creep formula:

J = Jc0

[
1 − kT

U0
ln

(
t

teff

)]
. (3.64)

In evaluating the magnitude of the relaxation, the normalized relaxation rate

S ≡ d lnMirr

d ln t
=

d lnJ

d ln t
(3.65)

is useful to introduce, which enables us to reduce the parameters of Jc0, U0, and teff. Here

M ∝ J is utilized. In the Anderson-Kim model, with Eq. (3.64), we are able to evaluate

S =
kT

U0 − kT ln(t/teff)
(3.66)

or because of U0 À kT in a low-temperature superconductor,

S =
kT

U0
(3.67)

Again taking U0 À kT into account, the value of S should be very small, concluding that the

effect of creep in low-temperature superconductors is negligible. Therefore, we can extract the

pinning energy U0 by evaluating the normalized relaxation rate S in the Anderson-Kim model.

By contrast, in high-temperature superconductors, U ¿ kT can be satisfied, which is one of the

reasons for existing the large flux creep.

3.7 Collective creep and vortex-glass theory

The general formalism is to introduce the nonlinearity in U(J). Namely, the inverse-power-law

barrier

U =
U0

µ
[(Jc0/J)µ − 1] (3.68)

is assumed. Here µ is called the glassy exponent. The special case is found in µ = −1, which

corresponds to the Anderson-Kim model. The important point is found in the case of positive µ,

which has the peculiar property of diverging U as J → 0. Combining Eq. (3.63) and Eq. (3.68),
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we derive the fundamental equation in the collective creep model

U0

µ
[(Jc0/J)µ − 1] = kt ln

(
t

teff

)
(3.69)

⇔
(

Jc0

J

)µ

= 1 +
µkT

U0
ln

(
t

teff

)
(3.70)

⇔J =
Jc0

[1 + (µkT/U0) ln(t/teff)]1/µ
, (3.71)

which is the so-called interpolation formula. In contrast to the classical theory, the volume of

activated flux bundle is supposed to depend on J , and at J → 0, U becomes infinitely large

and the vortex system is frozen, which corresponds to the equilibrium state. Interestingly, the

interpolation formula Eq. (3.71) were derived on the basis of the vortex glass theory. In this

model, the vortex system has a ”vortex glass” phase apart from the vortex liquid phase in high-

temperature and high-field region, and forms a metastable state due to vortex-defect interactions

and vortex-vortex interactions. In addition, µ and the bundle size are predicted to be field- and

temperature-dependent. In three-dimensions, the following values are predicted.

• µ = 1/7 in the low-field, low-temperature region, where the creep is predominantly char-

acterized by the individual flux motion

• µ = 5/2 in higher temperatures and fields, where the collective creep of small bundle

dominates

• µ = 7/9 in higher temperatures and fields, where the bundle size is much larger than the

London penetration depth

According to Eq. (3.71), the normalized relaxation rate in the collective creep is written as

S =
kT

U0 + µkT ln(t/teff)
. (3.72)

The most intriguing result in this formula is observed at high temperature. Since U0 ¿ kT can

be realized in high-temperature superconductors, we can simplify Eq. (3.72) as

S =
1

µ ln(t/teff)
. (3.73)
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Unless µ has a temperature dependence or teff is highly dependent on temperature, this leads

to the presence of the plateau in S(T ) at high temperatures. This was actually observed in

YBa2Cu3O7−δ or other cuprate superconductors, where the prominent plateau structure instead

of S ∝ T is observed at intermediate temperatures.

The detail of vortex state is investigated by flux dynamics. The vortex dynamics is deter-

mined by vortex-vortex interactions, as well as vortex-defect interactions. At higher fields, where

the density of vortices becomes high, the interaction among vortices is strong, resulting in the

flux creep as a unit of vortex bundle, instead of a single vortex. The small bundle suppresses the

flux creep, so if we control the field applied to superconductors, we can minimize the reduction

of the persistent current density. which is important to realize the superconducting wire with

high persistent current stable over time. The vortex state is characterized by the glassy exponent

µ, so that it is important to determine the µ in each temperature and field region.

3.8 Vortices in as-grown YBa2Cu3O7−δ and iron-based supercon-

ductors

Most of the studies on the vortex pinning and creep have been performed in YBa2Cu3O7−δ

(YBCO) and Bi2Sr2CaCu2O8+δ (BSCCO). BSCCO is, in a sense, quite different from YBCO,

since vortex system in BSCCO is two-dimensional due to the anisotropy of BSCCO with γ ∼

50−100 (see section 2.3), whereas YBCO is three-dimensional system with γ ∼ 5−7. Before we

focus on IBSs later, we summarize the vortex properties in YBCO. Figure 3.6 is the magnetic

hysteresis loops at several temperatures under H parallel to c-axis in YBCO with Tc = 93 K.

At low temperatures, the width of the loop, ∆M(H) is field independent in the high-field limit,

while there is a central peak at low fields. As T increases, the general trend is similar at high-

field limit and the central peak, but a new feature is observed at intermediate field. Namely,

the nonmonotonic field dependence of ∆M(H) is identified. This broad peak structure is called

“fish-tail effect“. This structure is more prominent at higher temperatures (T = 70 K). The

fish-tail effect has been observed also in some IBSs [69, 24, 70]. Although some mechanism for

the origin of fish-tail effect, such as weak-collective pinning [71] and the crossover from elastic

creep to plastic creep [69], a complete understanding of this phenomenon has not been achieved.

The persistent current density (J) is calculated from hysteresis loop via the Bean’s critical
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Figure 3.6: Magnetic hysteresis loops in
YBa2Cu3O7−δ at several temperatures.
(Source of figure: [22])

Figure 3.7: Field dependence of the persis-
tent current density at several temperatures
obtained from magnetization loops with the
help of Bean’s critical state model. Inset: the
temperature dependence of the persistent cur-
rent density at H = 3 T. (Source of figure:
[23])

state model. Figure 3.7 shows the field dependence of J at several temperatures in YBCO. Both

the central peak and the fish-tail effect are clearly observed around H = 0 and at intermediate

fields, respectively. From these data, we can extract the temperature dependence of log J at

H = 3 T, where a linear decrease is observed apart from high temperatures. Such a exponential

decrease of J is also observed in IBSs [72].

YBCO provides a stage to examine the weak-collective pinning, since the oxygen vacancies

in YBCO is expected to work as weak-pinning centers. The weak-collective pinning character,

as seen in Fig. 3.5, is indeed observed in Fig. 3.8. In the high-field region, we can clearly see

H−3 dependence in J , as predicted in the weak-collective pinning theory. This manifests that

atomic size defects are included in YBCO and indeed work as weak-pinning centers, as well as

the small vortex bundle is formed in this field region.

Flux dynamics is investigated in YBCO from the flux creep experiment. Figure 3.9(b) shows

the field dependence of S at T = 40 K in YBCO. At low fields, S is relatively large value of
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Figure 3.8: The field dependence of the critical current density at T = 75 K in YBa2Cu3O7−δ.
(Source of figure: [22])

S ' 0.07, which is suppressed by increasing H to the value of 0.02-0.04. Figure 3.9(a) shows

the field dependence of J at the same temperature. These two images are the mirror images of

each other, indicating that the measured J is crucially affected by the flux relaxation. Namely,

the measured J is not the true critical current density Jc in high-temperature superconductors.

The long-term-relaxation measurements extracts the glassy exponent µ, as shown in 3.9(c).

The prediction in the vortex-glass theory, the field dependence of µ from 1/7 to 5/2 to 7/9 as H

increases, well describes the experimental change in S from 0.16 at H ' 0.1 T to 1.42 at H ' 1

T. Each vortex bundle regime is summarized in Fig. 3.10.

The detailed studies of the temperature dependence of J and S show the validity of the

collective creep theory. Figure 3.11 and 3.12 show the temperature dependence of J and S,

respectively, both of which are well explained by the collective creep theory with Eq. (3.71) and

Eq. (3.72). The dependence on the defect density is examined by the 3-MeV proton-irradiation

with a dose of 1 × 1016 ions/cm2, which introduces random point defects. As also shown in

Fig. 3.11 and 3.12, the sample after proton irradiation also shows the collective-creep behavior

with the enhancement of J and the suppression of S. This leads to the evaluation of the change

of vortex state in the framework of the collective creep theory. The vortex state is characterized

by the true critical current density Jc and the glassy exponent µ. With an introduction of

point defects, it is expected that Jc is enhanced, while the value of µ stays nearly constant

due to the difficulty of the change in vortex-defect and vortex-vortex interactions. To deduce

the parameters related to the vortex state, Thompson et al. utilize the Maley’s method taking

the temperature dependence of the vortex-pinning energy U(T ) into account [1]. The Maley’s

47



Figure 3.9: Field dependence of (a) the screen-
ing current density J , (b) the relaxation rate
S, and (c) the glassy exponent µ at T = 40 K
in YBa2Cu3O7−δ. (Source of figure: [23])

Figure 3.10: The vortex-bundle regime in each
H and J region. (Source of figure: [23])

method [73] is based on the master rate equation

dM/dt = (Bωa/2πr) exp(−U/T ), (3.74)

where M is the magnetization, t is time from the critical state is created, B is the magnetic

induction, ω is the attempt frequency for vortex hopping, a is the hopping distance, r is the

sample radius, and energies are measured in K. Solving U for the net pinning barrier U gives

U = −T [ln(dM/dt) − C], (3.75)

with C = ln(Bωa/2πr). By selecting a suitable C, U is scaled by the screening current density

J , as in Eq. (3.68), and we can deduce the glassy exponent µ and Jc0. However, U is assumed to

be constant even at high temperatures, the direct plot of U(J) in a wide range of temperature

would fail, since the smearing of the pinning barrier U is not negligible in high-temperature

superconductors. To eliminate this effect, U/g(T ) should be considered, instead of U itself,

where g(T ) is often assumed as [1 − (T/Tc)p]n. In Ref. [1], p = 2 and n = 3/2 are chosen. The
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Maley’s plot in YBCO is shown in Fig. 3.13, and the summary of the parameters are shown in

Table 3.1.

Figure 3.11: The temperature dependence of
the screening current density J at H = 1 T in
YBa2Cu3O7−δ. The open and closed symbols
are before and after proton irradiation with a
dose of 1 × 1016 ions/cm2. Lines are fits to
Eq. (3.71). (Source of figure: [1])

Figure 3.12: The temperature dependence of
the normalized relaxation rate S at H = 1 T in
YBa2Cu3O7−δ. The open and closed symbols
are before and after proton irradiation with a
dose of 1 × 1016 ions/cm2. Lines are fits to
Eq. (3.72). (Source of figure: [1])

Figure 3.13: Maley’s plot under H = 1 T parallel to c-axis in YBa2Cu3O7−δ. (Source of figure:
[1])

These studies are done also in IBSs [24, 70]. In Ref. [70], U is independently scaled at three

different field regions, H < Hon, Hon < H < Hp, and Hp < H, where Hon and Hp are associated

with the characteristic field of the fish-tail effect, the starting field and the peak field, respectively.

This indicates that the fish-tail effect is related to the crossover of vortex states, and the different
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Table 3.1: Parameters used to model the temperature dependence of Jc(T ) and S(T ) =
d lnM/d ln(t). (Source of table: [1])

Crystal Ion fluence Jc0 U00 µ ln(t/teff)
(no.) 1016 ions/cm2 (MA/cm2) (K)

1 0 3.6 140 1.0 33
1 1 23 160 1.6 42
2 0 2.5 160 1.06 33
2 0.3 7.0 160 1.5 33
2 0.6 11 160 1.4 33

dynamics is dominated within each regime. This is firstly pointed out by Prozorov et al. in

IBSs [69]. Above Hp, the vortex dynamics is dominated by the plastic creep, as discussed by

Abulafia et al. in YBCO [74]. Here the plastic creep is though to be the different category of

vortex dynamics from elastic motion of vortex ensemble, i.e., the dislocation of flux-line lattice,

mediating plastic creep, which leads to fast escape of vortices from the superconductor. The

vortex pinning energy for plastic motion Upl is estimated as

Upl ' εε0a ∝ B−1/2. (3.76)

The negative µ, or often notated as p ≡ −µ with a value of ' 0.5 is interpreted as the realization

of the plastic creep. As a simple way instead, the large S observed in IBSs is attributed to the

plastic creep. The example of the vortex phase diagram extracted from the creep measurement

in optimally-doped Ba(Fe0.92Co0.08)2As2 is shown in Fig. 3.14. The liquid phase, located at high

temperatures and high fields in Fig. 3.14, is the region where the critical current density Jc is

zero, where the vortices can freely move.

3.9 Pinning by columnar defects and Bose-glass theory

The weak-collective pinning and collective-creep theory are applicable to weak pointlike pins

(uncorrelated disorder). However, the optimized vortex-pinning center should have a correlated

structure along the field direction, since the vortex has one-dimensional structure, Such corre-

lated disorders are categorized to planar defects and line defects. An example of planar defects

is the twin boundaries. The twin boundaries are inevitable in YBCO unless the sample is ”de-

twinned” by applying in-plane uniaxial pressure. Actually the pinning from the twin-boundaries
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Figure 3.14: The vortex phase diagram in Ba(Fe0.92Co0.08)2As2 determined by the vortex creep
measurement. (Source of figure: [24])

are often observed in untwinned YBCO. In highly anisotropic layered compounds, the blocking

layers work as planar pinning (intrinsic pinning) when the in-plane field is applied. On the

other hand, the screw dislocation is an example of the intrinsic uniaxial defects. However the

amount of dislocation is uncontrollable. The most remarkable type of pinning is the pinning by

the columnar defects (CDs). In the cuprate film, the naturally assembled columnar pins grown

along the c axis can be utilized. The more prominent way to introduce CDs is to carry out

by the energetic heavy-ion irradiation. The collision of the swift-heavy ion with the electronic

and nuclear system of the target material makes the tracks of damage with a typical diame-

ter of 5 nm. Note that the vortex-core diameter ∼ ξ is just the right size of CD diameter in

cuprates. When the energy of the heavy ions are high enough, the tracks are aligned parallel

to each other, which is the ideal columnar pin configuration. With lowering irradiation-particle

energy, the angular spread of the tracks is observed due to multiple scattering. In cuprates, this

heavy-ion irradiation demonstrates a profound effect of CDs on the vortex system. First, due

to its strong pinning energy, the critical current density Jc in heavy-ion irradiated cuprates is

greatly enhanced, not only compared with Jc in pristine sample but that in proton-irradiated

one. To show that this enhancement is due to the vortex confinement within the CDs, a YBCO

single crystal irradiated at 30◦ off the c axis is measured under the applied field aligned to CDs

and far away from CD direction (±30◦ with respect to c axis). This configuration extracts the

unidirectional pinning effect apart from the isotropic point pinning effect or the geometrically
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derived effect, such as demagnetization effect, so that we can know whether the enhancement

is attributable to CDs or another ones, such as point pins introduced by the “side effect” of

the irradiation. The magnetization loops address the significant enlargement at H||CDs, which

testifies the effectiveness of CDs in cuprates.

The amount of defects are conventionally counted by the matching field Bφ = φ0/d2 = φ0npin,

where d is the mean separation between the nearest CDs and npin is the areal density of columnar

pings. Here the CDs are assumed to pass completely through the sample. With this expression,

we can know the relation between the number of vortices and that of CDs. Namely, when

B = Bφ, all the defects would occupied by the vortices if CDs are periodically arranged.

The vortex pinning and dynamics have a peculiar properties, which is completely different

from the vortex glass state. Since the physics of the vortex system under the CD pinning

potential is mapped on the two-dimensional Boson, this phase is called the Bose glass phase.

As far as H is aligned to CDs, the Bose glass phase is realized in a wide range of the B − T

phase diagram, apart from the liquid phase in the vicinity of the superconducting transition

line. These two phase are separated by the Bose glass transition line TBG(H). Within the Bose

glass phase, another characteristic field can be defined, so-called the accommodation field B∗(T ),

which is the same with the matching field at low temperatures. Below B∗, all the vortices are

trapped by CDs, while above B∗ some of the vortices escape from CDs. In the former case,

only the vortex-defect interaction is considered, while the interaction among vortices becomes

relevant and the effect of the collective creep should be considered in the latter case. This

B∗(T ) line goes to zero at some characteristic temperature, called the depinning temperature

Tdp, above which the the effectiveness of the pinning from CDs is entropically smeared out. In

this theory, Jc at low temperature is possible to become close to the depairing current density

J0 = cφ0/12
√

3π2λ2
abξab, at which the superconducting pairing is broken.

Experimentally, we can clearly observe characteristic behaviors at B∗, attributable to the

Bose-glass state. Figures 3.15 and 3.16 are the temperature dependence of the screening current

density J and the normalized relaxation rate S at several fields parallel to CDs. The temperature

of the peak in d ln J/dT (in other words, the drop in J(T )) and the peak in S(T ) coincide. These

points at several fields in B −T plane is shown in Fig. 3.17, indicating B∗. B∗(T ) drops to zero

at the so-called depinning temperature Tdp of ' 41 K. This temperature is dose independent

as shown in the inset of Fig. 3.17. Such an acceleration of S and the drop in J as a result
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of a large S are explained by the variable range hopping of vortices among CDs. Namely, the

vortex hopping is in most cases to the nearest CDs, but in this region the vortices can hop to

the position far from CDs, resulting in fast relaxation rate.

Figure 3.15: The temperature dependence of
the screening current density J under sev-
eral magnetic fields in 1-GeV Au-irradiated
YBa2Cu3O7−δ with a matching field Bφ = 2.4
T. Inset: the derivation d ln J/dT as a func-
tion of temperature. The arrows are corre-
spondent to the drop in J(T ). (Source of fig-
ure: [25])

Figure 3.16: The temperature dependence of
the normalized relaxation rate S under sev-
eral magnetic fields in 1-GeV Au-irradiated
YBa2Cu3O7−δ with a matching field Bφ = 2.4
T. The peak temperature in S(T ) coincides
with the temperature of the drop in J(T ).
(Source of figure: [25])

Another interesting feature is observed in the response to tilting of magnetic field. When H is

parallel to the CDs, below the Bose glass transition temperature TBG(H) vortices condense into a

Bose glass phase. A fascinating feature of this phase is its stability to the tilting of magnetic field,

which is the consequence of the infinite tilt modulus c44 [75, 76, 21]. When H is tilted away from

the direction of the CDs by an angle smaller than the so-called lock-in angle (θL), the vortices

remain trapped by the CDs in their whole length. This stiffness of the vortex configuration

manifests as an almost orientation-independent Jc over the angular extension of the lock-in

phenomenon, which has often been observed in cuprates in magnetization [77, 78, 79, 80, 81]

and transport measurements [82, 83, 84]. Figure 3.18 shows the fingerprint of lock-in state in

309-MeV Au-irradiated YBa2Cu3O7−δ with a matching field Bφ = 1 T. The CDs are introduced
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Figure 3.17: The vortex phase diagram in 1-GeV Au-irradiated YBa2Cu3O7−δ with a matching
field Bφ = 2.4 T. Inset: the similar plot in different matching fields of Bφ = 1.1 T and 4.7 T.
(Source of figure: [25])

with an angle of 30◦ from c-axis. We clearly see the plateau structure around H||CDs, which

is attributable to lock-in state. In fact, as shown in Fig. 3.19, the width of these plateau (2ϕL)

are proportional to 1/H, which is consistent with the prediction of the Bose-glass theory.

3.10 Summary and the motivation of our study

Vortex pinning and dynamics are the result of complexity of vortex-defect and vortex-defect

interactions. If point-like defects are included in a superconductor, the vortex system in high-

temperature superconductors is expected to show the vortex-glass phase. A number of randomly

distributed weak-pinning sites are the origin of the critical current density and the finite relax-

ation rate. Conversely, what vortex states are realized at each temperature and field region is

investigated by those physical quantities. Although the general trend of vortex behaviors in

cuprates are thought to be understandable, the fundamental features and their mechanism in

the second class of high-temperature superconductor, IBSs, are still not clarified. As a first step,

we should examine whether the vortex behaviors can be understood by the vortex-glass theory,

similar to the case of cuprates. As a result, we can clarify the universality of vortex system in

high-temperature superconductors.

In the case of heavy-ion irradiated system, the vortex system in cuprates is drastically

different from that in the as-grown sample, which is explained by the Bose-glass phase. However,
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Figure 3.18: Angular dependence of the
magnetization in 309-MeV Au-irradiated
YBa2Cu3O7−δ with a matching field Bφ = 1
T. The CDs are introduced with an angle of
30◦ from c-axis. The plateau feature is ob-
served around field parallel to CDs. (Source
of figure: [26])

Figure 3.19: The plateau width 2ϕL as a
function of 1/H in 309-MeV Au-irradiated
YBa2Cu3O7−δ with a matching field Bφ = 1
T. The CDs are introduced with an angle of
30◦ from c-axis. The solid lines are the lin-
ear fit to each data of the fixed temperature.
(Source of figure: [26])

some quantitative inconsistency between the experiment and theory is not solved. Since IBSs are

known to be successfully introduced columnar defects by heavy-ion irradiation, IBSs propose a

new stage to examine the validity of Bose-glass theory, if the realization of the Bose-glass phase

in IBSs is testified. Therefore, the first step we should do is to show whether this Bose-glass

state is realized also in IBSs.

In general, studies on the vortex physics is strongly related to future applications of super-

conducting wires, through the realization of high-performance of the transport current with a

small dissipation. With this study, we can know the optimal condition for the highest Jc and

the stability (keep high screening current density) over time.
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Chapter 4

Experimental Details

4.1 Single crystal growth

The systems we focused on in this study are Co- and K-doped BaFe2As2. The high-quality

single crystals of both doping were grown by self-flux method. The precursors of FeAs and

CoAs powder are synthesized by solid-state reaction. The stoichiometric amounts of Fe/Co

powder and As pieces were loaded into a quartz tube with a diameter of 10 mmφ, followed by

evacuation, and sealing, where the weight of As is limited to ' 2 g to avoid the explosion of

quartz ampule. In dealing As pieces, we always picked them up from freshly opened package

in glove box to avoid oxidization. For safety, we sealed it into a second evacuated tube with a

diameter of 20 mmφ. The reaction was carried out at 1065◦C for 10 h after heating at 700◦ for

6 h.

For Co-doped BaFe2As2, the crystal growth were carried out by Dr. Yasuyuki Nakajima in

Tamegai laboratory. The starting materials were the chunk of Ba, the powder of FeAs, and that

of CoAs with a ratio of Ba : FeAs/CoAs = 1 : 5. The oil covering the Ba chunk was washed

out by hexane and immersed in that until just before the sealing process. The mixture was

placed in an alumina crucible with a diameter of 15 mmφ, subsequently sealed in a evacuated

quartz tube with a diameter of 20 mmφ as shown in Fig. 4.1. The whole assembly was placed

with tilting at an angle of 45◦ in a box furnace. Empirically, a typical dimension in ab-plane of

crystals becomes large at this angle rather than straight standing. We heated it up to 1150◦C,

followed by slow cooling down to 800◦C at a rate of 5◦C/h, as presented in Fig. 4.1(b). The

nominal composition of xnom defined by CoAs/(FeAs+CoAs) in molar ratio is related with the
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actual doping level x in Ba(Fe1−xCox)2As2 by x ' 0.7×xnom. Here the actual composition was

determined by EPMA analysis, as described in next section.
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Figure 4.1: (a) The schematic view of the assembly for Co-doped BaFe2As2 single crystal growth.
(b) The heating procedure in Ba(Fe1−xCox)2As2 single-crystal growth.

For K-doped BaFe2As2, we used different flux for the different doping levels. Previously, the

single crystals were grown by FeAs with quartz tube, as in the case of Co-doped BaFe2As2. It

is known that the quartz tube is reacted and easily broken by K-vapor, so that we employed the

stainless steel ampule as illustrated in Fig. 4.2(a). Here we utilize the swage lock to seal the ends

of tube, as suggested in Ref. [85]. It should be noted that another advantage addressed in Ref. [85]

is the use of KAs flux method. It is confirmed in transport measurements [85, 86, 87] (and in

the sample by effectively similar synthesis [88]) that the quality of single crystals of KFe2As2 by

way of KAs self-flux is higher than that with K flux. For 0.5 < x < 1.0 in Ba1−xKxFe2As2, the

situation is more drastic, since only polycrystals had been able to grow in this doping levels [89].

The KAs-flux has solved this problem. Even at the doping levels of 0 ≤ x ≤ 0.5, KAs flux is

of advantage to obtain high-quality crystals [7]. However KAs is so reactive that it is difficult

to deal with, so we have adopted KAs flux only for overdoped sample and conventional FeAs

flux method was employed for underdoped and optimally doped samples. We have grown three

different doping levels of x = 0.23 (underdoped), 0.42 (optimally doped), and 0.69 (overdoped).

(Here x is actual doping level, see next section.) For underdoped and optimally doped samples,

the Ba and K chunks with FeAs powder were put into alumina crucible with a molar ratio of

Ba/K:FeAs=1:4. The total amounts were ' 5 g. The ampule sealed under N2 atmosphere was
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placed in a box furnace with an angle of 45◦, and heated up to 1100◦C, similar to the case of

Co-doping. The detail of heating procedure was shown in Fig. 4.2(b). Firing at 1200◦C or higher

makes stainless steel fragile. When high temperature synthesis is necessary, the oxidization of

stainless steel should be avoided. This is, for example, realized by tube furnace with flowing

N2 gas. The obtained crystals have mirror surfaces and can be cleaved to obtain ab-plane. The

typical dimension in ab-plane is 5 mm as shown in Fig. 4.3 For overdoped sample, the precursor

of FeAs and BaAs powder are necessary. The BaAs reaction was started from Ba chunks and

As pieces. We cut Ba chunks into small pieces, typically 1 mm cubic, to enlarge the surface

area for the reaction. Even if we do so, we have to care the amount of As, since the reactivity

of As with Ba pieces is much weaker than that with Fe powder. Therefore the weight of As

was limited to ' 0.7 g not to be cracked by As vapor in heating. The stoichiometric amounts

of Ba and As were sealed in evacuated 10 mmφ quartz tube with a length of 150 mm. After

the reaction, BaAs was ground into powder in a glove box and kept away from air exposure.

The starting materials for the crystal growth are K chunks, As pieces, BaAs powder, and FeAs

powder. The idea is to grow crystals in BaAs/KAs flux, but we avoid to directly make KAs

powder for safety, so that the effective KAs flux method was exploited. The specific molar ratio

was BaAs : K : As : FeAs = 0.4 : 12 : 11 : 2. Namely, the nominal composition corresponds

to Ba0.4K0.6Fe2As2 and the remaining KAs flux. The processes other than heating procedure

were the same as that in underdoped and optimally doped samples. As shown in Fig. 4.4, we

heated up to 900◦C for 10 h after held at low temperature for several hours, which was followed

by slow cooling at a rate of 4◦C/h down to 650◦C.

We cut the samples into rectangular thin plates for dc-transverse resistivity and magnetiza-

tion measurements before or after irradiations.

4.2 Electron probe micro probe analyses

The actual doping level in a single crystal was determined by electron probe micro probe ana-

lyzer. The crystal was attached on carbon tape, which was put onto scanning electron microscopy

(SEM) sample holder. The energy-dispersive x-ray spectroscopy (EDX) was equipped to this

SEM instrument, and the ratio of each element on the surface of the crystals was identified. The

optimal Co-doping level covered in this thesis was x = 0.07 with Tc = 23.5 − 24.0 K. On the
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Figure 4.2: (a) The schematic view of the assembly for K-doped BaFe2As2 single crystal growth.
(b) The heating procedure in Ba1−xKxFe2As2 single-crystal growth for x = 0.23 and 0.42.

Figure 4.3: The obtained single crystals of
Ba0.58K0.42Fe2As2. The scale is mm. The mir-
ror surface is ab-plane.
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Figure 4.4: The heating procedure in
Ba0.31K0.69Fe2As2 single crystal growth.

other hand, the actual K-doping levels were x = 0.23, 0.42, and 0.69 for underdoped, optimally

doped, and overdoped samples, respectively.

4.3 Heavy-ion irradiation

In this thesis, two species of heavy-ion are adopted to create correlated defects at some selective

energies. One of them is gold (Au) ions, whose energy is 200 MeV or 2 GeV. The 200 MeV Au-

irradiation was carried out using tandem accelerator in Japan atomic energy agency (JAEA).

Another energy of 2 GeV Au-irradiation was done at INFN-LNS (Laboratori Nazionali del

Sud), Catania, Italy. The other species of uranium (U) was irradiated at RIKEN, the energy
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of which was fixed to 2.6 GeV. All the samples to be irradiated are thinned to fully penetrate

the swift-heavy ions. The upper limit of the thickness, which is called the projected range, is

calculated by the stopping and range of ions in matter (SRIM) code [90]. The values are 13.6

µm, 62.8 µm, and 60.8 µm in the irradiation for Ba(Fe0.93Co0.07)2As2 irradiated by 200 MeV

Au-ions, 2 GeV Au-ions, and 2.6 GeV U-ions, respectively. In Bi2Sr2CaCu2O8+δ, it is reported

that defect morphology along the track gradually changes [91]. In order to obtain the ideally

parallel columnar defects (CDs), we cleaved the sample to be approximately half of the projected

range. The fabricated samples were put on a aluminum sample holder. We prepared different

sample holders for different irradiation conditions The areal density of defects are counted by

the matching fields Bφ, at which the density of vortices and CDs is the same. The detail of the

matching field is elaborated in the previous chapter. The typical Bφ is a several tens of kOe.

4.4 Proton irradiation and in-situ resistivity measurement

The 3-MeV proton (H+) was irradiated along the c-axis at T = 50 K at National Institute of

Radiological Sciences - Heavy Ion Medical Accelerator in Chiba (NIRS-HIMAC). Since random

point defects including Frenkel pairs, some of which are mobile even at room T (Ref. [92]), were

expected to be produced by 3-MeV H+ irradiation, [93] we kept the temperature low (≤ 50 K)

to stabilize defects during the following resistance measurements. The proton flux was limited

to . 1012 ions/cm2/s to avoid excessive heating of the crystals. The samples to be irradiated

were cleaved to be thinner than a half of the projected rage ∼ 50 µm, similar to the heavy-ion

irradiation. For in-situ resistivity measurements, gold wires were attached to the samples by

silver paste with a standard four-probe configuration to measure the longitudinal resistivity ρ.

The home-built measurement system was based on the closed-cycle refrigerator. The sample

holder is illustrated in Fig. 4.5. The wired samples were loaded onto the sapphire plate. The

samples for vortex study were placed on the aluminum foil sticked on the side of sapphire plate.

This foil was electrically contacted to the copper sample holder not to be charged up.

4.5 Magnetization measurement

The dc magnetization up to 50 kOe was measured in a commercial superconducting quantum

interference device (SQUID) magnetometer (MPMS-XL5, Quantum Design). Most of the mea-
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Figure 4.5: The schematic view of the sample holder the overall system for proton irradiation.

surements were performed for longitudinal magnetization under magnetic field (H) parallel to

c-axis. Some of the samples were small, so the background signal from the sample holder (MBG)

was not negligible. Therefore we designed the sample holder by quartz tube, which has a small

cuboid-like hole as the sample space. The H dependence of MBG is linear, which enables us to

subtract the contribution from the sample holder without ambiguity.

The temperature dependence of Meissner signal was measured under low field parallel to

c-axis, typically H = 5 Oe. The magnetization loops were measured at fixed temperature with

field sweeping H = 0 → 50 → −50 → 0 kOe. For the creep measurement, in evaluating of the

normalized relaxation rate S, the time-evolution of the magnetization M(t) were traced typically

for an hour.

To elucidate angular dependence of magnetization, the transverse magnetization Mt (per-

pendicular to H) was measured as well as the longitudinal component Ml (parallel to H), col-

laborated with the group of Dr. Leonardo Civale in Los Alamos National Laboratory (LANL).

We used a SQUID magnetometer equipped with two sets of pick-up coils to measure both com-

ponents, and change H direction using a rotator with its rotational axis perpendicular to H.

Thus, we could control the polar angle (θ) between H and the sample normal ň. One of the

sides of the square crystal was aligned parallel to the rotation axis. To prevent any damage in

the crystal from magnetic-field-induced torque, we loaded the sample after sandwiching it by

a couple of sapphire plates with Apiezon grease. After cooling down the sample below Tc at
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θ = 45◦, we aligned the rotator probe to maximize Mt by azimuthal rotation in order to make

the sample plate face the transverse pickup coils.
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Chapter 5

Pair-breaking effects in

Ba1−xKxFe2As2

5.1 Introduction

The superconducting gap structure and the underlying pairing mechanism of iron-based super-

conductors (IBSs) are under intense debate. Nevertheless, no consensus has been established.

At a very early stage, it was claimed that the superconductivity in IBSs was mediated by anti-

ferromagnetic (AFM) spin fluctuations, leading to the so-called s±-wave gap structure [32, 31].

Namely, the opposite sign of the order parameter between hole and electron Fermi surfaces (FSs)

is realized via interband scatterings between hole and electron FSs. However, another perspec-

tive has been proposed that the orbital degrees of freedom play an important role in various

physical properties. The superconductivity mediated by orbital fluctuations has a gap function

of s++-wave without sign reversal [15, 33]. Some experimental results such as ultrasonic mea-

surement support the importance of the orbital degrees of freedom [94, 95]. In optimally K-doped

BaFe2As2, laser angle-resolved photoemission spectroscopy (ARPES) measurement provides re-

sults of the same magnitude of the superconducting gap on different hole FSs, which is difficult

to explain by only the spin-fluctuation scenario [11], as we described in Sec. 2.4.1. Moreover, a

FS-selective gap structure including octet line nodes in the end member of the series KFe2As2

implies that several pairing mechanisms are competing, namely, spin fluctuations and orbital

fluctuations [42].

To go forward with the identification of the pairing mechanism of IBSs, a phase sensitive
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probe is required. The impurity effects have played a key role for this purpose since the study

of cuprate superconductors [96]. According to Anderson’s theorem, nonmagnetic impurities do

not work as pair breaker in isotropic single-gap superconductors. By contrast, fast suppression

of the superconducting transition temperature Tc is expected in superconductors with a sign

change such as d wave, analogous to magnetic impurities in s-wave superconductors. The de-

tails are elaborated in Sec. 2.4.4. In fact, this has been observed in cuprate superconductors,

such as Zn-doped YBa2Cu3O7−δ and Bi2Sr2CaCu2O8 [96]. In IBSs, pioneering studies have

been reported [97, 98, 57, 99, 62, 18, 58, 16, 100]. A peculiar way to introduce disorders is

energetic particle irradiation. Defects created by 2.5-MeV electron irradiation are reported to

behave similarly to Zn substitutions in YBa2Cu3O7−δ (Ref. [59]). In sharp contrast to chemical

substitution, light-particle irradiations enable us to systematically introduce point-like defects

in a given sample. The problems in chemical substitution, like structurally unstable and inho-

mogeneous properties and/or possible changes in carrier density and FS topology, can be also

overcome. Such advantages are utilized to single crystalline IBSs to distinguish whether the

gap has sign reversal or not. The most striking result obtained is in proton (H+) irradiated

Ba(Fe1−xCox)2As2, which shows a depression of superconductivity slower than that expected

for s±-wave superconductors [18].

Among several types of IBSs, BaFe2As2 is the prototypical system. Especially, optimally

and over K-doped BaFe2As2 have very small residual resistivity (RR), so that the intrinsic

impurity scattering is negligible [7]. This is in stark contrast to the Co-doped sample, where

direct doping of Fe-site provides a large RR (∼ 50 µΩcm at optimal doping) even after BaAs

annealing [34, 7]. Owing to the absence of the intrinsic scattering centers, we can safely attribute

RR to extrinsically introduced scattering, which have a possibility of pair breaking.

The objective of this study is to examine the possible sign-reversal in the order parameter

between electron- and hole-FSs. The fast suppression by impurity scattering rates means the

realization of s±-wave, indicating the pairing mediated by spin fluctuations, whereas the slow

suppression denies it.
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5.2 Results

5.2.1 Resistivity in as-grown sample

First, we have measured the resistivity (ρ) in a wide range of temperature (T ) in the as-grown

Ba1−xKxFe2As2. Here three doping levels of x = 0.23, 0.42, 0.69 are selected. They corresponds

to underdoping, optimally doping, and overdoping, respectively. Figure 5.1 represents the re-

sult of ρ − T measurements in the as-grown samples, which are identical to those used in the

irradiation study in the following. The absolute values of ρ at T = 300 K is slightly reduced

with increasing x. Upon cooling, the crossover from high-T convex to low-T concave behavior is

observed at the characteristic T ∗ ' 100 K. These results are quite consistent with the previous

reports [101, 7]. In the low-T region T ¿ T ∗, a quadratic T dependence of ρ is observed in all

three samples, which is obvious in the inset of Fig. 5.1. The superconducting transition occurs at

Tc = 24.4 K, 37.4 K, and 17.8 K, in x = 0.23, 0.42, and 0.69, respectively, where Tc is defined by

the midpoint of resistive transition. As shown in Fig. 5.1(b), these values of Tc almost coincide

with the onset of the Meissner signal measured by the superconducting quantum interference

device magnetometer, which gives evidence for the bulk transition.
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Figure 5.1: (a)Temperature dependence of the resistivity in Ba1−xKxFe2As2 (x = 0.23, 0.42, and
0.69). Inset: the resistivity as a function of T 2. (b) Temperature dependence of zero-field-cooled
(ZFC) and field-cooled (FC) Meissner signal under H = 5 Oe in Ba1−xKxFe2As2 (x = 0.23, 0.42,
and 0.69).
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5.2.2 Evolution of resistivity by proton irradiation

The in situ ρ − T measurements right after the 3-MeV H+ irradiation are shown in Fig. 5.2.

The maximum dose reaches to 9.2 × 1016 ions/cm2. Regarding the normal state behavior, all

samples show a parallel shift upon irradiation without any low-T upturn, indicating that the

point defects introduced by this irradiation are nonmagnetic and no localization effects appear.

This fact is quite important in view of the study of pair-breaking effects, since the stiffness

of the superconductivity to the nonmagnetic scattering is the key to distinguish the possible

sign-reversing order parameter. To estimate the impurity scattering rate, we have extrapolated

ρ in the normal state to T = 0 K with a function of ρ = ρ0 +AT 2 and calculated ∆ρ0 ≡ ρi
0 −ρ0

0,

where ρi
0 is ρ0 of the ith irradiation. The evolutions of ∆ρ0 with the dose are depicted in

Fig. 5.3(a). An almost linear increase in ∆ρ0 is evident in all samples, although the slope of

the underdoped sample is twice as large as the slopes in the optimally doped and overdoped

samples. On the other hand, we can see that Tc is gradually suppressed without significant

broadening of the transition in all samples except for the tail part. We will comment on this

point in next paragraph. We define Tc by the midpoint of a sharp ρ drop, as indicated by

Fig. 5.3(c). The resultant Tc as a function of the dose is shown in Fig. 5.3(b). Here the error

bars are twice T onset
c − Tc (T onset

c is the onset T of the ρ drop, see Fig. 5.3(c)), which is smaller

than ∼ 1 K, except for underdoped sample at higher doses. Tc suppression, ∆Tc = Tc0 − Tc, is

linear with a maximum reduction of 4.3, 3.0, and 4.3 K, for underdoped, optimally doped, and

overdoped samples, respectively, where Tc0 is Tc before the irradiation. It should be noted that

this suppression of Tc is much larger than that reported for heavy-ion irradiated (Ba,K)Fe2As2

with a matching field of 21 T (∆Tc ∼ 0.3 K), where the average spacing of columnar defects is

100 Å(Ref. [102]).

Tail of the resistive transition

Here we comment on the tail of resistive transition. Namely, by increasing the irradiation dose,

a finite value of ρ remains after the main superconducting transition followed by the second

broad transition at a low T . To clarify the origin, we performed magneto-optical (MO) imaging

in a similar crystal of H+-irradiated Ba0.6K0.4Fe2As2 [Fig. 5.4(b)] after carefully removing silver

paste and gold wires. Figure 5.4(a) shows an example of the MO image at T = 33 K under
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Figure 5.2: Temperature dependence of the resistivity in Ba1−xKxFe2As2 (x = 0.23, 0.42, and
0.69) with doses of 0, 0.52, 1.0, 1.6, 2.1, 3.1, 4.8, 6.8, and 9.2×1016 ions/cm2. Broken lines
represent fitting lines of ρ = ρ0 + AT 2.

H = 5 Oe. Under this low-field condition, the superconducting region gives a Meissner response,

which shows up as a dark part in the MO image. This is actually observed in most parts of the

crystal. Additional dark regions are detected at the very narrow regions just beneath gold wires,

surrounded by bright regions, where the superconductivity is weakened or lost. This positional

dependent magnetic response addresses lower Tc beneath the silver paste. One of the possible

origins for such a stronger suppression of Tc is that lower energy H+ ions and/or the secondary

electrons generated in the silver paste are more effective in introducing point defects. Hence we

conclude that the fast suppression of superconductivity under silver paste accompanied by the

spatially modulated Tc is the origin of the tail in resistive transition. A close inspection of the

ρ−T data in Fig. 5.2 allows us to roughly estimate (Tc0 −T ρ=0
c )/∆Tc ∼ 2 in x = 0.23 and 0.42,

while ∼ 3 in x = 0.69. Since ∆Tc is proportional to ∆ρ0, ρ0 of the part beneath the silver paste

is estimated to be twice as large as that of the bare part in x = 0.23 and 0.42, while it is 3 times

as large in x = 0.69. Here the main transition at Tc is attributed to the property of the bare

parts and zero resistivity appears at T ρ=0
c as a consequence of transition in the region beneath

the silver paste. Since the volume beneath the silver paste is much smaller than that of the bare
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c . Dashed lines are the linear fit above and in the
middle of the resistive transition.

parts, the serial circuit of these parts provides only a small correction to ρ0. Such a few percent

enhancement of the RR does not affect the pair-breaking discussion above.

5.2.3 The relation between Tc and ∆ρ0

The central issue of the impurity effect is to clarify the relationship between the evolution of

ρ0 and the reduction of Tc, where ρ0 is the residual resistivity. Figure 5.5 represents Tc (main

panel) and Tc/Tc0 (inset) as a function of ∆ρ0. The suppression rates of Tc, −∆Tc/∆ρ0, are

65 K/mΩcm, 95 K/mΩcm, and 161 K/mΩcm for x = 0.23, 0.42, and 0.69, respectively. It

is noteworthy that these values are comparable to the value of 46-77 K/mΩcm in chemically

substituted Ba0.5K0.5Fe2As2 (Ref. [16]). The linear extrapolation, drawn by broken lines in

Fig. 5.5, gives the critical residual resistivity value ∆ρcr
0 to fully suppress Tc as 376, 396, and

110 µΩcm, respectively. These values of ∆ρcr
0 for the underdoped and optimally doped samples
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Figure 5.4: (a) A magneto-optical image at 33 K under H = 5 Oe taken after removing silver
paste and gold wire from the crystal of Ba0.6K0.4Fe2As2 shown in panel (b).

are similar to previous reports (100-1000 µΩcm) [62, 18, 58, 16]. The overdoped sample, on the

other hand, has a smaller ∆ρcr
0 . The fast suppression rate of Tc in the overdoped sample can be

seen even in the Tc/Tc0 vs. ∆ρ0, depicted in the inset of Fig. 5.5. The slope in the overdoped

sample is 3.5 times larger than the slopes of the underdoped and optimally doped samples.

5.3 Discussion

For quantitative discussion of pair-breaking effects by nonmagnetic scatterings, we evaluate the

normalized scattering rate g = ~/2πkBTc0τ , where ~, kB, and τ are the Planck’s constant

divided by 2π, the Boltzmann constant, and the scattering time, respectively. If we assume the

intraband scattering rate τ−1
intra and the interband scattering rate τ−1

inter are the same, i.e. τ−1
intra '

τ−1
inter ≡ τ−1, then 1/∆ρ0 = 1/∆ρintra + 1/∆ρinter = (ne2/m∗)(τintra + τinter) = 2ne2/m∗τ−1, and

we can estimate τ−1 from ∆ρ0 as τ−1 = 2ne2∆ρ0/m∗, where n is the carrier density, e is the

elementary charge, and m∗ is the effective quasiparticle mass. In the following, we show three

different estimations of g; g5orb, gλ, and gH , which are described in Fig. 5.6(a), 5.6(b), and

5.6(c), respectively.

According to linear response theory based on the five-orbital model, we obtain the relation
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∆ρ0 (µΩ cm) = 0.18τ−1 (K) in Ba1−xKxFe2As2, leading to the first estimation of g5orb =

0.88z∆ρ0/Tc0, where z is the renormalization factor. [103] The angle resolved photoemission

spectroscopy measurement in Ba0.6K0.4Fe2As2 gives a result of the renormalization factor z =

1/2 (Refs.[104] and [105]). The obtained Tc/Tc0 as a function of g5orb is shown in Fig. 5.6(a).

The critical values of g(≡ gc) where the linear extrapolation of Tc/Tc0 goes to zero are evaluated

as 6.8, 4.7, and 2.7 in x = 0.23, 0.42, and 0.69, respectively. These values compare well with

those obtained for substitutions of Mn, Co, Ni, Cu, and Zn for Fe in almost optimal-doped

crystals of Ba0.5K0.5Fe2As2, gc = 4 − 8 [16].

With London penetration depth λ =
√

m∗/µ0ne2, we can obtain another estimation of τ−1

as τ−1 = ne2∆ρ0/m∗ = ∆ρ0/µ0λ
2, where µ0 is the vacuum permeability. It is noted that the

use of λ allows us to avoid direct estimation of n and m∗. Optical measurements in the low-

frequency limit give λ ' 2000 Å in Ba0.6K0.4Fe2As2 (Ref. [106]). Without considering the K

doping dependence of λ, we obtain the second estimation gλ = ~∆ρ0/πkBTc0µ0λ
2. Tc/Tc0 as a

function of gλ is shown in Fig.5.6(b). The critical values gc of the normalized scattering rate

obtained from linear extrapolations are 7.5, 5.1, and 3.0 in x = 0.23, 0.42, and 0.69, respectively.

The conventional approach to estimate carrier density n is from Hall coefficient RH mea-
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surements. RH at 300 K is reported to be ∼ 1 × 10−9 m3/C (Refs. [101, 107], and [108]),

which offers the third estimation of gH = ~∆ρ0e/πkBTc0m
∗RH . With the mass enhancement

factor m∗ = 2m as mentioned above, the critical scattering rate gc for x = 0.23, 0.42, and 0.69

is estimated as gc = 33, 23, and 13, respectively. Here m is assumed to be the free electron

mass. These values are more than 4 times larger than the other estimations above. This is

possibly because RH is not a good measure of n in Ba1−xKxFe2As2, since the T variation of

RH is ascribed to several contributions such as multiband nature, antiferromagnetic spin fluc-

tuations, Fermi surface reconstruction, and so on. Unfortunately, it is difficult to separate these

contributions from others. For example, Ohgushi and Kiuchi analyzed RH in Ba1−xKxFe2As2

assuming two-band model with an expression of hole carrier density nh = n0 + x
2

mh
mh+me

and

electron carrier density ne = n0 − x
2

me
mh+me

and found a strong T dependence of n0 and mh/me

(Ref. [101]). This means that the estimation of gH largely depends on the choice of T in RH .

In addition, we cannot use RH at low T since an apparent spin fluctuation effect is identified as

evidenced by a strong T dependence of RH , especially in underdoped samples. Thus gH must

overestimate the scattering rate.
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Figure 5.6: Tc/Tc0 as a function of a normalized scattering rate g = ~/2πkBTc0τ in
Ba1−xKxFe2As2 (x = 0.23, 0.42, and 0.69) evaluated by (a) the five-orbital model g5orb =
0.88z∆ρ0/Tc0 and (b) the London penetration depth gλ = ~∆ρ0/πkBTc0µ0λ

2. These data are
linearly extrapolated to obtain critical values of g as shown by dotted lines. Dashed lines indicate
the critical scattering rate g±c ' 0.3 by simple estimation for s±-wave scenario.

These three results should be compared with the s±-wave scenario with equal gap magnitudes
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of opposite signs on different FSs. Provided the simplest assumption of τ−1
intra = τ−1

inter, the pair

breaking is evaluated by the Abrikosov-Gor’kov formula, − lnTc/Tc0 = ψ(1/2 + gTc0/2Tc) −

ψ(1/2), where ψ(x) is a digamma function and g = ~τ−1
inter/2πkBTc0. The obtained critical g

in this scenario is g±c ' 0.3, as shown in Figs. 5.6(a)- 5.6(c). Obviously, all estimates of gc

are much larger than g±c ' 0.3. By contrast, it is expected that the rate of Tc suppression

is much smaller in the s++-wave scenario. Therefore, our results strongly suggest that the

realization of the s±-wave gap function in K-doped BaFe2As2 is unlikely. However, it should

be noted that an impurity-robust s± state has recently been discussed by changing the ratio

of inter- to intra-band scatterings. [109, 110] To examine if the anomalously small ratio of

inter- to intra-band scattering is feasible, Yamakawa et al. have recently studied the nonlocal

impurity scattering effect [56] in accordance with the first-principle study deriving 3d- and 4d-

impurity potentials. [111] They have found that the negligible interband scattering is unrealistic

and −∆Tc/∆ρ0 is independent of the impurity potential strength and Tc0. They concluded

that the s±-wave state is inconsistent with the experimental results reported in IBSs, which is

consistent with the local impurity model in Ref.[33]. The results obtained in Refs.[109, 110,

112, 113, 114, 115, 15], and [116] are based on orbital-less multiband model. In this model, the

amplitude of interband scattering becomes negligible in a unitary impurity scattering regime.

This is why a wide range of ratios of intraband to interband scatterings is examined, and at

a small interband scattering rate the superconductivity is robust even in the s±-wave state.

However, this model neglects the momentum dependence of the impurity potential originated

from the orbital degrees of freedom. When taking it into account, i.e. based on the five-orbital

model, it is revealed that a large interband scattering should appear and the s± state is fragile.

Hence, we must adopt the comparable interband scattering to the intraband one. Although we

cannot specify the ratio of interband to intraband scattering rates, the ratio is not completely an

arbitrary assumption. Our present results manifest the robustness of Tc against the introduction

of impurity scatterings, and based on the above consideration, we can safely conclude that they

are inconsistent with the s±-wave state in the Ba1−xKxFe2As2 system. We should additionally

point out that faster suppression of Tc/Tc0 in highly overdoped samples is possibly realized if the

mass enhancement m∗/m is large, taking the stronger correlation in the end member of KFe2As2

into account. [117, 118] The disappearance of the electron FS and the negligible gap size of the

outer hole FS are reported for x ≥ 0.6, leading to possible crossover of the superconducting
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order parameter, caused by the competition of the pairing mechanism, probably the orbital

fluctuations and the spin fluctuations [119, 120]. The observed faster suppression of Tc/Tc0 in

the x = 0.69 sample might be related to such differences.

Here we stress the advantage of K-doped BaFe2As2 to discuss impurity effects. As already

mentioned above, the as-grown K-doped system has no intrinsic impurity scattering, i.e., negli-

gible RR, so we can discuss all the above by means of ρ0 instead of ∆ρ0. This enables us to make

a straightforward transformation from the RR to the impurity scattering rate. Even if we do so,

the obtained results are almost the same because of very small ρ0
0. This point gives a significant

advantage compared with the Co-doped system, where we can understand the origin of the in-

crement ∆ρ0 only but not clearly of ρ0
0. Once we are able to obtain high-quality single crystals

of K-doped BaFe2As2, the study in this sample is more suitable than that in the Co-doped one

to purely testify to the robustness of superconductivity against impurity scattering.

5.4 Summary

We have evaluated the impurity effects in IBSs of underdoped, optimally doped, and overdoped

Ba1−xKxFe2As2 single crystals by means of 3-MeV H+ irradiation. All samples show a parallel

shift of the ρ − T curves by the irradiation, which manifests that defects introduced by the

irradiation are nonmagnetic and are not causing localization effects. Almost linear variations of

∆ρ0 and Tc as a function of dose are obtained. The critical value of the normalized scattering

rate gc is estimated by three different methods. By assuming a realistic condition of similar

magnitudes of intra- and inter-band scattering rates, all obtained gc’s are much larger than g±c ,

excluding the s±-wave state in Ba1−xKxFe2As2.
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Chapter 6

Proton irradiation effects on vortex

pinning and dynamics

6.1 Introduction

In chapter 5, the effects of proton irradiation on the pair breaking are focused on. As a result of

the proton irradiation, we recognized that the superconductivity is not easily destroyed by point

defects. In the practical point of view, this property is very useful since a number of pinning

centers can be introduced in IBSs without decreasing Tc. The almost isotropic superconducting

property will also help the application of IBSs. Thus, the IBSs are anticipated to be used

as a second class of high-temperature superconducting wire, and actually a lot of prototype

of wires and tapes are successfully developed [36, 121, 122, 123, 124]. Although the overall

(transport) critical current density is determined by the impurity phase present in the grain

boundaries, the weak-link problem is not so severe due possibly to the smaller anisotropy. This

is in contrast with cuprate tapes, where the texturing of grains is absolutely required to achieve

a large transport current flow. Once the grain boundaries do not disturb the supercurrent flow,

the key ingredient for high Jc is to enhance the intragrain Jc. For this purpose, the random

point defects are the most promising candidate since an introduction of point defects is easily

carried out by the inclusion of impurity atoms. In general, the random point defects produce

a pinning potential for vortex motion. In addtion, the cuprate superconductors show many

interesting phenomena in vortex dynamics, such as giant-flux creep, thermally activated flux

flow, and the theories to describe them have been elaborated in the last decades [21]. Especially,
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collective pinning with weak pinning potential by the quenched disorder and collective creep

of vortex bundles give rise to intriguing experimental results, such as “plateau” observed in

temperature dependent normalized relaxation rate (S ≡ |d lnM/d ln t|) [125], in contrast to

the linear increase with temperature predicted by Anderson-Kim model in low-temperature

superconductors. We therefore believe that the current importance is to clarify the effects

of random point defects. The similarities between IBSs and cuprates, such as the shape of

magnetization loop and the existence of giant-flux creep, indicate that these two systems share

the common vortex physics. Moreover, how introduction of artificial pinning center affects flux

dynamics or Jc is also interesting [126, 127]. Hence, the IBSs are suitable candidates to check

whether glassy behavior of vortices is universal in all high-temperature superconductors. As we

mentioned in Sec. 3.10, the vortex pinning and dynamics should be clarified to understand the

vortex states in high-temperature superconductors. The fundamental character of vortex states

in cuprates are overviewed in Chapter 3. However, the vortex states in IBSs have still not be

identified. The main goal of our study is to clarify the fundamental properties of vortex state

in IBSs and check the universality of them in high-temperature superconductors.

The pure effects of point defects are investigated with defects introduced by light-particle

irradiation, which do not change the carrier number and the crystal structure. In this chapter, we

show the proton-irradiation effects on the vortex system in mostly studied IBSs of Ba(Fe,Co)2As2

as well as (Ba,K)Fe2As2 system.

6.2 Optimally Co-doped BaFe2As2

In YBa2Cu3O7−δ, Jc is enhanced and glassy behavior remains basically the same after proton

(H+) irradiation, which is known to introduce point defects. This is also expected in IBSs. In

fact, Haberkorn et al. recently reported that H+-irradiation does not affect to H − T/Tc phase

diagram in Ba(Fe0.925Co0.075)2As2 [93]. It is important to clarify how vortex dynamics is affected

by H+-irradiation in IBSs. Since this system is twin free and less anisotropic, it enables us to

discuss intrinsic pinning and dynamic properties of vortices without complication. However,

it is difficult to synthesize large and clean crystals especially in LnFeAsO (Ln is lanthanoid,

so-called ’1111’ system) [28]. This prevents us from discussing vortex dynamics due to strong

inhomogeneities unless we use local probes [67]. Since high-quality single crystals are readily
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available in AEFe2As2 [30, 128], it is possible to discuss details of vortex pinning also in IBSs

with global magnetic measurements. Actually, homogeneous flow of superconducting current in

this system has been confirmed by magneto-optical measurement [34]. This is why we choose

optimally Co-doped BaFe2As2 single crystal.

6.2.1 Enhancement of screening current density

Figure 6.1 shows magnetic field dependence of the screening current density Js in (a) pristine

and (b) H+-irradiated Ba(Fe0.93Co0.07)2As2. It is obvious that H+ irradiation enhances Js from

1 × 106 A/cm2 to 2.5 × 106 A/cm2 at 2 K under zero-field. In pristine sample, Js is nearly

constant below 1 kOe, followed by power law decay H−α at a field of 2-10 kOe with α ∼ 0.5. As

discussed by van der Beek et al., these behaviors at low-fields are attributed to sparse strong-

point pinning centers, as in the case of YBa2Cu3O7−δ films [67, 66]. At a glance, it seems

inappropriate to analyze it in the framework of collective-pinning-collective-creep and vortex

glass theory. However, since strong-point-pinning contribution for temperature dependence of

current density is smaller than weak-collective pinning (see Fig. 6 or 9 in Ref. [67]), we can

approximate J(T ) only by the contribution from collective creep (pinning). In H+-irradiated

sample, it is basically the same as the pristine one, although there is a wide-crossover region

with α ∼ 0.3 between low-field plateau and H−0.5 region. Such a weak field dependence has

been also observed in YBa2Cu3O7 and YBa2Cu4O8 films by Griessen et al., and they concluded

that single vortex creep is achieved in this region [68].

6.2.2 Quantitative analyses in vortex dynamics

To elucidate the vortex dynamics, it is important to measure (static) magnetic relaxation rate

S ≡ |dlnM/dlnt| in both samples, where M is the irreversible component of the magnetization,

t is time from the moment when the critical state is prepared. In order to discuss temperature

dependence of vortex dynamics, we fix magnetic field. However, as we mentioned above, there is

a strong-pinning background, so that we have to select a field where the field dependence of Js

is similar for all temperatures to exclude field-dependent strong-point-pinning effect. Besides,

we should carefully keep away from fish-tail effect with non-monotonic field dependence of Js at

high fields and self-field effect at low fields, which disturb direct extraction of typical parameters

for vortex dynamics. Based on these consideration, we select H = 5 kOe in both samples,
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Figure 6.1: Field dependence of Js in (a)pristine and (b)H+ irradiated Ba(Fe0.93Co0.07)2As2 at
several temperatures. Dotted line on • (2 K) shows power-law decay of (a) H−0.5 and (b) H−0.3,
respectively. Vertical line indicates the field where we discuss the vortex dynamics, H = 5 kOe.

shown as vertical broken lines in Fig. 6.1. Insets of Fig. 6.2 show temperature dependence of

S. According to collective pinning theory [20], this is described by Eq. (3.72). One of the most

remarkable results extracted from this equation is the prediction of plateau in the intermediate

temperature range if U0 ¿ T [125]. The value of plateau S ∼ 1/(µ ln(t/teff)) falls in the range of

0.02-0.04 theoretically, which has been confirmed in YBa2Cu3O7−δ [125]. The inset of Fig. 6.2(a)

is consistent with this behavior quantitatively, as observed in other IBSs [129, 69, 130]. This

proves the validity of applying collective pinning theory to IBSs. Here we emphasize that it

is quite important to determine the value of µ in discussing vortex dynamics, since µ includes

information on the size of vortex bundle in collective pinning theory. In three-dimensional

system, it is predicted as µ = 1/7, 3/2, 7/9 for single-vortex, small-bundle, and large-bundle

regime, respectively [65], as explained in sec. 3.7. Inverse-current-density dependence of effective

pinning energy U∗ = T/S is convenient to extract this value.

We can define inverse power-law form of flux activation energy U(J) as Eq. (3.68). Com-

bining this with U = T ln(t/teff) extracted from Arrhenius relation, we can deduce the so-called

“interpolation formula” Eq. (3.71). From Eqs. (3.68) and (3.71),

U∗ = U0 + µT ln(t/teff) = U0 (Jc0/J)µ (6.1)
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is derived. Thus the slope in double logarithmic plot of U∗ vs. 1/J gives the value of µ, shown

in the main panels of Fig. 6.2. In this way, we evaluate µ = 1.09 and 0.82 for pristine and

H+-irradiated samples, respectively. Note that µ ' 1 in pristine crystal is often reported in

YBa2Cu3O7−δ [1] and IBSs [70]. Contrary to the above prediction of µ > 0, negative slope

is observed at small J . This negative slope is often denoted as p in plastic creep theory with

p = −0.5, and confirmed experimentally [74]. Our evaluation of p = −0.61 in pristine sample is

very similar to this value.
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Figure 6.2: Inverse current-density dependence of effective pinning energy U∗ in (a)pristine and
(b)H+ irradiated Ba(Fe0.93Co0.07)2As2. Inset: Temperature dependence of normalized relaxation
rate S. Solid line indicates fitting by Eq. (3.72).

To determine actual flux activation energy, we employ extended Maley’s method. [131] Since

temperature dependence of U is not considered in the original Maley’s method, [73] it is impos-

sible to scale U in a wide range of J even if glassy exponent is unique. In order to solve this

problem, appropriate temperature dependences of U0 and Jc0 are assumed as follows.

U0(T ) = U00[1 − (T/Tc)2]n, (6.2)

Jc0(T ) = Jc00[1 − (T/Tc)2]n. (6.3)

In order to simplify the problem, we choose the same exponents in Eq. (6.2) and Eq. (6.3). Here

exponent n is set to 3/2, as in the case of Ref. [1] and [131], while (1 − T/Tc)3/2 is selected

in Ba1−xKxFe2As2 [70]. U = −T ln[dM(t)/dt] + CT and C = ln(Bωa/2πr) is assumed as a
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Table 6.1: Parameters obtained from extended Maley’s method and inverse of plateau value in
S(T ).

Sample Jc0 U00 µ µ ln(t/teff)
(MA/cm2) (K)

Pristine 0.85 41.2 1.01 35
H+ irradiated 2.90 93.1 1.24 43

constant, where B is the magnetic induction, ω is the attempt frequency for vortex hopping,

a is the hopping distance, and r is the sample radius. We select C = 18 and 20 for pristine

and H+-irradiated samples, respectively. Figures 6.3 show current density dependence of U

in (a)pristine and (b)H+-irradiated Ba(Fe0.93Co0.07)2As2, respectively, constructed by extended

Maley’s method. Solid lines indicate power-law fitting to large J region where the slope in

Fig. 6.2 is positive. Note that deviation of the data from the fitting in the small J region is

reasonable since creep is plastic there. The obtained glassy exponents are µ = 1.01 and 1.24

for pristine and H+-irradiated samples, respectively. For pristine sample, this value is nearly

the same as that obtained in Fig. 6.2(a), µ = 1.09. On the other hand, the change of µ by H+

irradiation has an opposite trend. Namely, the value of µ decreases in Fig. 6.2(b), while grows

in Fig. 6.3(b) after H+-irradiation. This is because the vortex system in H+-irradiated sample

crossovers from elastic to plastic creep more gradually, as we can see in the main panel and inset

of Fig. 6.2(b). Hence we may underestimate µ and overestimate p with the scheme of Fig. 6.2,

and it is more reliable to estimate it from the extended Maley’s method of Fig. 6.3, which uses

more data points. For this reason, we conclude that µ is slightly increased by H+ irradiation.

Additionally, slight increase of µ is consistent with the regime of measurement, where it is closer

to small bundle regime with µ = 3/2, as we discussed in Fig. 6.1. Other resultant parameters are

summarized in Table 6.1. With these U00, temperature dependence of S is fitted by Eq. (3.72)

with a single free parameter of plateau value Ssat = 1/µ ln(t/teff) as shown in the inset of Fig.

6.2. The inverse of this value is also shown in Table 6.1.

Using parameters obtained above, we calculate J after creep from attempt function of (true)

critical current density Eq. (6.3), which is shown as lower solid line in Fig. 6.4. In both cases, J

is reasonably reproduced, especially at high J region (i.e. at low temperature). This means that

the present collective pinning/creep analysis is appropriate. To get more insight into pinning

mechanism in IBSs, we also show a function of δTc- and δl-pinning in Fig. 6.4. These functions
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Figure 6.3: Current density (J) dependence of the vortex pinning energy (U) in (a) pristine
and (b) H+-irradiated Ba(Fe0.93Co0.07)2As2 constructed by extended Maley’s method. Solid
line indicates power-law fitting in large J region.

are written as Jc(t)/Jc(0) = (1 − t2)7/6(1 + t2)5/6 and (1 − t2)5/2(1 + t2)−1/2, respectively. [68]

From this figure, our model function of Jc can be considered as a superposition of the two

pinning mechanisms. To discuss such a mechanism, generalized inversion scheme (GIS) is uti-

lized. [132, 133] Although in this scheme, we have to assume empirical temperature dependence

of penetration depth λ and coherence length ξ as ∝ (1 − t4)−1/2 and ∝ (1 + t2)1/2(1 − t2)−1/2,

respectively, we can directly reconstruct true critical current density Jc from Js and discuss pin-

ning mechanism. When we assume ln(t/teff) ∼ 23 in the measurement with field sweeping, and

choose parameters for three-dimensional single vortex pinning, Jc is reconstructed as shown in

Fig. 6.4, which are in reasonable agreement with the model function. Similar analyses of pinning

mechanism using GIS in pristine Ba(Fe1−xCox)2As2 have been attempted in Ref. [24]. They

also conclude that both δTc- and δl-mechanisms are working in this system. Here, we want to

compare our work with similar work by Haberkorn et al.. [93] In their work, temperature depen-

dence of (measured) current density J(T ) is used to discuss the pinning mechanism in pristine

and proton-irradiated Ba(Fe1−xCox)2As2. However, identification of pinning mechanism using

J(T ) is only empirical and lacks firm physical background. So, although their conclusion and our

conclusion on the pinning mechanism are similar, we believe that our identification of pinning

mechanism is more appropriate.

We can basically describe physical quantities for vortex system by means of collective creep
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the parameters in Table 6.1 (solid line), δTc- and δl-pinning (dashed line) and Jc reconstructed
by GIS (+) in (a)pristine and (b)H+-irradiated Ba(Fe0.93Co0.07)2As2.

theory both in the case of pristine and H+-irradiated Ba(Fe0.93Co0.07)2As2. It is noteworthy that

the effect of H+ irradiation can be summarized as U00 enhancement, without replacing model

function U0(T )/U00 and J0(T )/J00. Namely, we can conclude that the effect of H+ irradiation

is enhancement of the collective pinning force by increasing weak-point-pinning centers without

a drastic change of pinning mechanism.

Finally, we comment on the absolute value of J instead of J(T )/J(0). J is determined

by the sum of weak-collective-pinning contribution Jwcp and strong-point-pinning contribution

J spp. [67] Instead, if we assign J to J spp in the absence of flux creep (so that we write J as Jc

here), we can estimate upper limit of strong-pinning center fraction in the crystal. In the strong

pinning theory [66], critical current density is written as Jc ≈ 0.14
√

nγ[DF (T )]3/2J0. Here,

J0 = cφ0/12
√

3π2ξabλ
2
ab is depairing current density, γ = Hab

c2/Hc
c2 is anisotropy parameter, n,

D are density and diameter of pinning centers, respectively. Assuming D as several times of

ξab, we can simplify F (T ) ≈ ln[1 + D2/8ξ2(T )] ≈ 1. Using pinning center volume ν ≈ D3/2,

nν = (Jc/J0)2(
√

2 × 0.14γ)−2 ≈ 0.05% with ξab ∼ 34 Å from Hc2(0) ∼ 280 kOe [34] and

λab ∼ 2000 Å. [134] This value is similar to the value reported in Na-doped CaFe2As2. [130]
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6.2.3 Summary

In summary, we have studied the effect of proton irradiation up to 1.2× 1016 cm−2 in optimally

Co-doped BaFe2As2 single crystals. Critical current density under self-field is enhanced by a

factor of 2.5 at 2 K. Temperature dependence of critical current density and normalized flux

relaxation rate is interpreted by collective creep theory. With Maley’s method, a glassy exponent

µ ∼ 1 and variation of barrier height for flux creep U00 ∼ 41 K to 93 K are directly determined.

To explain the value of J after the creep from the model function of Jc, Jc is concluded to be

controlled by both δTc− and δl−pinning. This model function is consistent with the result of

generalized inversion scheme. Proton irradiation effect is concluded as doubling of barrier height

in the absence of flux creep.

6.3 Optimally K-doped BaFe2As2

The electron-doped system of Ba(Fe1−xCox)2As2 with high quality is readily available, so that

the vortex dynamics in this material is intensively investigated as a prototypical system [69, 34,

135, 93, 136]. The vortex phase diagram in this material is similar to cuprate superconductors

such as YBa2Cu3O7−δ, which has an elastic phase at low temperatures (T ) and low magnetic

fields and a plastic phase at high temperatures and high fields, as well as vortex liquid phase in

the vicinity of the superconducting transition. In addition to a variety of vortex phases, a sizable

Jc over 105 A/cm2 is achieved at low temperatures, which exceeds the technically required value.

By means of flux creep experiments, the dynamical behavior of vortices can be deter-

mined [20]. The most notable feature in high-temperature superconductors is the very fast

decay of screening current density with time, so-called “giant flux creep” [137]. Not only high

Jc but also reasonably small flux relaxation rates are required for technological application.

From such a point of view, the effect of artificial defects on vortex pinning and dynamics are

interesting and important. Actually, Jc in proton (H+)-irradiated YBCO is considerably en-

hanced, although the irreversibility line and the pinning potentials are little affected [138, 1].

In IBSs, the stability of irreversiblity line to H+-irradiation has also been confirmed [93]. The

pinning force depends on the defect size and its morphology. Columnar defects introduced by

swift heavy-ion irradiation are very effective in pining vortices [126, 127], since columnar defects

can trap vortices with one-dimensional structures perfectly and work as strong pinning centers.
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On the other hand, point defects are introduced by the light-particle irradiation, for example

electrons, H+-ions, and α-particles. Evidence for such defects formation is provided by an in-

crease of residual resistivity in dc transport measurements in both YBCO [59, 60, 17, 61] and

Ba(Fe1−xCox)2As2 [62, 18].

As a counterpart of Ba(Fe1−xCox)2As2, a hole-doped Ba1−xKxFe2As2 must be compared.

Superconductivity in this material appears by a substitution to the blocking layer, which is in

sharp contrast to the doping in Fe sites. In the case of Co doping, since dopant atoms are on

the superconducting FeAs sheets, and consequently work as quasiparticle scatterers, the intrinsic

disorder is expected. Intuitively, the fluctuation of dopant-atom density results in the fluctuation

of a local superconducting order parameter and/or that of superconducting carrier density. This

is actually confirmed by a detailed flux-creep analysis, characterized by both δTc and δl pinning

mechanisms [136]. On the other hand, since K-dopants are far from conducting layer, the effect

of doping fluctuation on vortex pinning is expected to be weaker, so that the inherent pinning

will be dominated by another origin such as sparse strong pinning centers. This perspective

should be verified. If the pinning in K-doped system is really weaker than Co-doped one, it is

intriguing to know if the collective pinning property is recovered by introducing point pinning

centers.

In this section, we refer to the vortex pinning properties in hole-doped Ba0.6K0.4Fe2As2 with

optimal doping before and after the introduction of point defects. In the pristine sample, the

magnetization loops are characterized by a sharp central peak as in the case of other IBSs.

With increasing temperature, the fast shrinkage of the loops is observed, which means that

Jc is strongly suppressed with elevating T . The concomitant normalized relaxation rate (S)

also depends on T , attributed to vortex bundle crossover or the vicissitude of different pinning

mechanisms, namely the strong and weak-collective pinning. The magnetic-field (H) dependence

of S manifests a strong self-field effect in a wide range of H especially at low T . In H+-

irradiated sample, on the other hand, the central peak is broadened, leading to weakened T

and H dependence of Jc. Regarding the vortex dynamics, the value of S and its H dependence

becomes weaker, and T dependence becomes monotonic. This can be understood if irradiation-

introduced point defects by irradiation work as weak-collective pinning centers.
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6.3.1 Pristine Ba0.6K0.4Fe2As2

First, we start with the analysis of pristine Ba0.6K0.4Fe2As2. The onset of Meissner response

under H = 5 Oe along c-axis occurs at a critical temperature Tc = 38.6 K, as shown in Fig. 6.5.

To clarify the fundamental vortex pinning properties, we have measured hysteresis loops under

H||c at several temperatures as shown in Fig. 6.6. The loop at 2 K is almost symmetric with

respect to both H- and M -axes, indicating that bulk pinning dominates. As higher T , the

width of ∆M = Mdown − Mup rapidly shrinks, where Mup and Mdown are M measured at H

sweeping up and down, respectively. According to the Bean critical state model [63, 64], this

∆M is proportional to the in-plane screening current density J through the form of Eq. (3.12).

The calculated J in Fig. 6.7(a) has a reasonably large value up to 2.4 × 106 A/cm2 at T = 2

K and H = 0, larger than the self-field J(2 K) = 1 × 106 A/cm2 in optimally Co-doped

BaFe2As2 [34, 129]. The values are almost the same magnitude as those reported in the same

compounds [139, 102].

To investigate the corresponding vortex dynamics due to flux creep, we have traced the

magnetization with time M(t) for an hour, where t is the time from the moment that the

critical state is created. The normalized relaxation rate S = |dlnM/dlnt| as a function of H is

depicted in Fig. 6.7(b). At low H, a characteristic dip structure can be identified as in the case

of Co-doped BaFe2As2 [129, 140, 127] and FeTe1−xSex [141, 142]. The peak position shifts to

lower H at higher T , with a larger value of S ' 0.06. This value is consistent with that reported
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in the same system for H = 6 kOe at T = 8 K [143]. We point out the difference between our

study and Ref.[143], in which the creep study less than H = 10 kOe is focused on. Our creep

study with a wide range of H up to 50 kOe manifests that the low-H behavior is not typical.

The vortex creep study at low H must include this self-field effect. The self-field effect usually

suppresses S, which is because Meissner hole appears at the sample edge [144]. The anomalously

large S value at low H is coming from the single vortex pinning, as concluded in Ref. [143], but

the self-field effect should be taken into account.

Above the self-field dominant region, the H dependence is determined by the variation of

glassy exponent µ, as observed in YBa2Cu3O7−y [22]. As increasing H, S at T = 10 K drops to

the value of S = 0.03 − 0.04, followed by a gradual increase, which is attributed to successive

changes from single vortex to small bundle and large bundle regimes. At higher T = 15 K, the

drop is faster and reaches a smaller value of S = 0.02 − 0.03. On the other hand, at lower T
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of 5 K, the suppression rate of S is small, starting from H = 6 kOe. Such a T dependence is

consistent with H−T phase diagram in the framework of collective pinning theory. Namely, the

characteristic H such as self field and crossover field becomes smaller at elevated T . At H = 45

kOe, the T dependence of S is negligible with a value of S = 0.03 − 0.04. Figure 6.8(b) indeed

demonstrates that S becomes more insensitive to T when H becomes higher. By contrast, at

lower field of H = 10 kOe, S nonmonotonically changes at low T , subsequently crossovers to

plastic creep phase at high T ≥ 17 K with very large S. The weak-collective pinning theory

predicts that S behaves as Eq. (3.72), and has a plateau at intermediate T (À U0/kB) with

a value of S = 0.02 − 0.04. Considering that the contribution of the strong pinning becomes

weaker at high H, we have indeed observed weak-collective pinning behavior at high H both

with qualitative and quantitative agreement.

Figure 6.8(a) shows a T dependence of J . Almost exponential decay of J is observed at all

H, where J changes by a factor of 10 for every ∼ 10 K, except for H = 0 with a gradual slope.

6.3.2 H+-irradiated Ba0.6K0.4Fe2As2

The variation of J and vortex dynamics after the introduction of weak-pinning centers by means

of proton irradiation have been examined. The sample with a dose of 5.8 × 1016 H+ions/cm2

has Tc = 35.1 K without broadening in magnetic transition, as shown in Fig 6.5. Note that

the suppression of Tc shows a sharp contrast to that in heavy-ion (1.4 GeV Pb) irradiated

Ba0.6K0.4Fe2As2 with a dose of Bφ = 21 T = 1.0 × 1012 ions/cm2, which demonstrates al-

most no effect of columnar defects on Tc. [102] In accordance with a large amount of point

defects, vortex pinning behavior changes considerably compared with the pristine sample. Fig-

ure 6.9 shows hysteresis loops under H parallel to c in the H+-irradiated Ba0.6K0.4Fe2As2. The

significant broadening of the central peak can be seen at 2 K, while another notable feature

of a dip structure is evolved from 5 to 20 K. This broadening and dip structures have been

also observed in 1.4 GeV Pb irradiated Ba0.6K0.4Fe2As2, [102] as well as 2.6 GeV U irradi-

ated Ba(Fe0.93Co0.07)2As2. [127] The corresponding J calculated using Eq. (3.12) is depicted in

Fig. 6.10(a). The self-field J at 2 K reaches 1.1 × 107 A/cm2. This value is one of the highest

reported ever in Ba1−xKxFe2As2 [124]. The enhancement factor ∼ 5 in J is surprisingly large

compared with H+-irradiated Ba(Fe0.93Co0.07)2As2 of ∼ 2.5. This is probably because of the

cleanness of the pristine sample. Namely, the Co-doped sample originally has weak-pinning
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centers of Co dopant in FeAs plane, while K-doped sample does not. The H dependence of

J ∝ H−0.5 in the pristine sample, mentioned above, is replaced by J ∝ H−0.3. This change is

the same as we reported in H+-irradiated Ba(Fe0.93Co0.07)2As2. [136] Another peculiar feature

in hysteresis loops is the very broad return branch from Mup to Mdown, and vice versa. The H

width of the return branch is estimated as twice of the self field H∗ ∼ J × t, where t = 20 µm

is the sample thickness. Using almost field-independent J ' 1 × 107 A/cm2 at T = 2 K, we

get an evaluation of ∼ 20 kOe, which is consistent with the experimental value. Besides, a fast

suppression with T observed in the pristine sample in Fig. 6.6 is not applicable in H+-irradiated

sample. This means that J is not easily suppressed at elevated temperatures. We can clearly

see this in Fig 6.11(a), where J changes by a factor of 10 by increasing T by ∼ 35 K.

Not only on the enhancement of J , introduced point defects have an effect also on vortex

dynamics. First we inspect the field dependence of S in H+-irradiated sample. As we can see in

Fig. 6.10(b), the low field peak structure is eliminated, and S becomes almost field independent.

The highest value is limited to S ' 0.03 at T ≤ 25 K. This is in sharp contrast with the

behavior in the pristine sample depicted in Fig. 6.8(b), where most of the points are S ≥ 0.03.

The low-field drop can be observed less than H∗ ∼ J × t and the minimum of S locates at

H = 0 for T = 15 K and 25 K, which is very similar to low-T behavior in H+-irradiated

Ba(Fe0.93Co0.07)2As2. [145, 140, 127] At T = 5 K, on the other hand, the behavior is different

from that at high T , and similar to 200 MeV Au-irradiated Ba(Fe0.93Co0.07)2As2 at T = 5

K. [129, 127] Namely, the minimum of S ' 0.01 locates at intermediate H and S gradually

goes up at H → 0. In contrast to the pristine sample, data points at different T do not cross,

indicating a monotonic T dependence for all H. This can be clearly seen in Fig. 6.11(b). A

gradual increase at all T is similar to the H+-irradiated Ba(Fe0.93Co0.07)2As2, [145] while the

slope at intermediate T is small and the plateau-like feature is identified with S ' 0.02 for all

measured H.

6.3.3 Discussion

The pinning property is examined by H and T dependence of J . As in the case of most of as-

grown IBSs, [139] the drop of J(H) at the central peak follows J ∝ H−α due to strong pinning by

the sparse nm-sized defects, where α = 0.5− 0.625. [146, 66] This is depicted in Fig. 6.12(a). At

high fields, we have not observed any nonmonotonic behavior. One of the notable differences from
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Ba(Fe1−xCox)2As2 is the absence of fish-tail effect, namely, nonmonotonic field-dependence of J .

This is consistent with Ref.[102], while obvious fish-tail effects are observed even at intermediate

T in previous reports. [147, 70] In our case, the fish-tail effect is not observed up to H = 50 kOe

or limited only very close to Tc. Note that in Ba0.5K0.5Fe2As2 we indeed observed such a high-T

fish-tail effect. [148] The following H dependence of J has faster suppression with α > 0.5 at

high H. Neither H independent behavior nor upturn behavior is observed. The absence of

fish-tail effect is pointed out in isovalently substituted BaFe2(As1−xPx)2, [139, 149, 150] which

is understood only by the innately included strong pinning centers. By contrast, most of other

IBSs contain weak-pinning sites such as oxygen vacancies and charged dopant atoms, so that J

is composed of both strong pinning and weak-collective pinning contributions. These charged

quasi-particle scattering centers are considered as the origin of fish-tail effect. [139] In this

scenario, Ba1−xKxFe2As2 should show nonmonotonic H dependence of J , and indeed observed it

previously, so that what we observe in the pristine sample is inconsistent with the scenario above.

As an opposite exception, the existence of fish-tail effect is reported in isovalent system such

as Ba(Fe1−xRux)2As2, LiFeAs, [150] and FeTe1−xSex. [151, 141, 152, 142] These exceptions are

possibly explained by the sample quality, since artificially introduced point defects by energetic

electron irradiation are reported to invoke fish-tail effect. [150] However, the absence of fish-tail

effect in the charge-doped system is hardly accountable in the framework of the scenario. So,

we believe that, in our crystal, the contribution of the weak-collective pinning is much smaller
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than the strong pinning and/or the onset of fish-tail effect is shifted to higher H because the

sample quality in this study is high. However we cannot exclude the absence of fish-tail effect if

a sample is free from defects, and the high-H fish-tail effect is originated from defects included

even in the pristine sample, similar to the electron-irradiated BaFe2(As1−xPx)2.

The vortex dynamics must be compare with the counterpart-doped system of electron-doped

Ba(Fe1−xCox)2As2. In the pristine Co-doped BaFe2As2, we have observed the plateau in S(T )

at intermediate T . [136] This plateau is a fingerprint of the weak-collective pinning in high-T

superconductors, often observed in cuprates. [125, 20] By contrast, pristine K-doped BaFe2As2

lacks this feature even at relatively large H ' 20 kOe. Only at H ≥ 30 kOe the plateau feature

is recovered, as can be seen in Fig. 6.8(b) and Fig. 6.7(b). A similar but a smaller feature can be

seen in pristine Ba(Fe1−xCox)2As2. [93] This difference suggests the material dependent inherent

pinning property. Namely, Co dopant atoms themselves work as pinning centers, while K atoms
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do not. The difference originates from the doping site. In the former system, Co substitutes

Fe sites. The substitution in the Fe sites, which compose Fermi surfaces in IBSs, largely affects

the superconductivity, including the vortex pinning property by means of δTc and δl pinning

mechanisms. [136] Such a dopant-derived pinning is similar to the oxypnictide superconductors

PrFeAsO1−y and NdFeAsO1−xFx by oxygen vacancies or fluorine dopant atoms, [67] while these

dopant atoms are located in blocking layer. According to Ref. [67], the dopant atoms or vacancies

participate in the weak-collective pinning. The pinning by Co dopant atoms is similar to this

case. In the latter system of K-doped BaFe2As2, the situation is different because the K dopant

is far from FeAs layers but sits in Ba-blocking layer. As a result, K dopant atoms do not work as

weak-collective pinning centers. Such an intuitive insight is indirectly confirmed by the residual

resistivity in dc transport measurement, which manifests that the disorder is small as doping

sites are far from Fe sites. [7] Since the K-doped system is intrinsically cleaner than the Co-
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doped system, we can hardly observe the weak-collective pinning character of plateau in S(T )

in the pristine K-doped sample. The fact that the crossover to plastic creep regime happens at

a relatively low T ' Tc/2 supports this perspective. Instead, we have observed nonmonotonic

behavior both in S(H) and in S(T ). In the high-T limit, S is proportional to 1/µ according

to the weak-collective pinning theory, so naively this nonmonotonicity of S can be attributed

to the variation of µ. Since µ is related to the vortex bundle size, this means that the vortex

bundle size is highly sensitive to T and H. Reviewing Fig. 6.8(b), the variation of S(T ) is

strongest at H = 10 kOe, suggesting the sensitivity of µ is higher at low H especially. However,

Konczykowskii et al. concluded that µ is almost H independent at H < 10 kOe. [143] These two

results are contradictory. One possible reason is that the analysis adopted in Ref. [143] is not

adequate because the self-field effect is not properly considered. The value of self field is similar

between their and our studies, so that, at the H region of interest, the vortices at the sample

edge are strongly curved. This is why the dynamics in this region are difficult to approach.

Another probable reason is the presence of two different pinning, i.e., the strong pinning and the

weak-collective pinning. At low H, the strong pinning is dominant as indicated by the behavior

of J ∝ H−0.5, while the weak-collective pinning dominates at high H. In fact, the positive slope

in S(T ) is suggested at H ≥ 45 kOe in Fig. 6.7(b) within the range of 0.03 < S < 0.04. This

means that S(T ) at low H is not described by a simple weak-collective-pinning scenario if the

strong pinning is T dependent. Although we can ignore the T dependence of strong pinning in

Co-doped BaFe2As2, as in the case of other IBSs, this is unmasked if the weak collective pinning

contribution is small, probably which is the case in the present system. Another example to

show small contribution of weak-collective pinning in the pristine sample is that the anomalous

S behavior cannot be seen when the strong pinning contribution becomes negligible due to

the introduction of weak collective pinning centers. In H+-irradiated sample, monotonic and

plateau-like feature is recovered. This suggests that elementary pinning force of point defects

introduced by irradiation is small and work as weak-pinning centers, hence the vortex system is

subscribed by simple vortex glass theory with a unique µ. Besides, a large enhancement of J ,

and a shift-up of both irreversibility line and crossover line from collective to plastic creep are

realized by a significant enhancement of the total pinning energy.
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6.3.4 Summary

We have investigated critical current density and vortex dynamics in the pristine and proton-

irradiated Ba0.6K0.4Fe2As2. The pristine Ba0.6K0.4Fe2As2 has a smaller weak-collective pinning

contribution than Ba(Fe0.93Co0.07)2As2. As a result, the T dependence of S has no plateau

H ≤ 20 kOe and is nonmonotonic, as well as H dependence of S is. The weak-collective-pinning

character is recovered by an introduction of point defects with 3-MeV proton (H+) irradiation.

These pinning sites enhance self-field J at 2 K from 2.4 × 106 A/cm2 in pristine sample to

1.1 × 107 A/cm2 in H+-irradiated sample, which is the highest value reported ever in IBSs.

The vortex creep rate is considerably slowed down by H+ irradiation, which originates from the

enhanced weak-collective-pinning contribution.
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Chapter 7

Vortex pinning and dynamics in

heavy-ion irradiated

Ba(Fe1−xCox)2As2

7.1 Introduction

In stark contrast to the proton irradiation as described in chapter 6, energetic heavy-ion irra-

diation creates columnar defects (CDs) correlated along the direction of irradiation particles.

In cuprates, almost ideal CDs, which are parallel to each other, are confirmed by transmis-

sion electron microscopy (TEM) observation. It is interesting to know whether CDs can be

introduced in IBSs. This is firstly examined in 200-MeV Au irradiated Ba(Fe0.93Co0.07)2As2

by TEM observation [129], where almost parallel CDs are introduced, although they are not

continuous. A similar result is obtained in 1.4 GeV Pb irradiated Ba0.6K0.4Fe2As2 [102]. In

general, the most effective pinning centers for vortices are CDs. In fact, significant enlargements

of Jc are observed in YBa2Cu3O7, e.g., ten-fold increase in maximum was observed at low tem-

peratures in Pb-irradiated sample. In IBSs, the irradiation are mainly performed in Co-doped

and K-doped BaFe2As2 crystals. The maximum enhancement is realized in 200-MeV irradiated

Ba(Fe1−xCox)2As2 by a factor of 5 [129, 127]. It is interesting to know what kind of vortex state

is realized with such strong and dense pinning potentials. In particular, the intriguing vortex

phase ”Bose glass” state is expected under the landscape of CD-pinning sites. We investigate the
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vortex state in the heavy-ion irradiated system, especially in terms of the Bose glass phase. In

order to investigate the dose dependence and irradiation-particle-energy dependence, we study

the vortex pinning and dynamics in the mostly studied system of Co-doped BaFe2As2 single

crystals.

7.2 Screening current density and vortex dynamics under H||CDs

In the cuprates, characteristic behaviors have been observed under H||CDs in the Bose glass

phase. One of them is the abrupt drop in the temperature dependence of the screening current

J(T ), which is more clearly seen as a peak structure in −dJ(T )/dT . Another one is the peak

structure in the temperature dependence of the normalized relaxation rate S(T ). Since both

of them are originated from the variable range hopping, the characteristic temperature of the

peak position in −dJ(T )/dT and S(T ) are the same. Here we examine the possibility of the

realization of Bose glass by means of the screening current density and vortex dynamics under

H||CDs.

7.2.1 200-MeV Au irradiation

First we begin with relatively low energy irradiation of 200 MeV of gold (Au). We have already

reported the 200 MeV Au irradiation in Ba(Fe0.93Co0.07)2As2 with a matching field of Bφ = 20

kG in Ref. [129]. Here detailed analyses are performed in the sample with Bφ = 10 kG, and

later we compare with 2-GeV Au-irradiated sample with the same matching field. The screening

current densities Js are calculated by Bean model using the magnetization loops. The field

dependence of Js are depicted in Fig. 7.1. J(H) at T = 2 K in unirradiated sample is also

shown by the open symbol. We can see almost three times enhancement of the self-field J at

T = 2 K. Although this factor is smaller than that in Bφ = 20 kG, where 5-fold enhancement

is observed, the significant enhancement manifests the strong pinning effects of CDs also in this

matching field of Bφ = 10 kG. The normalized relaxation rate S at T = 5 K and the field

from 0 to 30 kOe are plotted in Fig. 7.2. The results in unirradiated sample and the sample

with Bφ = 20 kG (Ref. [129]) are also shown. The value of S is systematically decreased with

increasing the matching field. To extract the temperature dependence, we plot the J(T ) and

S(T ) at some selected fields in Fig. 7.3 and Fig. 7.4, respectively. At any fields up to twice of

94



Bφ, J(T ) and S(T ) monotonically change.
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7.2.2 2-GeV Au irradiation

The same physical values of J and S are compared also in the case of 2-GeV Au irradiation.

Figure 7.5 and 7.6 are the field dependence of J and S at some selected temperatures, respec-

tively. Although the enhancement in J are small, the general trend is similar to what observed
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in 200-MeV irradiation. The different enhancement factor in J (5 times in 200-MeV irradiation

and 2 times in 2-GeV irradiation) at low doses is explained as follows. According to the study on

the damage structure introduced by heavy-ions in Bi2Sr2CaCu2O8+y, the defects are found to

be parallel to each other at high energies and become splayed at lower ion energies by the sample

stopping power [91]. Splayed structure is more effective to suppress the motion of vortices than

only parallel structure since magnetic relaxation via half loop excitation [21] becomes slower by

forced entanglement of vortices, resulting in enhancement of Jc. This is confirmed in cuprates

superconductors by deliberate [153] or accidental splaying [154]. Now for Xe and Au irradiation

in Co-doped BaFe2As2, splayed structure is expected to be introduced accidentally due to nu-

clear collision event as the heavy-ion energy is lowered. Besides, it is natural to assume that low

energy irradiation should produce splayed structure frequently. As a consequence, an advantage

of large enhancement of Jc in low-energy irradiation is due to accidental splayed structure, which

disturbs magnetic relaxation in the same way. The temperature dependencies of J and S in

2-GeV irradiated sample are shown in Fig. 7.7 and 7.8. Here no anomaly is detected both in

J(T ) and S(T ) at least around Tc/2. These are also the case in 200-MeV irradiation.
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7.2.3 Discussion

In all the case above, J(T ) and S(T ) monotonically change, namely the abrupt drop in J(T )

and the acceleration in S(T ) are absent. This is quite contrast to the case in cuprates with CDs,
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where the characteristic structures are observed at T ' Tc/2 [126]. The drop in J(T ) and the

acceleration of S(T ) are attributed to the variable range hopping of vortices in the Bose glass

phase. The absence of such behaviors in IBSs are naively thought that the Bose glass state is

not realized in IBSs. However we cannot conclude the absence of them in the vicinity of Tc,

since the precise determination of J and S is difficult due to the small absolute value of the

magnetization signal. Besides, the theoretically predicted temperature to show such behaviors

is very close to Tc, although it contradicts with the observation in cuprates. This inconsistency

is not solved in the study of cuprates. If the vortex state in cuprates has some special characters

and is normal in IBSs, the absence of the anomaly in J(T ) and S(T ) is not the good test for the

presence of the Bose glass phase. If this is true, we have to examine the presence of the Bose

glass phase in another way. In next section, we will approach another fingerprint of the Bose

glass ”lock-in” transition by means of the angular dependence of the magnetization.

97



7.3 Lock-in phenomena in Ba(Fe0.93Co0.07)2As2

Vortex matter in high-temperature superconductors shows interesting phenomena in the pres-

ence of correlated defects, such as planar or columnar defects (CDs). Since vortices have a

one-dimensional structure, these defects work as strong pinning centers when they trap vortices

within the planes or columns. As a result, the critical current density (Jc) exhibits a maximum

when the applied magnetic field (H) is parallel to CDs. This directional pinning has been

confirmed in heavy-ion irradiated YBa2Cu3O7 (YBCO) single crystals [155, 126] as well as in

YBCO thin films with non-superconducting second phase additions that self-assemble into ap-

proximately aligned nanorods [156, 157, 158, 159]. This behavior has also been observed in the

more recently discovered iron-based superconductors (IBSs), a clear indication that correlated

defects can grow naturally and produce correlated pinning in these materials [160].

The response to tilt of the pinning by CDs depends on the electronic mass anisotropy (ε) of

the superconductor (ε2 = mab/Mc, where mab and Mc denote effective electron masses in the

ab-plane and along the c-axis), thus the angular dependence of correlated pinning is different in

YBCO (ε ∼ 1/5 − 1/7) and Bi2Sr2CaCu2O8+y (Bi-2212, ε ∼ 1/100). The IBSs have a layered

crystalline structure similar to the cuprates, with FeAs conducting layers instead of CuO2 layers,

also leading to anisotropic behavior. But, in addition, IBSs are multi-band systems [32, 161, 162],

allowing the possibility that the coherence length anisotropy (εξ) and the penetration depth

anisotropy (ελ) are different from each other and temperature dependent, as in the case of

MgB2 [163, 164, 165]. These two anisotropy parameters influence the pinning of vortices in a

nontrivial way. A recent numerical study shows that different angular dependences of Jc may

be obtained by changing εξ and ελ, even in the case of spherical pinning sites [166]. For the

particular case of the IBSs of the BaFe2As2 family (so-called ”122”), εξ estimated from Hc2 is

∼ 2 near Tc and almost unity in the low temperature limit [8, 167, 168]. In addition, single

crystals of 122 superconductors with optimal doping are free from twin boundaries, in contrast

to YBCO, so that the effect of CDs can be purely investigated. Consequently, IBSs system

must be an ideal platform to unveil the interaction of vortices and correlated pinning centers in

multi-band high-temperature superconductors.
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7.3.1 The orientation of irreversible magnetization

To investigate the vortex pinning properties we need to isolate the irreversible components from

Ml and Mt, which are related to Jc through the critical state model. Figure 7.9(a) shows an

example of isothermal hysteresis loops Ml(H) and Mt(H) at T = 5 K, θ = 45◦. To extract

the irreversible longitudinal component Ml,irr ≡ ∆Ml/2, we calculate ∆Ml = Ml,up − Ml,down,

where Ml,up and Ml,down are the magnetization for field sweeping up and down, respectively,

and analogously for Mt,irr ≡ ∆Mt/2. At this angle θ = 45◦ the amplitude of ∆Ml and ∆Mt are

almost the same, which indicates that the irreversible magnetization vector Mirr approximately

points parallel to ň. This is always the case in plate-like superconductors due to the large aspect

ratio, and holds for all orientations except a narrow angular range ∼ t/w around H||ab [27] (∼ 3◦

in our case). We have measured these Ml(H) and Mt(H) loops for many orientations. Shown

in Fig. 7.9(b) is the angle (α) between Mirr and ň, estimated as α = θ − arctan(∆Mt/∆Ml),

confirming that α ∼ 0 over most orientations as expected. Also included in the figure is the

fit to α(θ) according to Ref. [27], showing good agreement. To understand the vortex states at

temperatures where the pinning by CDs is strong and dominant, hereafter we focus on Mirr at

T = 5 K, well below the depinning temperature (T < Tdp) [75, 76].
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7.3.2 The modulus of irreversible magnetization

Figures 7.10(a) and 7.10(b) show field dependences of 4πMl,irr and 4πMt,irr, respectively. For

clarity, only a few of the measured θ are included. For both components, the curves for positive

and negative θ almost coincide, indicating good reproducibility and an accurate determination

of θ. Figure 7.10(c) shows the modulus 4πMirr = 4π
√

M2
l,irr + M2

t,irr. We can observe dip

structures at low fields when H is almost parallel to ň, as we reported in Ref. [169, 127]. At

θ = 0◦, this structure extends up to H ' 3 kOe, where 4πMirr reaches the maximum. As θ

increases this characteristic field shifts to lower field, and we cannot observe the dip structure for

θ > 35◦. As we discussed in Ref. [127], this dip structure is caused by the curvature of vortices

below the self-field. Namely, the strongly curved magnetic field lines in the sample cannot be

effectively pinned by straight CDs at fields lower than the self field, leading to the lower Jc

around H = 0.

7.3.3 Lock-in transition

It is remarkable that 4πMirr at low fields is insensitive to the angle θ for orientation close to

H||c, as we can see in Fig. 7.10(c). This behavior is attributed to the lock-in phenomenon

originated from CDs as often observed in YBCO or BSCCO [77, 78, 170, 79, 171, 81, 172], that

is, vortices are trapped in their full length by the CDs even when H is tilted away from the

track direction. This is the central finding of this study.

To explore this feature in detail, in Fig. 7.11(a) we plot the angular dependence of 4πMirr at

all measured fields and orientations. We have collected data over a wide angular range (∼ 160◦)

to check that Mirr(θ) is symmetric around both H||c and H||ab, as expected for a single crystal

with CDs in the c axis and indeed observed. For all H up to the matching field Mirr(θ) is

maximum for H||c and minimum for H||ab. At high fields the peak at θ = 0◦ (H||ň||CDs) is

cusp-like, but as H decreases the c-axis peak becomes broader. Below H ' 9 kOe a plateau

around θ = 0◦ develops and the plateau width increases as H decreases, as observed in the blow-

up of Fig. 7.11(b). The crossover from the plateau to the angular dependent Mirr(θ) signals the

transition from the Bose-glass phase (locked-in vortices) to the staircase vortices regime. This

transition is rather sharp indicating a fast proliferation of vortex kinks, which in the ”transverse

Meissner effect” analogy [75] can be visualized as a fast penetration of a large number of weakly
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Figure 7.10: Field dependence of (a) 4πMl,irr, (b) 4πMt,irr, and (c) 4πMirr at each angle.

pinned vortices above the ”transverse lower critical field.”

The quantitative interpretation of these curves in terms of the physically relevant variable

Jc(H, θ) must be done with care. For H||c||ň, the Bean critical state model provides the relation

Jc = 40Mirr/[w(1 − w/3l)], and for our almost square crystal this can be simplified to Jc =

60Mirr/w. For θ 6= 0◦ two complications arise. First, the orientation of the vortices, i.e., the

angle θB between the internal field B (the vortex direction) and the c-axis is different from θ.

This is clearly the case in the lock-in regime, the focus of the present study, as θB = 0 as long

as θ < θL. But θB 6= θ also occurs outside the lock-in phase for staircase vortices [79], and even

in the absence of CDs due to anisotropy and geometrical effects [21]. So, the critical state is
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determined by Jc(θB) rather than Jc(θ). This is a low field phenomenon; for large enough H

the free energy cost of a B vs. H misalignment dominates and θB → θ.

The second complication is that the current flowing parallel to the sides of the crystal that are

perpendicular to the rotation axis are not perpendicular to the vortices (non-maximum Lorentz

force configuration), so the effective Jc in those sides is approximately Jc/ cos(θB). We must thus

use an anisotropic sand-pile Bean model, which gives Jc(θB) = 40Mirr/[w(1− cos(θB)/3)]. This

expression is a good approximation under the same conditions as the Mirr||ň approximation

is, i.e., everywhere except a narrow angular range ∼ t/w around H||ab [27]. So it is valid for

most of our data according to Fig. 7.9(b). At high fields (e.g. 20 and 40 kOe), θB ≈ θ and

Jc(θ) = 40Mirr/[w(1 − cos(θ)/3)], thus the monotonic decrease of Mirr toward θ = 90◦ confirms

that the directional pinning of the CDs dominates in almost the whole range of angles producing

staircase vortices. In the lock-in plateau θB = 0 and the simple relation Jc = 60Mirr/w holds.

It must also be noted that Jc (and thus Mirr) should not be strictly constant in the lock-in

regime due to the progressive increase of the free energy cost of the misalignment between B

and H, reflected in the term ∝ −B · H ∼ −BH cos θ. However, in the lock-in regime both

H and θ(< θL) are small, so the variations of this term are small and in practice an almost

angular-independent Jc is observed.

Another possibility for the angular-independent Mirr that must be considered is the self-field

effect. The vortex configuration in a superconductor is determined by the applied field H and

the self-field (Hsf) generated by the shielding currents. In a plate-like crystal these currents are

constrained to be mainly parallel to the ab planes even for θ 6= 0◦, producing a non-uniform Hsf

qualitatively similar to that of a dipole parallel to ň and of average intensity Hsf ∼ Jct/2. For

H ¿ Hsf the irreversible magnetization is dominated by this ”remnant magnetization” that is

independent of θ. In particular, Mirr for H = 0 should be constant over a very broad angular

range as we indeed observe [see Fig. 7.10(c)]. Clearly this effect is always present in high aspect

ratio samples, so it is difficult to separate it from the lock-in phenomenon. However, several

features indicate that the self-field is not the main cause of the plateau in our crystal. First,

for T = 5 K and θ = 0◦ our crystal has a self-field Jc = 2 MA/cm2, so Hsf ∼ 1.6 kOe, but we

observe the plateau up to much higher fields (∼ 9 kOe). Second, the crossover from the plateau

to the angular dependent Mirr due to the self-field should be smooth; in contrast we observe

sharp drops in Mirr(θ) at the ends of the plateaus, consistent with the sudden appearance of
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staircase vortices with weakly pinned kinks.
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A third, strong evidence comes from the field dependence of the plateau width, which in the

lock-in scenario should be 2θL, with

θL =
4π

√
2εlεr

φ0H
∝ 1/H, (7.1)

where εl is the vortex line tension and εr is the effective pinning energy per unit length [76, 21].

Figure 7.12 shows inverse-field dependence of θL, which is defined as a half width of the plateau

in Fig. 7.11. The linear variation of θL as a function of 1/H clearly demonstrates that these

plateaus result from the lock-in phenomenon.

It is noteworthy that the linear fit for θL(H−1) extrapolates to the origin, as expected from

Eq. (7.1). This is in contrast to previous results for 309 MeV Au irradiated ErBa2Cu3O7−δ,
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where a positive nonzero extrapolation was observed [26] and attributed in part to natural splay

of the CDs in the case of irradiation with lower-energy ions. In this context, the CDs introduced

by 2.6 GeV U ions in the present crystal are more ideally parallel to each other.

Finally, we comment on the numerical factor of the slope in Fig. 7.12. Since we measured at

low temperature, we set the pinning energy as εr = ε0 without temperature smearing factor, and

the line tension simplified as εl = [ε2ε0ε(θ)] lnκ ≈ ε0 lnκ, where the Ginzburg-Landau parameter

κ = λab/ξab is estimated from the in-plane penetration depth λab and in-plane coherence length

ξab. From the upper critical field Hc
c2 = 280 kOe, ξab = 3.4 nm can be obtained [34]. With the

experimental value of the slope ' 660 G rad, we are able to solve the value of λab as ' 79 nm.

This is far from the accepted value of λab ' 200 nm. Such numerical discrepancy is also found in

cuprates [77, 79, 26], regardless of the CD or twin boundary pinning. For example, in Ref. [26]

λab ≈ 50 nm is assumed to reproduce the observed lock-in angle, instead of the accepted value

of λab ' 140 nm. It is always the case that the lock-in angle is larger than the predicted one

both in cuprates and in IBSs. A similar difference is found also in the trapping angle of IBS

film [173]. Further studies are required to solve this general quantitative discrepancy.

7.3.4 Conclusion

We have observed the lock-in phenomenon of vortices to parallel CDs in a high-quality single

crystal of Ba(Fe0.93Co0.07)2As2 without twin boundaries irradiated with 2.6 GeV uranium ions.

The lock-in regime is identified by a plateau in the angular dependence of the irreversible com-

ponent of the magnetization. The width of the plateau is proportional to 1/H as expected for

the characteristic lock-in angle θL.
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Chapter 8

Summary and Conclusions

A summary of the important results of this thesis is presented in this concluding chapter. In

this study, we have developed a system to perform in situ resistivity measurements during the

particle irradiation to investigate the pair-breaking effect. The concomitantly irradiated samples

are arranged to study the vortex pinning from point defects. We have grown single crystals of Co-

doped and K-doped BaFe2As2 systems for these studies. We have measured the magnetization

in a wide range of temperature and field in the pristine and irradiated samples. In the case of

U-irradiated sample, we also investigated the angular dependence of vortex pinning.

In the following, we summarize the results and give concluding remarks.

Pair-breaking effect in Ba1−xKxFe2As2

In chapter 5, the robustness of the superconducting transition temperature Tc for impurity

scattering is clearly demonstrated. To take an advantage of successive introduction of point

defects in a given sample, we utilized the proton irradiation at low temperatures, rather than

chemical substitutions. By using K-doped BaFe2As2 system, the residual resistivity ρ(T = 0)

in the as-grown sample can be neglected, which allows us a straightforward transformation of

impurity scattering rate from resistivity. The suppression rates of Tc are consistent with that

in chemically substituted samples or proton-irradiated Ba(Fe1−xCox)2As2 system, and quanti-

tatively discussed with the help of the normalized scattering rate. We finally conclude that the

observed small suppression rates cannot be explained by s±-wave state with a sign reversal of

the superconducting order parameter between hole and electron FSs.

We can conclude the pairing state with taking other experimental results into account. In
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the inelastic neutron scattering experiment, the peak structure in the imaginary part of the spin

susceptibility was supposed to be attributable to the resonance peak, which is expected in the

s±-wave state. However, the following theoretical study shows that the observed broad peak is

reproducible by assuming s++-wave state. In scanning-tunneling microscopy, the quasiparticle

interference under strong magnetic field was able to be interpreted by sign-reversal between

hole and electron FSs, using the framework of cuprates (single band model). This interpreta-

tion cannot be justified in IBSs since the system is multi band, as suggested by Yamakawa et

al.. Besides, the angle-resolved photoemission spectroscopy experiment shows the orbital inde-

pendent gap magnitude, supporting the orbital-fluctuation mediated superconducting scenario.

The s±-wave state cannot consistently explain all the results, although the theoretical inter-

pretation is still not clear. On the contrary, our study clearly demonstrates that the s±-wave

state is an inadequate assumption to explain the small suppression rate of Tc as introducing

impurity scattering. This strongly supports the s++-wave state, and gives the evidence of the

orbital-fluctuation pairing mechanism.

These findings are greatly helpful to determine the superconducting pairing mechanism in

iron-based superconductors. The inadequacy of s±-wave state suggests that a novel pairing glue

of the orbital fluctuations plays an important role in IBSs.

Weak-collective pinning and collective creep in iron-based superconductors

In chapter 6, we have investigated the effects of weak-collective-pinning centers in proton ir-

radiated systems. We compared Co-doped and K-doped BaFe2As2. The enhancement of the

screening current density with proton irradiation is moderate by a factor of 2.5 at low tem-

peratures under zero field. The vortex dynamics are illustrated by collective creep both in the

pristine and the proton-irradiated Co-doped BaFe2As2. By contrast, 5-fold enlargement of the

screening current density is observed in K-doped system in the same condition. Although the

picture of collective creep is reasonable in proton-irradiated (Ba,K)Fe2As2, it does not work well

in the pristine sample. These differences in Co-doped and K-doped systems are originated from

the intrinsic pinning of dopant atoms, namely Co atoms work as weak pinning centers, while K

atoms do not. Another remarkable result is that the highest screening current density is realized

in proton-irradiated (Ba,K)Fe2As2, reaching of the order of 107 A/cm2.

The IBS system is a suitable candidate to understand the vortex states in high-temperature
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superconductors. In stark contrast to conventional superconductors, the vortices in high-temperature

superconductors are not supposed to be a straight line, and we cannot neglect the thermal fluc-

tuation effect. Besides, the elasticity of vortex line lattice should be taken into account in

high-temperature superconductors. As a result, the behaviors of vortices are described by the

weak-collective pinning theory. Although this theory succeeds in explaining the properties in

cuprate superconductors, it is not clear that the theory is appropriate in IBSs. In our study, we

demonstrate the universality of vortex behaviors in cuprates and IBSs.

These findings contributes to understand the role of weak-pinning centers in IBSs, which leads

to the general understanding of weak-collective pinning and collective creep in high-temperature

superconductors. These are also important in practical point of view when fabricating IBS wires

and tapes with high performance.

Bose glass phase in iron-based superconductors with columnar defects

In chapter 7, we have examined the possible realization of the Bose glass state in IBSs, which

accompanies the novel feature of vortex pinning and dynamics in the system with CDs. Al-

though the results under H||CDs are different from that in cuprates, we have not found the

contradiction with theoretical predictions. As another approach to detect the fingerprint of the

Bose glass state, we have identified the lock-in transition by means of angular dependence of the

magnetization, which is quite similar to cuprates.

The Bose-glass phase is one of the most interesting vortex state, since many novel features,

such as pronounced flux relaxation rate, are observed. The cuprates were only the case that the

Bose-glass state was observed, but new high-temperature superconductors, IBSs, are another

candidate to realize this phase. The identification of the Bose-glass phase testifies the similarity

of the vortex states between cuprates and IBSs. However, the characteristic features of the Bose-

glass phase under H||c have not reported in IBSs. In our study, we display the Bose-glass state

feature for the first time in the angular dependent magnetization, and propose the similarities

of the vortex states in high-temperature superconductors.

These findings will help to solve the contradiction between the theoretical and the experi-

mental results in cuprates. The realistic description of the Bose glass state in the second class

of high-temperature superconductors is beneficial for the understand of ideal pinning.
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