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1.1. IRON-BASED SUPERCONDUCTOR (FESC) 15

1.1 Iron-based superconductor (FeSC)

Iron-based superconductor (FeSC) is a new family of high-temperature
superconductor discovered in 2008 [1]. The maximum superconducting tran-
sition temperature Tc reaches 55K in SmFeAs(O,F) of a bulk crystal [2] and
above 65K in FeSe thin film [3]. These Tc values are the records of the
transition temperature after cuprate superconductors discovered in 1986 [4].
FeSC attracts attention not only in term of certain applications due to its Tc

and relatively high Hc2, but also the fundamental mechanism which induces
such a high transition temperature. Elucidating the superconducting mech-
anism in FeSC should give us a route to higher Tc materials and a deeper
understanding of condensed matter physics in strongly correlated materials.

1.2 Crystal structure and magnetic order of

FeSC

Many types of FeSC have been discovered to date, and all of them are
layered materials composed of conductive and blocking layers. In this thesis,
I focus on the series of AFe2As2 (A=Ba, Sr, Eu, and Ca), which are easy to
grow single crystals. I briefly review the experimental and theoretical studies
of FeSC here. There are a lot of useful review articles have been published.
[5, 6, 7, 8, 9] AFe2As2 at room temperature has tetragonal ThCr2Si2-type
(space group of I4/mmm) crystal structure as shown in Fig. 1.1 [10]. With
decreasing temperature, the crystal shows a structural transition at Ts and
the crystal structure changes from tetragonal to orthorhombic lattice with
longer a and shorter b axes along the tetragonal [110] and [11̄0] directions,
respectively.

At magnetic transition temperature TAF usually below the Ts, the mag-
netic structure changes from paramagnetic to long-range magnetic ordered
state [11]. The magnetic state is collinear antiferromagnetic state, or spin-
density-wave state, with magnetic moment aligned antiferromagnetic along
a-axis and ferromagnetic along b-axis, respectively, as shown in Fig. 1.2. This
phase is so-called the antiferromagnetic-orthorhombic (AFO) phase. TAF is
coincide with Ts in the parent compound, such as BaFe2As2, and they are
separated with Co-doping [12] while are not separated with K and P-doping
[13, 14].
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Figure 1.1: The crystal structure of BaFe2As2 [10].



1.2. CRYSTAL STRUCTURE AND MAGNETIC ORDER OF FESC 17

Figure 1.2: The crystal and magnetic structures of the BaFe2As2 in the
antiferromagnetic-orthorhombic (AFO) phase [11]. The arrows mark the
ordered moment directions of Fe in the AFO state. The aT , bT , and aO, bO
show the principal crystal axes of the tetragonal and orthorhombic crystal
structures, respectively.
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Figure 1.3: The calculated band structure of BaFe2As2 (left) [15] and the
Fermi surface of the nonmagnetic BaFe2As2 for 10% electron-doping (Co
doping, virtual crystal approximation) (right) [16].

1.2.1 Electronic structure

It is important to know the band structure of the material for under-
standing its physical property. The calculated band structure of BaFe2As2
in nonmagnetic state displays that five orbitals (dxy,yz,zx,z2,x2−y2) derived from
Fe exist around Fermi energy (EF) [15], shown in Fig. 1.3. This is in contrast
to the cuprates where the Fermi surface consists of a single dx2−y2 orbital.
Figure 1.3 also shows the calculated Fermi surface of BaFe2As2 in nonmag-
netic state [16]. There are two or more hole-like Fermi surfaces at the center

of Brillouin zone (BZ), Γ point k⃗ = (0, 0), and two electron-like Fermi sur-

faces exist around M point k⃗ = (π, π). These Fermi surfaces are indeed
observed by an angle resolved photo emission spectroscopy (ARPES) [17]
and a quantum oscillation measurement [18]. Due to the cylindrical shape
of the Fermi surfaces, a nesting between hole and electron Fermi surfaces
can occurs and a spin-density-wave state appears at low temperatures. Be-
low TAF, the band structure is reconstructed due to the long-range magnetic
order, and the reconstructed Fermi surface appears [19] as shown in Fig. 1.4.



1.3. PHASE DIAGRAM OF FESC 19

Figure 1.4: The observed reconstructed Fermi surface in the SDW phase (left)
and a summary of measured Fermi surface outlines in the reconstructed SDW
BZ (right) [19].

1.3 Phase diagram of FeSC

The structural and magnetic phase diagrams of electron-doped Ba(Fe1−xCox)2As2
and hole-doped (Ba1−xKx)Fe2As2 are shown in Fig. 1.5 [20, 8]. The phase
diagram of hole and electron-doped cuprates is also shown for the compar-
ison in Fig 1.5. In both doped cases, the Ts and TAF are suppressed with
doping, and superconductivity emerges. In the underdoped region, the su-
perconducting phase and the AFO phase coexists. After the superconduct-
ing transition temperature Tc reaches maximum, Tc decreases with further
doping and goes to zero in the overdoped region. These phase diagrams
are similar to that of the cuprates where electron or hole doping is nec-
essary to suppress the antiferromagnetic order of parent compound and to
induce superconductivity. In contrast to cuprates as shown in Fig. 1.5, su-
perconductivity can emerge without carrier doping by applying a physical
or a chemical pressure in iron pnictides [21, 22]. As shown in Fig. 1.6, the
AFO phase suppressed by a hydrostatic pressure or isovalent substitution
(Ru for Fe and P for As), and superconducting dome emerges in the phase
diagram. These pressure dependence of the phase diagram is similar to that
of carrier doping dependence, indicating that they share a common super-
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Figure 1.5: The electronic phase diagrams of hole/electron-doped cuprates
[20] and those of electron-doped Ba(Fe1−xCox)2As2 and hole-doped
(Ba1−xKx)Fe2As2 [8].



1.3. PHASE DIAGRAM OF FESC 21

Figure 1.6: The structural and magnetic phase diagrams of BaFe2As2 under
physical pressure (upper left) [22] and P-substituted BaFe2As2 (lower left)
[23] and Ru-substituted BaFe2As2 (lower right) [21].

conducting mechanism. The situation is different in Cr and Mn-substituted
BaFe2As2 (Cr and Mn-Ba122) [24, 25]. Cr and Mn substitution is expected
to induce superconductivity because it is nominally hole doping as in K-
substituted BaFe2As2. Cr and Mn substitution actually suppresses the AFO
phase [Fig. 1.8(a)] but superconductivity does not appear. Instead of super-
conducting phase, another magnetic phase emerges in Cr and Mn-Ba122. In
Cr-Ba122, G-type antiferromagnetic phase [Fig. 1.8(b)] appears in the over-
doped side while tetragonal-SDW phase [Fig. 1.8(a)] appears in Mn-Ba122,
as shown in Fig. 1.7.
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Figure 1.7: The structural and magnetic phase diagrams of Cr and Mn-
substituted BaFe2As2 [24, 25].

aO

aT

bT

bO

aT

bT

(a) (b)

Orthorhombic/Tetragonal 
SDW state

G-type 
magnetic state

Figure 1.8: The schematic pictures of (a) orthorhombic/tetragonal-SDW,
and (b) G-type magnetic structure. Circles and arrows on them represent
Fe atoms and spin of Fe, respectively. The lattice constants aO and bO is
different (aO > bO) in the orthorhombic-SDW state, while aO and bO is same
in the tetragonal-SDW state.



1.4. SUPERCONDUCTING PROPERTY 23

Figure 1.9: The proposed multiband pairing gap symmetries, drawn as
shaded regions on hole (red) and electron (blue) pockets, are shown for an
s± structure with isotropic gaps (left) and anisotropic gaps with accidental
nodes on the electron pocket (middle), and for a d-wave symmetry (right)
[5].

1.4 Superconducting property

1.4.1 Superconducting gap symmetry

In FeSC, it is assumed that a Cooper pair is mediated by a spin-fluctuation
because superconducting phase exists close to magnetically ordered phase as
in the case of cuprates [7]. In contrast to d-wave superconducting paring
symmetry in cuprates, sign-reversed s-wave (s±-wave) paring symmetry is
theoretically predicted in FeSC, where an order parameter changes its sign
between hole and electron Fermi surfaces, as shown in Fig. 1.9 [5]. On the
other hand, based on the robustness of Tc against the impurity scattering,
sign-preversed s-wave (s++-wave) pairing mechanism mediated by an orbital-
fluctuation is also proposed [26].

Superconducting properties are intensively studied by nuclear magnetic
resonance (NMR) [27], specific heat [28], thermal conductivity [29], pene-
tration depth [30], optical [31], scanning-tunneling-microscopy/spectroscopy
(STM/STS) [32], neutron diffraction [33], and ARPES measurement [34].
They found that most of FeSC has an isotropic s-wave like gap structure
while some materials, such as BaFe2(As1−xPx)2 [35], Ba(Fe1−xRux)2As2 [36]
and KFe2As2 [37], have a gap node where the superconducting gap size goes
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to zero at a part of the Fermi surfaces.



1.4. SUPERCONDUCTING PROPERTY 25

Figure 1.10: Maximum Tc for each system vs. bond angle α (left) [38],
pnictogen height dependence of Tc for the typical Fe-based superconductors
(center) [39], and pnictogen height dependence of ∆λ(T ) at T = 0.2Tc (right)
[40].

1.4.2 Relationship between Tc and Crystal structure

It is required to elucidate the relationship between the superconducting
property and the crystal structure in FeSC for enhancing the Tc and revealing
the mechanism. The relationship between Tc and As-Fe-As bond angle (α)
and a pnictogen height from Fe-plane (hPn) have been pointed out by Lee
et al. [38] and Mizuguchi et al. [39], respectively, as shown in Fig. 1.10. Their
findings suggest that Tc is optimized when α = 109.47◦ and hPn = 1.38 Å
where FeAs4-tetrahedron is a regular shape.

On the other hand, the relation between hPn and the superconducting
gap structure has been pointed out by Hashimoto et al. [40], indicating that
the gap structure change from a full gap to a nodal gap at hPn = 1.32 Å, as
shown in Fig. 1.10.

They compared the different FeSC family compounds which has different
carrier doping level and crystal structure because they focus on how a local
structure around Fe site affect the superconducting property. Therefore how
the lattice constants, such as a, c-axes, are related to the electronic structure
and the phase diagram is not well addressed.
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Figure 1.11: The post-annealing effect on the resistivity and magnetic sus-
ceptibility of Sr(Fe2−xNix)2As2 [41].

1.4.3 Post-annealing effect on superconducting prop-
erties

In FeSC, the as-grown single crystals contains amounts of disorders, lat-
tice dislocations, or defects inside it. Considering that the introduction of
point defects into FeSC leads to the suppression of Tc [42], these disorders
would be harmful to the superconducting property. Actually, it is reported
that the post-annealing treatment of the as-grown crystals results in the re-
duction of the residual resistivity and the enhancement of Tc as shown in
Fig. 1.11 [41]. Although the post-annealing treatment improves the super-
conducting properties, it is not unclear what happens inside the single crystal
before and after the post-annealing treatment. Therefore it is required to in-
vestigate the post-annealing effect on the details of the single crystal, such
as the crystal structure.
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1.5 Normal state property

FeSC has interesting property not only in the superconducting phase but
also in the normal state above Tc. Here I overview the unusual electronic
property in the normal state in terms of an electronic anisotropy and an
optical property.

1.5.1 Electronic anisotropy

One of the most anomalous electronic property in the normal state is the
electronic anisotropy observed in the AFO and paramagnetic-orthorhombic
phase [43, 44]. Chu et al. found that the in-plane resistivity shows signif-
icant anisotropy in the AFO phase at low temperatures in the detwwined
Ba(Fe1−xCox)2As2 [45]. The resistivity along the longer a-axis with an anti-
ferromagnetic spin arrangement (ρa) is smaller than that along the shorter
b-axis with a ferromagnetic spin arrangement (ρb), as shown in Fig. 1.12.
This observed anisotropy (ρb > ρa) is counterintuitive because both of the
larger orbitals overlap due to a smaller lattice constant and smaller spin-
fluctuation scattering due to a ferromagnetic spin arrangement, which should
give a smaller resistivity in the b-direction (ρb < ρa). In addition to AFO
phase, the in-plane resistivity anisotropy is already observed well above Ts.
This is unexpected because the original C4-symmetry in crystal and mag-
netic state should be broken below the temperature of the structural and
antiferromagnetic transition both of which lowering the C4-symmetry to C2-
symmetry.

The related anomalous anisotropy is observed by ARPES [19], elastoresis-
tance [46], x-ray linear dichroism [47], optical [48], thermoelectric power [49],
scanning-tunneling-microscopy/spectroscopy (STM/STS) [50, 51, 52], neu-
tron diffraction [53], x-ray diffraction [54] and magnetic torque measurement
[55] in various FeSC, but the mechanism and the relation to the supercon-
ductivity are still remains unclear [56].

1.5.2 Optical property

Optical spectrum is a bulk-sensitive and useful energy-resolved probe for
investigating the charge excitations and dynamics of relevant carriers [58, 59].
A typical spectrum of optical conductivity of parent compounds of FeSC is
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Figure 1.12: (Left panel) Temperature dependence of the in-plane resistivity
ρa (green) and ρb (red) of Ba(Fe1−xCox)2As2 for Co concentrations from
x = 0 to 0.085. Solid and dashed vertical lines mark critical temperatures
for the structural and magnetic phase transitions Ts and TAF, respectively.
(Right panel) Evolution of the in-plane resistivity anisotropy as a function
of temperature and doping, expressed in terms of the resistivity ratio ρb/ρa
[45].

shown in Fig. 1.13 [57]. In the paramagnetic-tetragonal (PT) phase, low-
energy region is dominated by a coherent and an incoherent Drude compo-
nents, which reflect that FeSC is a multi-band system. The coherent com-
ponent is considered as an electron-type carrier and the incoherent one is
attributed to a hole-type carrier [60, 61]. In the AFO phase, SDW gap like
feature is observed around 1000 cm−1 but the Drude component is still ob-
served. This suggests that the SDW gap opens at a part of Fermi surfaces,
which is consistent with a metallic behavior below TAF observed by a resis-
tivity measurement. The observed features of optical conductivity both in
PT and AFO phases are well reproduced by theoretical calculations based
on dynamical mean field theory (DMFT) taking account of sizable Hund’s-
coupling correlation between quasiparticles [57].

1.6 Aim of this study

Despite intensive experimental and theoretical works on FeSC, the ori-
gin of superconducting mechanism and normal states, such as an electronic
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Figure 1.13: Calculated and experimental optical conductivity of BaFe2As2
[57].
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anisotropy are still unsettled. In this thesis, I studied the following problem.
1) The relationship between the crystal structure and Tc is are proposed

by several studies, but it remains open question how the structural change
affects the electronic structure and how the Tc correlates with Fermi sur-
face topology. In this thesis, I studied SrFe2(As1−xPx)2 comparing with
BaFe2(As1−xPx)2 to reveal how the difference of the crystal structure is con-
nected with the electronic structure and superconducting properties.

2) The electronic anisotropy is a key issue to understand the normal and
superconducting properties in FeSC. This anisotropy cannot be explained
by the structural anisotropy, indicating that spin/orbital degree of freedom
play an important role for the anisotropy and they should be related with
the superconducting mechanism. In particular, the origin of the resistivity
anisotropy both in the AFO and nematic phase is still controversial. To an-
swer this question, I studied the in-plane resistivity anisotropy of Cr, Mn,
and Co-Ba122 systems. Comparing these systems, I studied how the impu-
rity scattering and carrier doping affect the in-plane resistivity anisotropy,
and demonstrated the importance of the Fermi surface topology for the
anisotropy.

3) In the optical study of FeSC, parent and superconducting compounds
have been mainly investigated. In this thesis, I focus on the effect of car-
rier doping and impurity scattering on the charge dynamics of Cr, Mn, and
Co-Ba122 in PT and AFO phase. These compounds share the common
magnetostructural phase but shows the different phase diagrams, where su-
perconducting phase emerges in Co-Ba122 but not in Cr and Mn-Ba122. The
charge dynamics of these compounds is expected to give ingredients for the
emergence of superconductivity in FeSC.

The part III and the part IV of this thesis are based on the published
work [7, 9, 15] and [4], respectively.
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2.1 Single crystal growth

2.1.1 SrFe2(As1−xPx)2

Single crystals of SrFe2(As1−xPx)2 (P-Sr122) except for x = 0 and x = 1
were grown from a stoichiometric mixture of Sr, FeAs, and FeP powder.
FeAs was prepared by reating Fe powder and As grains at 850 ◦C for 15 h
in a evacuated quartz tube. FeP was prepared by reating Fe powder and P
powder at 700 ◦C for 15 h in a evacuated quartz tube.

Sr, FeAs, and FeP were mixed in the atomic ratio 1:2(1 − x):2x, placed
in an alumina crucible, sealed in a silica tube with Ar gas of 0.2 bar at room
temperature. It was heated up to 1300 ◦C, was kept for 12 h, and then slowly
was cooled down to 1050 ◦C at a rate of 2 ◦C/h.

SrFe2As2 (x = 0) was grown by FeAs-flux method. Sr and FeAs were
mixed in the atomic ratio 1:4, placed in an alumina crucible, sealed in a
silica tube with Ar gas of 0.2 bar at room temperature. It was heated up to
1200 ◦C, was kept for 12 h, and then was slowly cooled down to 1050 ◦C at a
rate of 2 ◦C/h.

SrFe2P2 (x = 1) was grown by Sn-flux method. Sr, FeP, and Sn were
mixed in the atomic ratio 1:2:20, placed in an alumina crucible, sealed in a
silica tube with Ar gas of 0.2 bar at room temperature. It was heated up to
1300 ◦C, was kept for 12 h, and then was slowly cooled down to 600 ◦C at a
rate of 5 ◦C/h. The Sn-flux was removed by a centrifuge.

For the comparison, I grew single crystals of BaFe2(As1−xPx)2 (P-Ba122)
(x = 0.20 and 0.25) by Ba2As3/Ba2P3 flux method described in ref. [62].

The compositions of the obtained crystals were determined with an elec-
tron probe microanalyzer (EPMA) for P-Sr122 and a scanning electron mi-
croscope/energy dispersive x-ray spectroscopy (SEM-EDX) for P-Ba122.

2.1.2 Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co)

Single crystals of Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co) were grown
by a self-flux method. MnAs was prepared by reating Mn powder and As
grains at 850 ◦C for 15 h in a evacuated double sealed quartz tube, because
it reacts with a quartz tube. Particularly, it is necessary to pay attention to
the synthesis of CrAs. If the same synthesis condition for FeAs is adopted,
the quartz tube is exploded during the heating. To avoid this problem, less
amount of mixture of Cr and As (∼3g) was loaded into a quartz tube, and
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the tube was heated to 850 ◦C for 48 h and kept for 15 h at the temperature.
Ba, FeAs, and TMAs were mixed in the atomic ratio 1:4(1−x):4x, placed

in an alumina crucible, and sealed in a quartz tube. The tube was heated
to 1200 ◦C, kept at that temperature for 10 h, and cooled to 1000 ◦C at a
rate of 2 ◦C/h. The compositions of the grown crystals were determined by
SEM-EDX analysis.

2.1.3 Post annealing treatment

Single crystals of SrFe2(As1−xPx)2 and Ba(Fe1−xTMx)2As2 (TM=Cr, Mn,
and Co) were sealed in an evacuated silica tube, and annealed at 500 ◦C and
at 800 ◦C for several days days, respectively.

2.2 Transport measurement

2.2.1 Resistivity measurement

A standard four-probe method was used for a resistivity measurement of
twined and detwinned single crystals.

2.2.2 Hall coefficient measurement

The Hall resistivity, ρxy, was measured with the electric current along the
ab-plane and the magnetic field applied along the c-axis. The measurement
was performed in the magnetic field up to 7T at various temperatures using
twinned crystals. The Hall coefficient, RH, was determined by the polynomial
fitting of the Hall resistivity with ρxy = RHH+aH3, where H is the magnetic
field.

2.2.3 Resistivity measurement with detwinned crystal

Below the structural transition temperature, Ts, the crystal tends to form
structural twins, which prevent the measurement of the in-plane anisotropy
of iron-pnictide. To measure the in-plane anisotropy of the resistivity, a sin-
gle domain crystal is required. I detwinned the single crystals by applying a
uniaxial pressure along [110] direction in the tetragonal lattice. The measure-
ments of the in-plane resistivity along both a and b-axes of the orthorhom-
bic lattice were performed on detwinned samples by a standard four-probe
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method. I repeated the resistivity measurements with increasing pressure
and confirmed the saturation of the anisotropy. A schematic picture of the
measurement method are shown in Fig. 2.14.

2.3 Magnetization

Magnetization measurements from 1.8K to 300K were performed using
a Quantum Design magnetic property measurement system (MPMS). Zero-
field-cooled (ZFC) and field-cooled (FC) data were taken at 10Oe for super-
conducting samples.

2.4 X-ray diffraction measurement

The x-ray diffraction experiment of single crystals for determining lattice
constants was performed using 4 circle crystal x-ray diffractometer. The x-
ray diffraction experiment for single crystals structural analysis was carried
out using the x-ray with 15 keV at BL-8A of the Photon Factory, KEK in
Japan. In order to determine the atomic positions of SrFe2(As0.65P0.35)2,
I used those of SrFe2As2 as starting parameters and refined them by the
least-squares method using Rigaku CRYSTALSTRUCTURE.

2.5 Specific heat measurement

Specific heat was measured by a relaxation technique down to 1.8K in
a magnetic field up to 14T using a Quantum Design physical properties
measurement system (PPMS).

2.6 Optical measurement

The optical reflectivity R(ω) was measured on the ab plane of the mechan-
ically polished samples using 0.3-µm grain-size Al2O3 powder and lapping
film sheets. The measurement was performed at various temperatures in the
frequency range 50-20000 cm−1 by a Fourier transform infrared spectrometer
at our laboratory, and in the frequency range 20000-320000 cm−1 at UVSOR
facility, Okazaki, Japan at room temperature. Below the frequency range
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50 cm−1, Hagen-Rubens formula (R ∝ 1−α
√
ω) was used to extrapolate. At

higher energy region (above 320000 cm−1), an extrapolation of R ∝ ω−4 had
been used.

The optical conductivity was obtained by using Kramers-Kronig relation
(KK-relation). The complex reflectivity r̂(ω) can be given as follows.

r̂(ω) =
1−

√
ϵ̂(ω)

1 +
√

ϵ̂(ω)
=

√
R(ω)exp(iθ(ω)) (2.1)

Here ϵ̂(ω) is the complex dielectric function, and θ(ω) is the phase. ϵ̂(ω)
is given as follows.

ϵ̂(ω) = ϵ1(ω) + iϵ2(ω) (2.2)

ϵ1(ω)− 1 =
2

π
P

∫ ∞

0

ω′ϵ2(ω
′)

ω′2 − ω2
dω′ (2.3)

ϵ2(ω) = −2ω

π
P

∫ ∞

0

ϵ1(ω
′)

ω′2 − ω2
dω′ (2.4)

R(ω) is experimentally measured, then I can calculate the phase θ(ω)
with KK-relation as follows.

θ(ω) = −2ω

π
P

∫ ∞

0

ln
√

R(ω′)

ω′2 − ω2
dω′ (2.5)

Once I have the real and imaginary part of the complex reflectivity, I can
obtain the complex dielectric function.

The complex optical conductivity σ̂(ω) = σ1(ω)+ iσ2(ω) is obtained with
dielectric functions as follows.

σ1(ω) =
ωϵ2(ω)

4π
(2.6)

σ2(ω) =
ω(1− ϵ1(ω))

4π
(2.7)

Drude-Lorentz model for the dielectric function ϵ̂(ω) was used to describe
the optical conductivity.

ϵ̂(ω) = ϵ∞ +
∑
j

ω2
p,D;j

ω2 + iω/τD,j

+
∑
k

Ω2
k

ω2
k − ω2 − iωγk

(2.8)
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Here ϵ∞ is the real part of the dielectric function at a high frequency,
ω2
p,D;j = 4πnje

2/m∗
j and 1/τD,j are the square of the plasma frequency and

scattering rate for Drude carrier in the jth Fermi surface, respectively. nj and
m∗

j are the carrier density and carrier mass for the carrier in the jth Fermi
surface, respectively. ωk, γk, and Ωk are the position, width, and strength of
the kth vibration or excitation, respectively.
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3.1 Introduction

Most of iron-based superconductors (FeSC) are layered materials com-
posed of conductive and blocking layers [6]. The electronic band calculations
have revealed that a two-dimensional conductive layer results in multiple
Fermi surfaces consisting of disconnected cylindrical hole and electron pock-
ets [7]. It is theoretically proposed that the nesting between those pockets
induces spin density wave in the parent compounds and spin fluctuations
that mediate Cooper pairing in the superconducting ones. The supercon-
ductivity mediated by spin fluctuations leads to the superconducting state
with s±-wave symmetry where the gaps on the different Fermi surfaces have
the different sign [63]. On the other hand, considering the robustness of
Tc to the impurity effect, s++-wave superconducting gap symmetry is also
proposed based on the superconducting mechanism mediated by the orbital
fluctuations where the gaps on the different Fermi surfaces have the same
sign [26].

AFe2As2 (A=Ba, Sr, Eu, and Ca), one of the parent compounds of FeSC,
exhibits the magnetostructural transition from the paramagnetic-tetragonal
(PT) phase to the antiferromagnetic-orthorhombic (AFO) one below the
transition temperature TAFO [6]. Carrier doping by chemical substitution
and physical pressure suppresses the magnetostructural phase transition and
induces superconductivity. Another means of inducing superconductivity is
the application of chemical pressure by the isovalent substitution of As for P.
In particular, BaFe2(As1−xPx)2 (P-Ba122) attracts much attention in terms
of the nodal superconducting gap and magnetic quantum criticality [23].

According to previous studies of AFe2(As1−xPx)2 (P-A122, A=Ba, Eu,
and Ca) with single crystals [23, 64, 65], as the lattice constants are re-
duced (Ba>Eu>Ca), superconductivity is induced with a smaller amount
of P-substitution, and the optimal superconducting transition temperature
Tc,optimal decreases. In these systems, it was confirmed that the decrease in
the anisotropy ratio of lattice constants (c/a) makes the Fermi surface more
three-dimensional, namely, the electronic anisotropy is reduced [18, 66]. In
this work, I use c/a as a measure of the structural and electronic dimension-
alities. The observed tendency in P-A122 implies that the anisotropy of the
crystal structure and the resultant Fermi surface topology play an essential
role in the superconductivity of FeSC. It supports the theoretical model in
which the Fermi surface nesting is crucial. In contrast to P-A122 (A=Ba,
Eu, and Ca), the related compound SrFe2(As1−xPx)2 (P-Sr122) has not been
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studied in detail. An early study of polycrystalline P-Sr122 showed the elec-
tronic phase diagram up to x ≦ 0.40, but the compound with x ≧ 0.40 was
not obtained [67]. To clarify the relationship between the crystal structure
and the superconductivity in FeSC, it is important to determine whether or
not P-Sr122 follows the tendency mentioned above.

On the other hand, it has been reported that the postannealing treatment
sometimes improves the sample quality and induces a marked changes in the
electronic properties of FeSC [68]. Therefore, the postannealing treatment is
necessary to reveal the intrinsic electronic properties of FeSC.

In this work, I performed a systematic study of the single crystal x-ray
diffraction, magnetic susceptibility, electric resistivity and Hall resistivity of
single crystals of P-Sr122 with 0 ≦ x ≦ 1 before and after postannealing
treatment. I succeeded in growing single crystals of P-Sr122 with 0 ≦ x ≦ 1
for the first time and in establishing its complete electronic phase diagram.
Single crystal structure analysis revealed that annealed crystal had the bet-
ter bond angle and/or pnictogen height. It was found that the postannealing
treatment resulted in the reduction in the residual resistivity in the AFO
phase and the enhancement of Tc in the superconducting phase, which en-
larges the Tc dome in the phase diagram. The optimal Tc reaches 33K, which
is the highest among those of P-A122 (A=Ba, Sr, Eu, and Ca). The obtained
phase diagram is similar to that of P-Ba122 despite the large difference in
lattice constants.

In addition, I performed specific heat measurement of an as-grown and an-
nealed SrFe2(As0.65P0.35)2 single crystals. The as grown crystal has Tc=26K,
while the annealed crystals has Tc=33K which is higher than optimal P-
Ba122 (Tc=31K) [23]. I observed that a magnetic field dependence of the
residual electronic specific term γr(H) of the as-grown crystal was sub-linear
dependence, while the annealed crystal showed smaller residual term and H-
linear field dependence. I attributed the reason of higher Tc to the change
from dirty to clean limit state due to smaller impurity or inhomogeneity and
ideal crystal structure realized by annealing.

3.2 Annealing effect

To determine the best annealing conditions, I annealed the crystals at var-
ious temperatures for various durations. At first, I annealed the crystals of
SrFe2(As0.65P0.35)2 for 2 days at different temperatures. Figure 3.15(a) shows
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the annealing temperature dependence of Tc determined from the magneti-
zation M . I found that the annealing treatment at 500 ◦C gives the highest
Tc among all the examined temperatures. The annealing treatment at 800 ◦C
damaged the sample and strongly suppressed Tc. Next, fixing the temper-
ature at 500 ◦C I annealed the crystals for various durations. The onset Tc

reached 33K after 4 days of postannealing, and did not change even when
they were annealed for longer durations, as shown in Fig. 3.15(b). It is
noted that the postannealing time depends on the sample size. The crystals
for the specific heat measurement was 3 × 3 × 0.1mm3 size and annealed in
an evacuated silica tube for 2 weeks at 500 ◦C, while the crystals for other
measurements were 1× 1× 0.1mm3 and annealed for 1 week.

3.3 Structural analysis

Figure 3.16(a) shows the P-content determined by EPMA. I use nominal
x values hereafter because the actual compositions x′ are nearly the same
as the nominal ones (x′ = 0.979 × x). It is noted that the compositions
are not changed by the post-annealing treatment. Figure 3.16(b) shows the
P-content dependences of the lattice parameters for the as-grown crystals.
The lattice constants a and c decrease monotonically as the P-content x
increases. The anisotropy ratio c/a and the unit cell volume V also decrease
with increasing x, as shown in Fig. 3.16(c). These results suggest that P-
substitution causes a chemical pressure.

The c/a of SrFe2As2 is largest (∼ 3.15) among P-Sr122 but is smaller
than that of BaFe2P2, which is the smallest (∼ 3.24) among P-Ba122. This
indicates that the crystal structure of P-Sr122 is less anisotropic than that of
P-Ba122. Actually, the photoemission measurement revealed that the Fermi
surface topology of SrFe2(As0.65P0.35)2 is more three-dimensional than that
of P-Ba122 as well as the crystal structure [66].

Figure 3.16(d) shows the P-content dependences of the pnictogen height
(hPn) for P-Sr122 and P-Ba122. Despite the substantial differences in lattice
parameters, hPn and its doping dependence are similar in both systems.

Table 3.1 shows the annealing effect on the crystal structure measured
by the single crystal x-ray diffraction measurement at KEK. In the analysis,
I adjusted the coordinate z of As/P simultaneously. The structural analysis
clearly demonstrates that the annealed crystal has the shorter a-axis and
longer c-axis than the as-grown crystal. In addition, the z position of As/P
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Compound as-grown annealed
Space group I4/mmm I4/mmm

a (Å) 3.8983(14) 3.8963(6)
c (Å) 12.064(4) 12.092(2)
V (Å3) 183.33(11) 183.57(5)
Sr (0, 0, 0) (0, 0, 0)
Fe (1/2, 0, 1/4) (1/2, 0, 1/4)

As/P (0, 0, z) (0, 0, z)
z=0.35931(6) z=0.35956(5)

hPn(Å) 1.319(1) 1.325(1)
Bond lengths and angles

Sr-As(Å) 3.2372(7) 3.2364(3)
Sr-Fe(Å) 3.5910(9) 3.5964(4)

Fe-As/P(Å) 2.3533(4) 2.3559(3)
Fe-Fe(Å) 2.7565(7) 2.7551(3)

As-Fe-As(deg.) 108.301(10)×4 108.434(8)×4
111.84(2)×2 111.566(17)×2

Isotropic atomic displacement parameter
Sr 0.601(10) 0.776(11)
Fe 0.330(12) 0.486(11)
As 0.451(8) 0.575(10)
P 3.2(3) 2.84(19)

Number of reflections 211 219
(I>2.00σ(I))

Good of fitness 3.315 6.018

Table 3.1: Refined lattice constants, atomic positions, bond lengths, and
angles at room temperature for the as-grown and annealed single crystals
from the least square refinement of single crystal x-ray diffraction profile.
hPn was calculated from hPn = (z − 0.25) × c. The reliability are R1 (I >
2.00σ(I)) = 6.61%, 5.16% and wR2 (I > 2.00σ(I)) = 10.17%, 8.15% for the
as-grown and annealed crystals, respectively. Number of reflections is number
of diffraction peaks used for analysis.
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also increases, leading to a higher pnictogen height hPn and a smaller As-Fe-
As bond angle. In FeSC, it has been pointed out that Tc is correlated with
the pnictogen height and/or the As-Fe-As bond angle [38, 39]. Considering
that Tc sharply changes around hPn ∼ 1.33 Å[39], a tiny extension of hPn in
SrFe2(As0.65P0.35)2 (∼ 1.32 Å) can result in an enhancement of Tc.

3.4 Transport measurement

In Figs. 3.17(a)-3.17(h), I show the temperature dependence of resistivity
ρ(T ) for 0 ≦ x ≦ 1. The data are normalized by the value at room tem-
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perature, since there was no change in ρ(300K) by the postannealing within
a measurement accuracy. For x = 0, although the as-grown crystal showed
an anomaly due to the magnetostructural transition at 197K, the annealed
crystal exhibited a sharper transition at 204K, which is consistent with the
magnetic susceptibility measurement in Fig. 3.21. The residual resistivity
ratio (RRR) ρ300K/ρ4.2K is also changed from 3 to 10 after the postannealing.
The annealing treatment clearly reduced the residual resistivity, indicating
that the impurity or disorder within the crystals was removed by this treat-
ment. This behavior is consistent with the theoretical calculation that the
impurity scattering reduces the magnetic transition temperature [69]. Also,
for x = 0.10 and 0.25, the residual resistivity clearly decreases and TAFO

is increased after the annealing treatment [Figs. 3.17(b) and 3.17(c)]. For
x ≧ 0.35, at which the magnetostructural transition completely disappears,
the reduction in the residual resistivity was smaller than that for x ≦ 0.30.
These indicate that the transport property is more sensitive to the annealing
treatment in the AFO phase than in the PT phase.

For x = 0.35, the T -linear behavior of resistivity is observed, which sug-
gests a non-Fermi liquid state due to a strong spin fluctuation. Actually, at
this composition, (T1T )

−1 is strongly enhanced at low temperatures, where
T1 is the spin-lattice relaxation rate in nuclear magnetic resonance (NMR)
[70, 71]. With further P-doping, ρ(T ) changed to the Fermi-liquid-like T 2

dependence. Moreover, the enhancement of (T1T )
−1 was not observed at

x = 0.50. These results suggest that a two-dimensional antiferromagnetic
quantum critical point exists at approximately x = 0.35 in P-Sr122. Sim-
ilar quantum critical behaviors were also reported in the P-Ba122 [23] and
P-Eu122 [49], indicating that such a quantum criticality is a common feature
in P-doped 122 system.

On the other hand, the unusual annealing effect is found in the under-
doped region. Figures 3.18 show ρ(T ) of P-Sr122 with x = 0.28 and P-Ba122
with x = 0.20 for the as-grown and annealed crystals. The measurement was
performed on the same crystals before and after annealing. In both systems,
TAFO increases by the post-annealing treatment, while Tc estimated from the
onset and the zero-resistivity temperature decreases in contrast to the over-
doped crystals shown in Figs. 3.17. The smaller normalized ρ(T ) above Tc

in the annealed crystals than in the as-grown one suggests that disorders in
the crystals are reduced by the annealing treatment. These results indicate
that Tc in the coexistence region of AFO/SC phase and pure SC phase show
a different response to disorders both in P-Sr122 and P-Ba122.
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Figure 3.19: Temperatures of normal (N)-to-SDW, SDW-to-SC, and N-to-SC
phase transitions as functions of doping for the clean and dirty cases (dashed
and solid lines, respectively). The figure is cited from Ref. [69].
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The different response of Tc to disorders in the underdoped and the over-
doped region has been predicted by the theory based on s± SC state [69] as
shown in Fig. 3.19. According to this theory, the different response derive
from two competing effects of the direct pair-breaking by impurities, which
reduces Tc, and the suppression of the coexisting antiferromagnetic order
parameter, which increases Tc. Thus my observation is consistent with the
theoretical prediction of s± SC state.

It is noted that ρ(T ) of x = 0.30 shows a different behavior from that of
x = 0.28, where the postannealing treatment results in increasing both TAFO

and Tc as shown in Fig. 3.17(d). One possible reason of this result is due to
the measurement of the different crystals before and after the postannealing
treatment. Another reason is that the response of TAFO and Tc to disorder
depends on the parameter sets of intraband/interband scattering rates and
the strength of disorder [69].

To obtain further information on the electronic state, I studied the Hall
effect in P-Sr122 with x = 0 and 0.35. Figure 3.20 shows the magnetic field
dependence of the Hall resistivity ρxy(H) and the temperature dependence
of the Hall coefficient RH(T ) for x = 0 and 0.35. RH(T ) was estimated by
polynomial fitting with ρxy = RHH + αH3. For x = 0 [Figs. 3.20(a) and
3.20(b)], the absolute value of ρxy(H) decreases and deviates from the H-
linear dependence below TAFO after the annealing treatment. A similar result
was reported in a previous study of the annealed BaFe2As2 [68]. However, the
H dependence of ρxy is weaker in the annealed SrFe2As2 than in the annealed
BaFe2As2. This may be caused by the smaller RRR of the annealed SrFe2As2
(RRR∼10) than of the annealed BaFe2As2 (RRR∼ 30) [68]. In Figs. 3.20(c)
and 3.20(d) for x = 0.35, ρxy(H) shows an H-linear dependence and little
change with postannealing, which is consistent with the annealing effect on
ρ(T ) shown in Fig. 3.17.

In Fig. 3.20(e), the estimated RH(T ) value for x = 0 and 0.35 are plotted.
For SrFe2As2, RH(300K) is negative, indicating that the dominant carriers
are electrons. At approximately TAFO(∼ 200K), RH(T ) changes its sign.
Such a sign change of RH is absent in BaFe2As2 where RH(T ) abruptly de-
creases at TAFO [72], while it was present in EuFe2As2 and CaFe2As2 [73, 74].
Such a behavior may be ascribed to the presence of the Dirac fermion [75],
which was observed in SrFe2As2 by quantum oscillation measurement [76].
RH(T ) markedly decreases below TAFO, and the absolute value of RH(T )
at the lowest temperature is 24 times larger than that at room tempera-
ture, indicating that the carrier reduction is caused by the reconstruction of
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Figure 3.20: (a)-(d) Magnetic field (H) dependence of the Hall resistivity
(ρxy) of as-grown and annealed single crystals for x = 0 and 0.35, respectively.
The solid lines indicate the fitting results by the formula ρxy = RHH +
aH3. (e) Temperature dependence of Hall coefficient RH of as-grown (open
symbols) and annealed (closed ones) single crystals for x = 0 (circles) and
0.35 (triangles), respectively. The solid lines are visual guides.
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Figure 3.21: Temperature dependence of the magnetic susceptibility χ before
and after annealing for x = 0. The inset shows χ around TAFO.

the Fermi surfaces in the AFO phase. Although the carrier concentration
is reduced, the resistivity shows a sharp decreases at TAFO and maintains a
metallic behavior, as shown in Fig. 3.17. This reflects the multicarrier nature
of iron pnictides. For x = 0.35, although the magnetostructural transition
completely disappears, the absolute value of RH(T ) is slightly enhanced by a
factor of 2 as the temperature decreases. This may be caused by the multi-
band effect [72] or the vertex correction due to antiferromagnetic fluctuation
[77].

3.5 Magnetic susceptibility measurement

Figure 3.22 shows the temperature dependence of the magnetic suscep-
tibility χ(T ) of as-grown and annealed SrFe2As2. The antiferromagnetic
transition occurred at TAFO = 197K in the as-grown crystal as reported pre-
viously [78]. After the annealing treatment, TAFO was raised up to 204K and
the transition got sharper as displayed in the inset.
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H = 10Oe, respectively.
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The annealing effect on Tc was examined by magnetization M measure-
ment for SrFe2(As1−xPx)2 (0.30 ≦ x ≦ 0.60), as displayed in Fig. 3.22. The
value of M is normalized by the absolute value at the lowest measured tem-
perature. Tc clearly increased by the postannealing treatment for all the
compositions shown here. For x = 0.30 and 0.35, Tc reached 33K that is
the highest value of Tc among those of P-A122 (A =Ba, Sr, Ca and Eu)
[23, 64, 65, 62]. For x = 0.39, 0.46 and 0.50, Tc increased nearly 10K by
post-annealing. More surprisingly, for x = 0.60, the annealed crystal showed
a superconducting transition at 5K, while the as-grown one did not exhibit a
diamagnetic signal down to 1.8K. I emphasizes that these behaviors cannot
be due to the variation of P-contents x because the observed change of lattice
constants by the post-annealing treatment is not different from that of the x
dependence of lattice constants.

3.6 Electronic phase diagram

The electronic phase diagram obtained from the susceptibility and re-
sistivity measurements is shown in Fig. 3.23. Roughly speaking, this is the
same as the general phase diagram observed in AFe2As2 compounds. Namely,
with P-substitution, the magnetostructural transition is gradually suppressed
and completely disappears at x = 0.35, while the superconductivity emerges
above x = 0.25. For the as-grown crystals, Tc,optimal = 26K and the supercon-
ductivity disappears above x = 0.60. When the crystals are postannealed,
TAFO increases and the superconducting dome is enlarged. For x = 0.35,
the optimal Tc is enhanced to 33K by postannealing. The obtained optimal
Tc is as high as that of the physical-pressure-induced superconductivity in
SrFe2As2 and higher than that (30K) of BaFe2As2 [79, 22]. This means that
the chemically and physically pressured Sr122 has a higher optimal Tc than
of Ba122. In the annealed sample with x = 0.60, both zero resistivity and a
diamagnetic signal were observed at approximately 5K, while the as-grown
crystal showed no superconductivity signature down to 1.8K. The results
indicate that the superconducting region is widened beyond x = 0.60 by the
annealing treatment.

The phase diagram for the as-grown crystals shows a smaller supercon-
ducting dome than that of P-Ba122. This seems to be ascribed to the more
three-dimensional structure and the Fermi surface topology in P-Sr122 than
in P-Ba122. However, after the postannealing treatment, the obtained Tc
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dome is enlarged and very similar to that of P-Ba122, despite the large dif-
ference in the a and c-axes lattice constants. This is in contrast to the case
of P-A122 (A=Eu and Ca). The recent photoemission measurement has re-
vealed that the hole Fermi surface with the dz2 orbital character is strongly
warped along the kz-direction in P-Sr122 [66]. The more three-dimensional
electronic state realized in P-Sr122 should result in the worse Fermi surface
nesting than that in P-Ba122, and thus a lower Tc if the nesting condition
is crucial for superconductivity. Nevertheless, the optimal Tc of P-Sr122 is
nearly the same or even slightly higher than that of P-Ba122. This indicates
that Tc is rather insensitive to the crystal structural anisotropy c/a and the
dimensionality of the electronic structure.

In contrast to the large difference in the lattice constants, the pnicto-
gen heights are nearly the same in the optimal doped P-Sr122 and P-Ba122
(x ∼ 0.3), hPn ∼ 1.32 Å[23] as shown in Fig. 3.16(d). In FeSC, it is well
known that the pnictogen height and As-Fe-As bond angle correlate with Tc

[38, 39]. I found that the postannealed P-Sr122 has a longer pnictogen height
and cleaner electronic state than the as-grown one. The close relationship be-
tween the superconductivity and the pnictogen height has been explained by
the theory based on antiferromagnetic fluctuation mechanism [80]. This the-
ory predicts that the reduction in the a and c-axes lattice constants generally
decreases Tc, while the elongation of hPn enhances it. This difference comes
from that the hPn affects the appearance of the Fermi surface around (π, π)
in the unfolded Brillouin zone, while the lattice constant a and c relate with
the electron correlation within dXZ/dY Z and dX2−Y 2 orbitals, respectively.
The change of different structural parameters affects the spin fluctuation in
a different manner, resulting in a different response of Tc. The present results
demonstrate that the latter factor (hPn) is more important than the former
(a and c) for superconductivity, which gives some constraints on the theory
of superconductivity in FeSC.

3.7 Specific heat in superconducting state

To obtain more information of SC phase, I performed the specific heat
measurement. In Fig. 3.24(a), I plotted the temperature dependence of
specific heat C(T ) divided by T . In order to subtract a phonon contri-
bution, I used the phonon specific heat of non-superconducting SrFe2As2
and SrFe2P2. The phonon terms of specific heat for these end members
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Figure 3.25: (a) The low-temperature specific heat of the as-grown and an-
nealed SrFe2(As0.65P0.35)2 measured at different magnetic fields applied along
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tively.) (b) The magnetic-field dependence of the residual electronic specific
heat coefficient γr. Red triangles and blue circles correspond to γr at 1.8K
and γr from C/T = γr + βT 2, respectively. The solid lines show γr ∝ H0.7

for the as-grown crystal and γr ∝ H for the annealed crystal.
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(Cphonon(SrFe2As2/SrFe2P2)) were estimated by the formula of Cphonon(SrFe2As2/SrFe2P2) =
C − γ(SrFe2As2/SrFe2P2)T. Here, C and γ(SrFe2As2/SrFe2P2) are total specific heat
and electronic specific heat coefficient for these compounds, respectively. For
the annealed crystal, Cphonon was calculated as a combination of the values
of SrFe2As2 and SrFe2P2,

Cphonon = 0.7× Cphonon(SrFe2As2) + 0.3× Cphonon(SrFe2P2),

while Cphonon was assumed to be equal to Cphonon(SrFe2As2) for the as-grown
crystal. Figure 3.24(b) shows only the extracted electronic component of
C/T . Here, Cel for SrFe2(As0.65P0.35)2 is estimated by the formula of Cel =
C−Cphonon. A jump due to superconducting transition was observed at 23K
for the as-grown crystal and a sharper jump at 33K for the annealed crystal.
The normal state Sommerfeld coefficient also changed from 47mJ/molK2

to 17mJ/molK2 by annealing. It seems that the post-annealing suppresses
the mass enhancement. However, such a large change of the normal state
Sommerfeld coefficient by the annealing treatment was not observed in the
previous study of annealed Co-doped BaFe2As2 (Co-Ba122) [81]. Therefore,
I cannot rule out the possibility that the observed change in Sommerfeld
coefficient is artificial by the inappropriate subtraction of the phonon contri-
bution. ∆C/Tc was 40mJ/molK2 and 50mJ/molK2 for the as-grown and
the annealed crystals, respectively. Here, ∆C is the change of electronic spe-
cific heat due to superconducting transition. The present value of ∆C/Tc is
still smaller than the general value of FeSC [82], indicating that the further
improvement of the sample quality may be possible.

In order to discuss a superconducting gap structure, I examined the mag-
netic field dependence of C/T at 0K, γr(H). Although in principle the pres-
ence of gap node can be discussed from low-T C(T ) without magnetic field,
it is usually difficult to identify the T 2 term which is expected for the su-
perconductor with line node because of the large phonon component [83].
Figure 3.25(a) shows the temperature dependence of C/T at different mag-
netic fields applied along the c-axis. In Fig. 3.25(b) is plotted the field de-
pendences of residual C/T , the values at 1.8K and the extrapolated values
at 0K with C/T = γr + βT 2. The phonon coefficient β also changed from
0.79mJ/mol K4 to 0.36mJ/mol K4 by annealing, while residual term γr de-
creased from 5.5mJ/molK2 to 3.6mJ/molK2 by annealing at H=0. This
reduction in γr implies a decrease of residual density of states which origi-
nates from impurity or disorder. However, the γr of the annealed crystal is
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still larger than that of P-Ba122 (γr=1.7mJ/molK2)[84], indicating a larger
residual density of state below Tc.

As shown in Fig. 3.25(b), the field dependence of γr follows γr ∝ H0.7 for
the as-grown case, while the post-annealing treatment results in a moderate
field dependence, γr ∝ H.

The change from the sub-linear to the H-linear dependence of γr seems
to indicate that the superconducting gap structure became a full gap after
annealing. This behavior is consistent with the theoretical calculation of
the s±-wave superconducting state by Bnag [85] as shown in Fig. 3.26. In
the the theoretical calculation based on the two band model [85], it is argued
that the Doppler shift of the quasiparticle excitations in the superconducting
state is caused by applying the magnetic field. When the Doppler shift energy
becomes larger than the smaller gap size (∆S) while it is smaller than the
larger gap one (∆L), the smaller gap collapses to create a finite density of
state, resulting in the H-linear dependence of specific heat. This H-linear
dependence of γr changes to a sub-linear H dependence when disorders are
introduced in a full gap s±-wave superconducting state. In addition, the
impurity scattering in the s±-wave superconducting state efficiently leads to
zero energy impurity band near Fermi level and the finite γr(0K) as observed
in the present study. Therefore, my observation can be understood within
a full gap s± regime. I note that the similar annealing effect on γr(H) was
observed in Co-Ba122[81].

On the other hand, the penetration depth measurement performed by
Murphy et. al. [86] gave a different result. The observed ∆λ(T ) was T -linear
in the annealed crystal, while ∆λ(T ) followed T n (n < 2) in the as-grown
crystal. This change of exponent n can be understood within a framework
of nodal superconductor by assuming that the as-grown crystals was in a
dirty limit, while the annealed one was in a clean limit. Considering all these
results, I speculate that the Fermi surface with a heavier carrier mass has
a full gap and dominates the specific heat, while the others with a lighter
carrier mass have a nodal gap which governs the penetration depth. Here I
note that the H-linear dependence of γr was also observed in P-Ba122 where
one Fermi surface has a full gap and the others have nodes [84].
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Figure 3.26: Normalized specific heat coefficient for different gap size ratios
at 0K. All calculations include the same concentration of impurities Γ/∆L =
0.05 (Γ ∝ nimp, nimp; impurity concentration). This means that this gap size
dependence is the same as nimp dependence (∆S/∆L ∼ ∆S/Γ). The figure is
cited from Ref. [85].
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3.8 Summary

I have successfully grown single crystals of SrFe2(As1−xPx)2 over the entire
range of x and performed a systematic study of its electronic properties
as well as of the annealing effects. The annealing treatment reduced the
residual resistivity, increases TAFO, decreased Tc in the underdoped region,
and increased Tc in the overdoped region. Using the annealed crystals, I
have established the intrinsic phase diagram that was quite similar to that
of P-Ba122 despite the large difference in the a and c-axes lattice constants.
The similarity between the two systems has been attributed to the nearly
identical pnictogen height, which dominates the electronic properties of iron
pnictides. The dimensionality of the Fermi surface is a less important factor
for determining Tc.

I also studied the annealing effect on specific heat and a precise x-ray
diffraction analysis. I found that Tc is enhanced up to 33K that is higher
than the value of optimal P-Ba122. I have found that there are two effects of
post-annealing. One is the elongation of the c-axis and the pnictogen height
in the average crystal structure. This causes the enhancement of Tc in the
annealed crystals. The other effect is to reduce disorders within crystals,
which is clearly observed in specific heat. This suggests that the system
changes from a dirty to clean superconductor with the s± full gap on the
Fermi surface with a heavier carrier mass.
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4.1 Introduction

In almost all iron pnictides, the terminal compositions, BaFe2As2 and
LaFeAsO, undergo a structural and magnetic phase transition from a higher-
temperature paramagnetic-tetragonal (PT) state to a lower-temperature antiferromagnetic-
orthorhombic (AFO) one with decreasing temperature. By substituting vari-
ous elements or applying pressure, the AFO state is suppressed and supercon-
ductivity emerges. One of the puzzles in the normal-state properties is the
anomalous electronic anisotropy in the AFO and paramagnetic-orthorhombic
phases [43, 44]. Although the anisotropy in the paramagnetic-orthorhombic
phase, which is the so-called nematic phase [19, 45, 87, 88], has attracted
much interest in terms of the nematic nature of the electronic state, the
anisotropy in the AFO phase is also unusual. Particularly, the in-plane re-
sistivity shows significant anisotropy in the AFO phase at low temperatures
[45]. The resistivity along the longer a-axis with an antiferromagnetic spin
arrangement (ρa) is smaller than that along the shorter b-axis with a fer-
romagnetic spin arrangement (ρb). This observed anisotropy (ρb > ρa) is
counterintuitive because both of the larger orbitals overlap due to a smaller
lattice constant and smaller spin-fluctuation scattering due to a ferromagnetic
spin arrangement, which should give a smaller resistivity in the b-direction
(ρb < ρa). Several theories based on magnetic order, orbital order, and
lattice distortion have been proposed to explain this anomalous anisotropic
resistivity [89, 90, 91, 92, 93, 94]. However, all of them fail to explain the
fact that transition metal (TM) substitution for the Fe sites enhances the
resistivity anisotropy despite the suppression of the magnetic order, orbital
polarization, and lattice orthorhombicity [19, 95].

To understand these counterintuitive behaviors, two different mechanisms
have been proposed. One is based on the anisotropy of impurity scattering
and the other on the effect of anisotropic Fermi surface topology. The key
experimental fact for the first scenario is that the anisotropy of in-plane
resistivity in BaFe2As2 (Ba122) almost disappears after the postannealing
treatment, which removes defects in the crystals [68, 96]. It was also pointed
out that the anisotropy decreases with increasing distance of the substitution
site from the Fe sites [97]. Based on these results, Ishida and co-workers
proposed that the anisotropy of impurity scattering by substituted atoms is
the origin of the anisotropy of in-plane resistivity, in other words, that the
observed anisotropy is an extrinsic property. This scenario is supported by
optical [48, 98] and scanning tunnel spectroscopy studies [50, 51, 52], as well
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as by theoretical investigations [99, 100, 101].

Another important experimental result for the second scenario is the com-
parative study of electron-doped Ba(Fe1−xCox)2As2 (Co-Ba122) and hole-
doped (Ba1−xKx)Fe2As2 (K-Ba122). The difference of resistivity (∆ρ =
ρb − ρa) is smaller in K-Ba122 than in Co-Ba122, and more surprisingly,
it becomes negative (ρb < ρa) with further K substitution [102, 103]. The-
oretically, the reversal of anisotropy has been predicted by considering the
change of the Fermi surface topology and Drude weight in the AFO phase
[103, 104]. However, they do not explain the postannealing effect, and re-
cently it has been pointed out that the calculated anisotropy of the Drude
weight is inconsistent with the experimental results [105]. The mechanism
based on spin-fluctuation scattering also takes account of the topology of the
Fermi surface [106, 107], but it is applicable only in the nematic phase, not
in the AFO phase. In addition, some studies have regarded the observed
inverse anisotropy as negligibly small, which is due to weak carrier scattering
because of the off-site substitution [97, 99, 101]. Thus, the previous studies
could not distinguish the two factors of the in-plane resistivity anisotropy
because they compared different site-substituted systems, and it turns out
that the origin of the in-plane resistivity anisotropy is still controversial.

To distinguish the roles of the impurity scattering and the band structure,
a comparative study using materials in which holes and electrons are doped
by chemical substitution at the same atomic sites should be performed. In
this chapter, I chosed Ba(Fe1−xTMx)2As2 (TM-Ba122, TM=Cr, Mn) as the
hole-doped systems. Even when holes are doped, they do not show supercon-
ductivity and have the same AFO phase in the underdoped region (x ≦ 0.30
for Cr and x ≦ 0.10 for Mn) as in doped Ba122 [24, 25]. (In the higher-doped
region, Cr- and Mn-Ba122 systems show different types of antiferromagnetic
order.) Since Cr, Mn, and Co are substituted for Fe, hole-doped TM-Ba122
(TM=Cr and Mn) is a suitable counterpart of the electron-doped Co-Ba122
to discuss the role of impurity scattering and band structure. The purpose
of the present work is to clarify the role of the impurity scattering and the
topology of the Fermi surface in the in-plane resistivity anisotropy in the
AFO and nematic phases of iron pnictide superconductors.
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overlap the second largest pressure (Pressure2) data, suggesting saturation
of the effect due to complete detwinning.

4.2 Resistivity measurement with detwinned

crystals

The crystals were detwinned by applying mechanical uniaxial pressure
with a device displayed in the experimental method. In the AFO phase, the
shorter b-axis is naturally aligned in the direction of the applied uniaxial
pressure. The measurements of the in-plane resistivity along both a- and
b-axes of the orthorhombic lattice were performed on detwinned samples by
a standard four-probe method. I repeated the resistivity measurements with
increasing pressure and confirmed the saturation of the anisotropy, as shown
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in Fig. 4.27.
Figures 4.28(a)-(k) show the temperature dependence of the in-plane re-

sistivity for detwinned TM-Ba122 (TM=Cr, Mn, and Co). All the crystals
of TM-Ba122 show the AFO transition, as in Co-Ba122 [24, 25]. Further in-
creases of Cr and Mn content led to other ordered phases, as shown in Figs.
4.28(l) and 4.28(m). In this study, I investigated the resistivity anisotropy
in the composition region of x ≦ 0.24 for Cr and x ≦ 0.08 for Mn.

At room temperature, the resistivity monotonically increases with in-
creasing Cr and Mn content beyond the statistical error, in contrast to the
case of Co- and K-Ba122 [97]. This suggests that Cr and Mn atoms in the
FeAs plane are stronger scatterers than Co atoms. The resistivity decreases
with decreasing temperature down to the magnetostructural transition tem-
perature, TAFO. Below TAFO, the resistivity increases with decreasing tem-
perature in both Cr- and Mn-Ba122. For x = 0 [Fig. 4.28(a)], resistivity
anisotropy between ρa and ρb is observed only around TAFO, as previously
reported [68]. For x = 0.02 of Cr-Ba122 [Fig. 4.28(b)], ρb is larger than
ρa below TAFO, which is similar to the electron-doped Co-Ba122 shown in
Figs. 4.28(j) and 4.28(k). Remarkably, the anisotropy decreases with further
Cr substitution, and eventually one can see the crossover from ρa < ρb to
ρa > ρb at low temperatures above x = 0.09 [Figs. 4.28(d)-(g)]. On the other
hand, in the case of Mn substitution, a clear anisotropic feature of ρa < ρb
continues up to x = 0.08, as shown in Figs. 4.28(h) and 4.28(i).

I summarize the temperature dependence of the in-plane resistivity anisotropy
∆ρ(T ) = ρb − ρa for TM-Ba122 (TM=Cr, Mn, and Co) in Fig. 4.29. When
the temperature decreases, ∆ρ(T ) starts to increase above TAFO in all the
samples, suggesting that the nematic phase is induced by applying pressure
in this temperature range [87, 88]. For Cr-Ba122, ∆ρ(T ) at x = 0.02 is larger
than that at x = 0, as shown in Fig. 4.29(a). With further Cr substitution,
a maximum ∆ρ(T ) around TAFO decreases but remains positive, whereas
∆ρ(T ) at the lowest temperature has a negative value above x = 0.09. As
a result, an intersection of ρa and ρb, namely, ∆ρ = 0, is observed between
TAFO and the lowest temperature. This is significantly different behavior
from that of Mn- and Co-Ba122, as shown in Figs. 4.29(b) and 4.29(c). In
both systems, TAFO is suppressed by the Mn and Co substitution, whereas the
anisotropy of the in-plane resistivity, ∆ρ, at the lowest temperature mono-
tonically increases with x below x = 0.08 in Mn-Ba122 and below x = 0.04
in Co-Ba122. In Mn- and Co-Ba122, ∆ρ(T ) is always positive in all the
temperature and composition ranges.
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Figure 4.28: Temperature (T ) dependence of the in-plane resistivity along
the a-axis (ρa) (blue, closed circles) and b-axis (ρb) (red, open circles) of
detwinned Ba(Fe1−xTMx)2As2 TM=Cr [(a)-(g)], Mn [(h), (i)] and Co [(j),
(k)]. Statistical error bars of quantitative resistivity values are shown for
Ba(Fe1−xTMx)2As2 (TM=Cr and Mn). (l) and (m) show the T−x phase dia-
gram of Ba(Fe1−xCrx)2As2 and Ba(Fe1−xMnx)2As2, respectively. The magne-
tostructural transition temperatures, TAFO, determined from dρ(T )/dT with
twinned crystals, are indicated by triangles in (l) and circles in (m). The
Cr-doped system with x ≥ 0.30 and the Mn-doped one with x ≥ 0.10 show
the magnetic transition to a G-type antiferromagnetic (AF) state and an
AF-tetragonal structural state, respectively, as reported in previous studies
[24, 25].
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Figure 4.29: Temperature dependence of resistivity difference ∆ρ = ρb − ρa
for (a) Ba(Fe1−xCrx)2As2 with x = 0 − 0.24, (b) Ba(Fe1−xMnx)2As2 with
x = 0 − 0.08, and (c) Ba(Fe1−xCox)2As2 with x = 0 − 0.04. The arrows in
(a) and (b) represent the magnetostructural transition temperature, TAFO.
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transition temperatures, respectively. The magnetic transition coincides with
the structural transition in Cr- and Mn-Ba122, whereas the two transitions
separate with substitution in Co-Ba122 [24, 25].
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4.3 Hall effect in Cr and Mn-Ba122

To clarify the origin of the difference between Cr-Ba122 and Mn-Ba122,
I performed Hall resistivity measurements. Figures 4.30(a) and 4.30(b) show
the temperature dependence of the Hall coefficient, RH(T ), of Cr- and Mn-
Ba122, respectively. Above TAFO, the sign of RH(T ) changes from negative to
positive with Cr substitution, whereas RH(T ) slightly changes but remains
negative with Mn substitution. This suggests that holes are doped by Cr
substitution but not by Mn substitution, which will be more clearly discussed
later. Around TAFO, |RH(T )| abruptly increases due to the reconstruction
of the Fermi surface. It is noted that RH(T ) below TAFO shows a local
minimum or maximum in Cr- and Mn-Ba122, which is different from K-Ba122
[108, 109]. The origin of these temperature dependences may be related to
the multi-band effect [110, 111].

4.4 Relation between RH and ∆ρ

Figure 4.31 shows the doping dependence of RH at TAFO and ∆ρ = ρb−ρa
at 5K and TAFO. At TAFO, RH of Cr-Ba122 increases with x, resulting in a
sign change around x = 0.09, and almost saturates above x = 0.13, while RH

of Mn-Ba122 decreases with doping and remains negative. A similar peak
structure of RH around TAFO with doping is observed in the hole-doped K-
Ba122 [108, 109]. This suggests that the holes are effectively doped into Cr-
Ba122 but not into Mn-Ba122. The almost absence of carrier doping in Mn-
Ba122 is also suggested by the nuclear magnetic resonance and photoemission
measurements [112, 66].

As shown in Fig. 4.31(b), ∆ρ(5K) for Cr-Ba122 increases with increas-
ing x up to x = 0.02 and then decreases above this composition. As a
result, ∆ρ(5K) of Cr-Ba122 shows a sign change at approximately x = 0.09.
Above x = 0.13, it becomes nearly doping independent, corresponding to
the saturation of RH(TAFO). In contrast to Cr-Ba122, ∆ρ(5K) of Mn-Ba122
monotonically increases with increasing doping.
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4.5 Discussion on the origin of the resistivity

anisotropy

There are several possible origins of the difference in ∆ρ(T ) in the AFO
phase among Cr-Ba122, Mn-Ba122, and Co-Ba122. One is the crystallo-
graphic effect, namely, the change of lattice constants with doping affects
∆ρ(T ). This is unlikely, however, because of the following reason. Accord-
ing to previous studies, the lattice constants of a- and c-axes increase with
increasing Cr and/or Mn substitution in Ba122 [113, 114], whereas they de-
crease with increasing Co substitution [115]. On the other hand, ∆ρ(T ) is
similar in Mn-Ba122 and Co-Ba122 but different between Mn-Ba122 and Cr-
Ba122. Therefore, there is no correlation between crystallographic change
and ∆ρ(T ) in these three systems.

The second possible origin is the difference in carrier scattering. Above
TAFO, ρ(T ) of Cr-, Mn-, Co-, and K-Ba122 [97] is more or less similar. Below
TAFO, however, ρ(T ) of Cr-, Mn-, and Co-Ba122 increases upon cooling ,
whereas ρ(T ) of K-Ba122 decreases. This difference originates from the dif-
ference in the impurity scattering strength which depends on the substituted
element and site. Nevertheless, the difference in carrier scattering cannot
explain the difference of ∆ρ(T ). One example is that ∆ρ(T ) of Mn-Ba122
is similar to that of Co-Ba122, despite the different ρ(T ), namely, different
impurity scattering levels. A similar relation is observed between Cr-Ba122
and K-Ba122. These two compounds show different ρ(T ) but similar ∆ρ(T ).
Therefore, the impurity scattering strength alone does not determine ∆ρ(T )
in iron pnictides.

The third candidate is the different carrier doping level. The present re-
sults can be summarized as follows. The resistivity anisotropy, ∆ρ, in the
AFO phase is relatively small and shows a sign change whenever hole carri-
ers are doped into the system, irrespective of the chemical substitution site.
This indicates that the size and shape of Fermi surfaces strongly affect the
in-plane resistivity anisotropy. Thus, the theories which attribute the small
∆ρ in K-Ba122 to the absence of strong disorder [99, 100, 101] are inade-
quate as a general explanation of the in-plane resistivity anisotropy in iron
pnictides. Of course, I cannot ignore the impurity scattering effect, consid-
ering the annealing effect [68, 96]. Actually, it has been pointed out that the
theoretical calculation of conductivity based on the Fermi surface topology
alone predicts anisotropy opposite to the observed one [105]. Therefore, it is
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Figure 4.32: The intensity of ImMαα(k0, 0)/(cI
2
imp). ImM is the imaginary

part of the memory function which denotes the the momentum dependent
contrbution to the impurity scattering. (a) α = x and n = 6.0 (parent
compound). (b) α = y and n = 6.0. (c) and (d): The same as (a) and (b),
respectively, but n = 5.95 (hole-doped). The figure is cited from Ref. [105].
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likely that the anisotropy of resistivity of Ba122 systems in the AFO phase is
induced by the anisotropic impurity scattering that reflects the anisotropic
electronic state (Fermi surface), as recently proposed [105]. In the theoretical
study by Sugimoto et al. [105], the in-plane resistivity was calculated by using
a memory function approach where the momentum dependent contrbution
to the impurity scattering can be clarified. They found that the scattering
rate along a-axis mainly comes from the Dirac pockets while the electron
pockets contributes to the scattering rate along b-axis as shown in Fig. 4.32.
With increasing hole carrier concentration, the electron pockets disappear
and the Dirac pockets governs the scattering rate. The contribution from
the impurity scattering to the in-plane resistivity is more than that from the
Drude weight. These effects result in the electron-hole asymmetry of the
in-plane resistivity anisotropy. This scenario can explain not only the large
anisotropy in the electron-doped Co-Ba122, where both electron doping and
impurity scattering result in a positive ∆ρ, but also that of Mn-Ba122, where
the disorder determines ∆ρ because the Fermi surface does not change very
much due to the absence of carrier doping. In the hole-doped systems, the re-
sistivity anisotropy is intrinsically small and shows a negative ∆ρ, regardless
of the impurity scattering strength.

Finally, I discuss the anisotropy at T > TAFO. I can consider the different
origin of the resistivity anisotropy below and above TAFO because the AFO
and nematic phases have different electronic structures [19, 88]. A small pos-
itive ∆ρ(TAFO) decreases with increasing Cr content in Cr-Ba122, as shown
in Fig. 4.31(b). This is similar to the results for K-Ba122 and Na-substituted
CaFe2As2, where a very small ∆ρ is observed above TAFO [102, 103, 116], but
different from the results for the electron-doped Co-Ba122, where a positive
∆ρ is enhanced with doping [45, 103]. Here again, the behaviors of ∆ρ are
similar among the hole-doped systems but different between the hole- and
electron-doped systems, irrespective of the substitution site. Therefore, the
impurity scattering caused by the substituted atoms does not play a major
role, instead, the change of the Fermi surface by carrier doping is crucial in
the resistivity anisotropy above TAFO.

Several theories have been proposed to explain the anisotropy in the ne-
matic phase, such as mechanisms based on impurity scattering with an or-
bital order [101, 105] or emergent defect states [117]. I cannot support these
scenarios based on impurity scattering, however, because it does not ex-
plain the observed electron-hole asymmetry in ∆ρ. On the other hand, the
spin-fluctuation scattering mechanism [106, 107] predicts the electron-hole
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Figure 4.33: Sign of the low-temperature resistivity anisotropy ∆ρ as a func-
tion of the ellipticity (mx −my)/(mx +my) of the electron pockets and the
chemical potential µ. The inset shows that the nesting point of the Fermi
surfaces is different between the electron and the hole-doped side. The figure
is cited from Ref. [106].
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asymmetry of the anisotropy depending on the topology of the Fermi surface
in the nematic phase as shown in Fig. 4.33. In these theoretical studies,
the contribution of the spin-fluctuation scattering to the in-plane resistivity
is considered. The anisotropy of the spin-fluctuation scattering depends on
the location of the hot spot in the Brillouin zone where the electron Fermi
surface overlaps with the hole one. The position of the hot spot can be
tuned by the carrier doping which change the shape of the electron and hole
Fermi surfaces, resulting the electron-hole asymmetry of the spin-fluctuation
scattering. Because the present results can be explained by this mechanism,
the spin-fluctuation scattering mechanism would be a strong candidate for
the theory in the nematic phase. Recently, Kuo et al. [46] reported that the
anisotropy in the nematic phase of the electron-doped Ba122 is independent
of disorder. They compared the strain-induced resistivity anisotropy in the
nematic phase of Co/Ni-Ba122 with the same TAFO but the different residual
resistivity. Their result demonstrates that the in-plane resistivity anisotropy
in the nematic phase is not due to elastic scattering from anisotropic defects,
which is consistent with my conclusion.

4.6 Summary

I found that the in-plane resistivity anisotropy, ∆ρ, in the AFO phase
is small, but it clearly shows a sign change with increasing substituent and
decreasing temperature in hole-doped Cr-Ba122. This is similar to the case
of hole-doped K-Ba122 but different from the cases of the electron-doped
Co-Ba122 and Mn-Ba122 where holes are almost undoped. Moreover, the
anisotropy above TAFO shows electron-hole asymmetry in Co- and Cr-Ba122.
These results demonstrate that the doping-dependent anisotropy of the Fermi
surface indeed plays a dominant role in the resistivity anisotropy in both
the AFO and the nematic phases, irrespective of the chemical substitution
sites. My results suggest that all the proposed mechanisms that attribute
the electron-hole asymmetry of ∆ρ to the difference in the impurity scatter-
ing strength alone are inadequate. Rather, it depends on the electron-hole
asymmetry of Fermi surface topology whether the impurity scattering results
in a positive or negative ∆ρ.
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5.1 Introduction

In iron-based superconductor (FeSC), superconductivity appears when
the antiferromagnetic-orthorhombic (AFO) phase of parent compound, such
as BaFe2As2 (Ba122), is suppressed [6, 7]. This suggests that superconduc-
tivity in FeSC is intimately related to a magnetic fluctuation. The AFO order
is suppressed by a chemical substitution and applying pressure [6]. However,
Ba(Fe1−xTMx)2As2 (TM=Cr, Mn; TM-Ba122) is the exceptional case that
superconductivity is not induced by the chemical substitution. In Mn and
Cr-Ba122 which are nominally hole-doped systems, the magnetic transition
temperature TAFO is suppressed by Mn and Cr-doping but new magnetic or-
der appears above a critical concentration instead of superconducting phase
[25, 24]. This is in contrast to its counterpart of the electron-doped Co-
Ba122, where TAFO is suppressed and superconducting phase appears with
Co-doping. For elucidation of superconductivity mechanism in FeSC, it is
important to understand what causes the different behaviors of these tran-
sition metal substitution systems. In addition, as discussed in the previous
part, TM-Ba122 shows a different transport property, such as a different
in-plane resistivity anisotropy. It is required to investigate how the differ-
ent transition metal doping affects the electronic structure of TM-Ba122, for
understanding the charge transport mechanism of iron-pnictides.

An optical measurement is a useful bulk-sensitive and energy-resolved
probe for investigating the doping evolution of the electronic structure and
charge carrier dynamics [59, 118, 58]. The previous optical studies of a parent
and Co-Ba122 revealed that a metallic response is derived from multi-carriers
in a low-energy region above TAFO, and the antiferromagnetic gap opens in a
partial region of Fermi surfaces below TAFO which is closed with Co-doping
[119, 60, 61]. The important ingredient for superconductivity in FeSC will
be revealed by comparing the low-energy charge dynamics of Co and Cr/Mn-
Ba122.

In this study, I performed the optical study of Ba(Fe1−xTMx)2As2 (TM=Cr,
Mn, and Co) with single crystals. I compared the doping evolution of opti-
cal conductivity σ(ω) in TM-Ba122 to reveal why superconductivity is not
induced by Cr and Mn-doping but is induced by Co-doping. I demonstrated
that the coherent carrier transport is strongly suppressed by magnetic impu-
rity, such as Cr and Mn, while it is robust against nonmagnetic impurity, such
as Co. In addition, I found a new anomalous feature above TAFO in Cr and
Mn-Ba122, which is not observed in Co-Ba122. I attribute this anomalous
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feature to the collective effect between magnetic impurities and conduction
electrons.

5.2 Doping dependence of optical spectra

In this study, I performed measurements of the frequency dependence
of optical reflectivity R(ω), and obtained the optical conductivity σ(ω) by
using Kramers-Kronig transformation. Figures 5.34(a)-(c), 5.35(a)-(d), and
5.36(a)-(c) show the temperature dependence of R(ω) of Ba(Fe1−xTMx)2As2
(TM=Cr, Mn, and Co). Here, I use the published data of R(ω) for a parent
compound and Co-Ba122 [60]. In Fig. 5.37, I show R(ω) for Ba(Fe0.98Cr0.02)2As2
(TAFO = 122K) at 150K (above TAFO) and 5K (below TAFO). These spectra
are typical for Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co) as shown in Figs.
5.34(a)-(c), 5.35(a)-(d), and 5.36(a)-(c) Above TAFO, R(ω) shows a metal-
lic behavior, approaching to unity at ω = 0. Below TAFO, the suppression
of R(ω) appears below 1000 cm−1, which indicates the formation of energy
gap due to the reconstruction of the Fermi surface by the magnetostructural
transition. Low-ω R(ω) approaches unity even more steeply than that of
R(ω) above TAFO. This suggests that the energy gap opens at a part of the
Fermi surface and the system remains metallic below TAFO.

Figures 5.38(a)-(c), 5.39(a)-(d), and 5.40(a)-(c) show σ(ω) of Ba(Fe1−xTMx)2As2
(TM=Cr, Mn, and Co) at various temperatures. For the parent compound
(x = 0), the spectrum above magnetic transition temperature shows a peak
at ω = 0 and a long tail extends to 2000 cm−1 or higher [Fig. 5.38(a)]. Be-
low TAFO, σ(ω) below 650 cm−1 is suppressed and the suppressed spectral
weight is transfered to higher energy region, forming a peak structure around
1000 cm−1. In the Co-doped systems, the low-energy peak at ω = 0 remains
above TAFO. Below TAFO, the suppression of the conductivity below 650 cm−1

gets small and the peak structure around 1000 cm−1 diminishes with doping
[See Figs. 5.38(b) and (c)].

In Cr and Mn-doped systems, σ(ω) shows the peak structure around
500 ∼ 1000 cm−1 below TAFO as in Co-Ba122 (Figs. 5.39 and 5.40). This
indicates that the SDW gap opens in Cr and Mn-Ba122 as in Co-Ba122. On
the other hand, the Drude-like peak at ω = 0 is strongly suppressed above
and below TAFO, which is different from the case of Co-Ba122. As shown in
Figs. 5.39(a) and 5.40(a), a Drude-like peak can be observed but becomes
more broadened than that of Co-Ba122. With further doping, no Drude-
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Figure 5.34: (a)-(c) Optical reflectivity of Ba(Fe1−xCox)2As2 (x =
0, 0.04, and 0.08) at 150K (red) and 5K (blue).
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Figure 5.35: (a)-(d) Optical reflectivity of Ba(Fe1−xCrx)2As2 (x =
0.02, 0.06, 0.09, and 0.13) at various temperatures.
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Figure 5.36: (a)-(c) Optical reflectivity of Ba(Fe1−xMnx)2As2 (x =
0.04, 0.08, and 0.12) at various temperatures.
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like peak is recognized, in contrast to Co-Ba122 where a sharp peak clearly
exists at ω = 0 even with x = 0.08 [Figs. 5.39(b)-(d) and 5.40(b)-(c)]. In
addition, in Cr and Mn-doped systems above TAFO, a new peak structure
is observed around 200 cm−1 which is absent in Co-doped systems. For the
clarity, I show the enlarged views of the low-energy σ(ω) for Cr and Mn-
Ba122 as shown in Figs. 5.41(a)-(d) and 5.42(a)-c). This indicates that the
new mechanism, which induces the localized carrier state above TAFO, exists
in Cr and Mn-Ba122.
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Figure 5.38: (a)-(c) Optical conductivity of Ba(Fe1−xCox)2As2 (x =
0, 0.04, and 0.08) at 150K (red) and 5K (blue).
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Figure 5.39: (a)-(d) Optical conductivity of Ba(Fe1−xCrx)2As2 (x =
0.02, 0.06, 0.09, and 0.13) at various temperatures.
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Figure 5.40: (a)-(c) Optical conductivity of Ba(Fe1−xMnx)2As2 (x =
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5.2. DOPING DEPENDENCE OF OPTICAL SPECTRA 93

0

1000

2000

3000

4000

Ba(Fe0.98Cr0.02)2As2
TAFO=122K

150K
5K

0

1000

2000

3000

C
on

du
ct

iv
ity

 (
Ω

-1
 c

m
-1

)

Ba(Fe0.94Cr0.06)2As2
TAFO=103K

150K
5K

0

1000

2000

3000

Ba(Fe0.91Cr0.09)2As2
TAFO=90K

150K
5K

0 500 1000 1500
0

1000

2000

3000

Wavenumber (cm-1)

Ba(Fe0.87Cr0.13)2As2
TAFO=77K

150K
5K

(a)

(b)

(c)

(d)

Figure 5.41: (a)-(d) Optical conductivity of Ba(Fe1−xCrx)2As2 (x =
0.02, 0.06, 0.09, and 0.13) at 150K and 5K below 1500 cm−1.
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Figure 5.42: (a)-(c) Optical conductivity of Ba(Fe1−xMnx)2As2 (x =
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5.3 Fitting of σ(ω) with Drude-Lorentz model

To get more information from the optical spectra of TM-Ba122, I fit the
spectra based on Drude-Lorentz model. When I fit a spectrum, I basically
assumed two Drude components because the iron pnictides are multi-band
systems. This assumption is adopted in the previous studies [60, 61]. This
two Drude model works well in the parent compound and Co-Ba122 but not
in Cr and Mn-Ba122 because the sharp Drude feature in the low-energy region
becomes unclear with Cr and Mn-doping as discussed later. Therefore, I fit
the optical spectrum at T = 150K of Cr and Mn-Ba122 with two different
methods. In one method, I fit the data of Cr and Mn-Ba122 with one Drude
components as far as possible, as shown in Figs. 5.44 and 5.45. In this
method, I cannot help using the two Drude component for x = 0.02 of Cr-
Ba122, and x = 0.04 of Mn-Ba122 because there exists small but relatively
sharp Drude component. However, other data can be fitted with one Drude
component. In another method, I fit the data of Cr and Mn-Ba122 with
fixing the incoherent component and changing the coherent component, as
shown in Figs. 5.46 and 5.47.

The fitting results by the first method are shown in Figs. 5.44(a)-(e) and
5.45(a)-(d) for the 150K spectra of all the measured samles, while the results
by the second method are shown in Figs. 5.46(a)-(e), and 5.47(a)-(d).

In the parent compound above TAFO, the low-energy σ(ω) is dominated by
two Drude components as shown in Fig. 5.43(a). One component is a coherent
Drude term which has a relatively sharp peak at ω = 0, and the other is
an incoherent term which has a broad peak at ω = 0 with a long higher-
energy tail. The coherent and incoherent components have the scattering
rate, 1/τ ∼ 200 cm−1 and 2000 cm−1, respectively. These values correspond
to the mean free path l (=vFermiτ , vFermi:Fermi velocity) of ∼ 50 Å and ∼
1.7 Å for the coherent and the incoherent components, respectively [120].
Considering that the shortest interatomic distance is about 2.4 Å, the former
is much larger than interatomic distance and the latter is shorter than that.
Therefore, I call the latter “incoherent”. In order to fit σ(ω) in the higher
energy region, I used the third term to reproduce a peak structure around
5000 cm−1 which originates from the excitation from hybridized Fe-d and As-
p states below the Fermi energy to Fe-d states in the vicinity of the Fermi
level [121]. In Co-doped systems above TAFO as shown in Figs. 5.43(b) and
5.43(c), the coherent term increases with doping, while the incoherent term
is almost unchanged. According to the previous studies, the coherent term
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derives mainly from electron carriers and the incoherent term is related to the
hole like carriers [61] or would arise from some Fermi-surface sheets or their
segments which fulfil the nesting condition for an SDW gap instability [60].
Thus this result suggests that Co-substitution acts as an electron doping.

In contrast to the parent compound and Co-doped systems, Cr and Mn-
doped systems show different optical spectra. In Cr and Mn-doped systems,
the low-energy σ(ω) is strongly suppressed as shown in Figs. 5.44(a)-(e) and
5.45(a)-(d) [or Figs. 5.46(a)-(e) and 5.47(a)-(d)]. This suppression is mainly
attribute to the suppression of the coherent Drude term. In fact, the rela-
tively sharp peak structure at ω = 0 can be seen in x = 0.02 for Cr and
x = 0.04 for Mn-doped Ba122, while the peak cannot be clearly observed in
further doped systems. In such high-doped compounds, the incoherent com-
ponent dominates σ(ω) at ω = 0. This indicates that the dc-conductivity
above TAFO is mostly governed by the doping-independent incoherent com-
ponent as Cr or Mn-concentration increases, which is consistent with the
saturation of the in-plane resistivity with Cr and Mn-doping discussed later.
The suppression of the coherent term can be attribute to the increase of
the scattering rate or the reduction of plasma frequency based on the Drude
formula. More details are discussed in the following section.

In addition to the suppression of the coherent component, a new anomaly
is observed in Cr and Mn-doped systems. As shown in Figs. 5.44(a)-(e),
5.45(a)-(d) [or Figs. 5.46(a)-(e) and 5.47(a)-(d)], a peak like structure is ob-
served around 200 cm−1 in Cr and Mn-doped systems, which is not observed
in Co-doped systems. The origin of this new anomalous feature is discussed
in the following section.

Next, I move to the optical spectrum in the AFO phase. In the parent
compound as shown in Fig. 5.48(a), the low-energy spectrum can be decom-
posed into one narrow Drude component and two peak structures around
500 ∼ 1000 cm−1. The lowest-energy part can be fitted using a narrowed
Drude term with the same weight as that at T = 150K. This means that
an antiferromagnetic gap, or spin-density-wave (SDW) gap opens mainly on
hole Fermi surfaces, and the incoherent Drude component, which is observed
above TAFO, is decomposed into two peak structures around 500 ∼ 1000 cm−1,
and thus it does not contribute to the dc conductivity in the antiferromag-
netic phase. The presence of remaining Drude component indicates that
SDW gap opens at only partly at the multi-bands Fermi surface.

With Co-doping, the gap like feature shifts to lower energy region and
disappears as the AFO phase is suppressed, while the narrow peak at ω = 0
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is very pronounced even in the AFO phase, as shown in Fig. 5.48(b). At
x = 0.08 in Fig. 5.48(c), the peak feature is not observed down to 30K. This
indicates that the AFO transition is completely suppressed at this composi-
tion. It is noted that the superconducting transition is observed at Tc ∼ 20K
in this composition and the spectral behavior of σ(ω) below Tc suggests Co-
Ba122 is a full gap superconductor [60].

In Cr and Mn-doped systems shown in Figs. 5.49(a)-(e) and 5.50(a)-(d),
the low-energy σ(ω) is suppressed below TAFO and a gap like feature is clearly
formed in the higher energy region, as in the case of Co-Ba122. In these
systems, the Drude peak at ω = 0 exists but is much broader than that of
Co-doped system. The SDW gap energy shifts to lower energy region with
Cr and Mn-doping except for Mn-Ba122 with x = 0.12, which is consistent
with the reduction of TAFO with doping as in Co-Ba122. These results in the
AFO phase of TM-Ba122 suggest that the main difference between Co and
Cr/Mn-Ba122 is the strong suppression of the coherent Drude component.

In the following sections, I discuss the doping dependence of the SDW
gap energy, the impurity scattering effect on coherent part, and the origin of
the localized carrier feature above TAFO observed in Cr and Mn-Ba122.
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5.4 Transition metal doping effect on the AFO

state

First, I discuss the doping effect on the AFO state in TM-Ba122.

Figures 5.51(a) and 5.51(b) show the doping and the TAFO dependence
of the SDW gap energy of Ba(Fe1−xTMx)2As2 and (Ba1−xKx)Fe2As2 [122].
Here, I use the peak position to estimate the SDW gap energy. It is noted
that I plot the larger SDW gap energy estimated from the fitting because
the smaller one is difficult to reliably extract from the present analysis.

As shown in Fig. 5.51(a), in all the case, the doping results in the re-
duction of a SDW gap energy except for Mn-Ba122 with x = 0.12 although
the suppression rate of the SDW gap energy depends on the doped atom.
The suppression rates of Cr and Mn-Ba122 are between the largest rate of
electron doped Co-Ba122 and the smallest one of hole doped of K-Ba122.
Considering that hole carriers are doped in Cr-Ba122 and carriers are almost
undoped in Mn-Ba122 as indicated in the previous part, the larger suppres-
sion rate in Co-Ba122 than in Cr and Mn-Ba122 can be attribute to electron
doping effect, and the smallest suppression rate of K-Ba122 can be attribute
to the doped site dependence or the hole doping level.

As shown in Fig. 5.51(b), I found that the AF gap energy 2∆ is lin-
early proportion to TAFO in a wide doping range. The obtained relation is
2∆ = 7.8kBTAFO, which is much different from the relation observed in the
conventional density wave materials, 2∆ = 3.52kBTSDW [123, 124], indicating
that the magnetic state of iron-pnictides is not a simple SDW state. Such
a large value of 2∆ is also reported for A122 (A=Sr and Eu) and ReFeAsO
(Re=La, Nd, and Sm) [119, 61, 125], indicating that this relation is universal
for the magnetic state in iron-pnictides.

On the other hand, theoretical studies [126, 127] suggest that the SDW
peak energy depends on the ordered magnetic moment of Fe in the AFO state.
This magnetic moment dependence comes from that the coulomb interaction
and the Hund’s coupling strength determine how the reconstruction of the
band structure due to the magnetic order is induced and they also control
the size of the magnetic moment, These theoretical works can explain the
difference of the SDW gap energy in different iron-pnictides with different
magnetic moments [119, 125]. Figure 5.51(c) shows the doping dependence of
the magnetic moment of Fe for Ba(Fe1−xTMx)2As2 and (Ba1−xKx)Fe2As2 [12,
24, 25, 128]. The magnetic moment is rapidly suppressed by Co-doping while
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other doping results in much slower suppression of the magnetic moment. To
confirm the theoretical prediction, I plot the relation between the SDW gap
energy and the ordered moment as shown in Fig. 5.51(d). Unexpectedly,
there is no clear relation between the SDW gap energy and the magnetic
moment, in contrast to that between the SDW gap energy and TAFO in
Fig. 5.51(b). These results indicate that the magnetic moment is not a
unique parameter which determine the SDW gap energy and TAFO. The
present study indicates that the different SDW gap energy in different iron-
pnictides comes from the difference of the carrier doping rather than the
magnetic moment.

It was suggested in iron-pnictides that the stripe-type magnetic order
results from the nesting between the hole and electron Fermi surfaces of itin-
erant electrons, in other words, the SDW order [129, 130]. Alternatively,
it was also proposed that local superexchange interaction mediated through
the off-plane As atom plays an important role [131, 132]. The conventional
relation 2∆ = 3.52kBTSDW for the SDW materials is based on the Fermi sur-
face nesting, or the itinerant picture. Considering the large Hund’s coupling
in iron-pnictides [133], the Hund’s couping between the itinerant and the
localized electrons can change the nature of the SDW state. More detailed
studies of the effect of the carrier doping and the structural parameter on
the AFO state are required based both on the itinerant picture and the local
superexchange mechanism.

As mentioned above, the situation is different in Mn-Ba122 with x = 0.12.
The magnetic transition temperature TAF (112K) of x = 0.12 estimated from
the transport and magnetic susceptibility measurement is higher than that
of x = 0.08 (TAFO = 89K). This doping dependence of TAF is consistent with
the previous study [25]. In Mn-Ba122 with x = 0.12, the antiferromagnetic
(AF) gap like feature is observed below TAF and the peak energy is higher
than that of Mn-Ba122 with x = 0.08 as shown in Fig. 5.51(a). According
to the previous study, the ground state of Mn-Ba122 with x = 0.12 is the
tetragonal-antiferromagnetic phase while most of the underdoped iron-based
superconductor is orthorhombic-antiferromagnetic phase. The origin of this
tetragonal-antiferromagnetic phase remains an open issue [134, 135, 136].
The present result of Mn-Ba122 with x = 0.12 revealed that the AF gap
opens in such a novel magnetic state, and the gap energy is correlate with
TAF as in the other TM-Ba122 as in Fig. 5.51(b).
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5.5 Magnetic/nonmagnetic impurity effect on

the coherent carrier

In this section, I discuss the doping dependence of the Drude components.
Drude component can be expressed as follows;

σ(ω) =
ω2
p

4π

τ

(ωτ)2 + 1
(5.9)

Here 1/τ is a scattering rate and ωp ∝
√
n/m∗ (n: carrier number, m∗:

effective carrier mass) is a plasma frequency. σ(ω) at ω = 0 is correspond to
the dc-conductivity value.

Before the discussion of the fitting parameters of the Drude compo-
nent, I show the temperature dependence of the in-plane resistivity ρ(T )
for Ba(Fe1−xTMx)2As2 (TM=Co, Cr, and Mn). Figure 5.52(a) shows ρ(T )
for Co-Ba122 [60]. ρ(T ) for x = 0 decreases with lowering the temperature
and abruptly decreases at TAFO. With further lowering temperature, ρ(T )
decreases faster than that above TAFO. Naively, ρ(T ) is expected to increase
below TAFO because the carrier number decreases due to the opening of the
SDW gap at a part of the Fermi surface. The result opposite to the expec-
tation indicates that the reduction of 1/τ overcomes the reduction of the
carrier number. In the lightly Co-doped Ba122 with x = 0.04, ρ(T ) shows
a jump at the structural transition temperature at T = 90K and saturates
at T ∼ 80K which corresponds to the magnetic transition temperature. For
x = 0.06 and 0.08, there is no indication of the magnetostructural transition
while the superconducting transition is observed at Tc ∼ 20K. The absolute
value of ρ(T ) at room temperature decreases with Co-doping, indicating that
the carrier number increases with doping.

For Cr and Mn-Ba122 as shown in Figs. 5.52(b) and (c), ρ(300K) in-
creases with doping, indicating that the doped Cr and Mn act as a stronger
scatterers than Co. The increasing tendency of ρ(300K) continues up to
x ∼ 0.10 but saturates above this composition. ρ(T ) for Cr and Mn-Ba122
decreases with lowering temperature, starts to increases above T ∼TAFO, and
it shows a jump at TAFO where the magnetic and structural transition occurs
simultaneously [24, 25]. Below TAFO, ρ(T ) increases with lowering temper-
ature, which is a contrast to Co-Ba122 where ρ(T ) decreases below TAFO.
TAFO decreases with Cr and Mn-doping but any sign of the superconducting
transition is not observed.
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Figure 5.52: Temperature dependence of the in-plane resistivity of
Ba(Fe1−xTMx)2As2 (TM=Co, Cr, and Mn) with various xs. (a), (b), and
(c) show the results for TM=Co, Cr, and Mn, respectively. The figure of
Ba(Fe1−xCox)2As2 is cited from Ref. [60].
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First, I show the fitting results of one Drude method as shown in Figs. 5.53.
The fitting results of Co-Ba122 is also shown in Fig. 5.53. As shown in
Fig. 5.53(a) and 5.53(b), the plasma frequency ωp and the scattering rate
of 1/τ of the incoherent component saturates as ωp of the coherent compo-
nent disappears. These fitting results indicate that the coherent component
cannot be distinguished from the incoherent one with increasing Cr and Mn-
concentration, and the incoherent component dominates the dc-conductivity.

One of the criteria of the incoherence of the carrier transport is the
Mott-Ioffe-Regel (MIR) limit where the mean free path lmfp of the car-
rier reaches the interatomic spacing (kFermilmfp ∼ 1). In iron-pnictides,
there are five quasi-2 dimensional Fermi surfaces in the paramagnetic state.
In this case, MIR limit of the conductivity is roughly estimated σMIR ∼
5× (e2/h)(kFermilmfp)/c (e; elementary charge, h; Planck constant, c; the in-
terlayer spacing, c ∼ 6.6Å for TM-Ba122), or ρMIR ∼ 0.35 (mΩ cm). The
resistivity value of Cr/Mn-Ba122 at T = 150K exceeds the MIR limit with
TM-doping as shown in Figs. 5.52(b) and 5.52(c), indicating the carrier trans-
port becomes incoherent. Therefore the fitting with one incoherent Drude
component is valid for Cr/Mn-Ba122.

Next, I show the fitting results of the two Drude method with fixing the
incoherent component. In this fitting method, I focus on how the coher-
ent component is affected by Cr/Mn-doping and becomes incoherent. Fig-
ures 5.54(a)-(d) show the doping dependence of the fitting parameter for
the coherent and incoherent Drude component of TM-Ba122 above TAFO (at
T = 150K). It is noted that the fitting of Cr and Mn-Ba122 is based on the
assumption that the scattering rate and the plasma frequency for the inco-
herent component do not change so much from those of the parent compound
as shown in Figs. 5.54(c) and 5.54(d), because it is almost unchanged in Co-
Ba122 and it is needed to reproduce the nearly flat σ(ω) around 2000 cm−1.
Therefore, although there remains an uncertainty of the fitting results, the
present fitting results is reasonable, considering the smooth doping evolution
of σ(ω) in Cr and Mn-Ba122 from the parent compound.

Figures 5.54(a) and 5.54(b) show the scattering rate and plasma frequency
for the coherent component, and Figures 5.54(c) and 5.54(d) for the incoher-
ent component in the paramagnetic phase, respectively. In Co-doped sys-
tems, the plasma frequency for the coherent component slightly increases
with doping while the scattering rate decreases. This suggests that Co-
doping acts as an electron doping and Co atoms substituted for Fe site are
quite weak impurity scattering centers. In Cr-doped systems, the plasma fre-
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quency for the coherent component is almost unchanged while the scattering
rate significantly increases with doping. The small doping dependence of the
plasma frequency for the coherent component can be interpreted as follows.
Cr-doping introduces holes but doped hole carriers predominantly contribute
to the incoherent component. The large scattering rate in Cr-Ba122 indicates
that Cr substituted for Fe acts as a strong impurity scattering center for the
coherent carrier.

On the other hand, in Mn-doped systems, the scattering rate for the
coherent component increases as in the case of Cr-Ba122 while the plasma
frequency significantly decreases [See Fig. 5.54(a) and (b)]. This reduction of
the plasma frequency is mainly caused by the fitting uncertainty because the
low-energy σ(ω) for Mn-Ba122 is too low to fit the spectrum with the coherent
component. If I reduce the plasma frequency or increases the scattering rate
of the incoherent component to increase the plasma frequency of the coherent
component, the fitting results of the spectrum above 1000 cm−1 gets worse.
Therefore, I believe that the present fitting results are valid, and conclude
that the increase of the scattering rate in Mn-Ba122 is intrinsic. The origin
of reduction in the plasma frequency is unclear. One possibility is that it
is related to insulator-metal transition considering that BaMn2As2 has an
insulating ground state [137] or the localization of the coherent carriers as
discussed in the next section. However, the reduction of the plasma frequency
seems inconsistent with the conclusion of the previous part that carrier is
almost undoped in Mn-Ba122. To get rid of these discrepancies, the different
fitting model from the Drude-Lorentz model may be required. In any case,
the strong increasing of the scattering rate of TM-Ba122 (TM=Cr and Mn)
indicates that the coherent component gets incoherent and indistinguishable
from the incoherent component.

Two different fitting methods shown here demonstrate the same conclu-
sion that the coherent component gets incoherent with Cr and Mn-doping
and the incoherent Drude component dominates the dc-conductivity in con-
trast to the case of Co-Ba122.

Figures 5.55(a) and 5.55(b) show the scattering rate and plasma frequency
in the antiferromagnetic phase, respectively. The scattering rate slightly
increases with Co-doping up to x = 0.04 and it decreases toward x = 0.08,
while it increases much significantly in Cr and Mn-Ba122. On the other hand,
the plasma frequency is almost unchanged with doping in all the TM-Ba122.

These results indicate that both of Cr and Mn act as a stronger scatterer
than Co both in the paramagnetic and antiferromagnetic phase. Namely, Cr
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and Mn-substitution strongly suppresses the coherent carrier transport in Cr
and Mn-Ba122 but only weakly in Co-Ba122. The main difference between
these transition metals is that Cr and Mn are magnetic impurities [113, 114]
while Co is nonmagnetic impurity [115], indicating that the carrier scattering
in iron-pnictides mainly caused by the magnetic scattering.

It is noted that the theoretical study [138] predicts that the suppression of
the coherent Drude component can be caused by hole-doping. This suppres-
sion of the coherent Drude component derives from the enhancement of the
electronic correlation by hole-doping. However, even in KFe2As2 which is the
end member of hole-doped Ba122, the spectral weight of the coherent Drude
component does not change so much [139]. Thus the strong suppression of
the coherent component compared with BaFe2As2 observed in the present
study cannot be attributed solely to the hole-doping effect.
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5.6 Localized carrier induced byMn/Cr-doping

Finally, I discuss the localized carrier feature above TAFO observed in
Cr and Mn-Ba122. In these doped systems, a peak structure is observed
around 200 cm−1 above TAFO, which is not observed in Co-Ba122, and the
peak energy increases with doping as shown in Fig. 5.57. The peak structure
at a finite frequency is characteristic of localized carriers.

One of the possible origins of this feature is a precursor of the spin-
density-wave gap. Actually, it is reported in charge-density-wave material
that the localized carrier energy increases with the impurity concentration
[140]. However, this is not valid because the localized carrier energy anticor-
relates with the SDW gap energy with doping in the present systems, and
the peak structure is observed above TAFO.

Another possible origin is the excitation from the doped Cr and Mn states,
but this is also not relevant for the present systems because the partial density
of state of doped Cr and Mn exists at 1 ∼ 10 eV below the Fermi energy
according to the resonance photoemission measurements [66], and it cannot
explain the doping dependence of the localized energy.

The third possible origin is the disorder effect. In fact, the similar peak
structure is sometimes observed in disordered metals, such as Zn-doped or
He-irradiated cuprate superconductors [141, 142]. Thus the present results
can be attributed to the disorder effect by Cr and Mn-doping, but this can
not explain why such a disorder effect is not observed in Co-Ba122 where
disorders are also introduced into Fe-plane.

As discussed above, it is difficult to attribute this origin of the peak
structure to an usual impurity effect, suggesting the interplay between the
conduction electron and the magnetic impurity should be considered.

A representative interaction between the magnetic impurity and the con-
duction electron is the Kondo effect [143]. Kondo materials or heavy-fermion
systems, such as YbB12 and CeCu2Si2 [144, 145], show a peak structure in
the far-infrared energy region. Actually, the temperature dependence of re-
sistivity of Cr and Mn-Ba122 shows a small upturn above TAFO as shown
in Fig. 5.52, suggesting the Kondo effect. However, it is suggested by a dy-
namical mean-field theory [146] that a multiband system with large Hund’s
coupling J has a significantly reduced Kondo temperature, and large J is
required to explain the observed electronic structure of Mn-Ba122 [66]. This
is inconsistent with the present observation that the peak structure in σ(ω)
is already observed near the room temperature which is much higher than
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the expected Kondo temperature. Therefore the present observation can not
be explained by the simple Kondo effect.

Another aspect is that magnetic impurities induce a local magnetic order
around themselves [136] as shown in Fig. 5.56. In a lower magnetic impurity
concentration, magnetic impurity induces local Neel type magnetic order
above TAF and it coexists with the original long-range stripe type magnetic
order below TAF. In a higher magnetic impurity concentration, Neel and
stripe type magnetic orders coexist below TAF, while stripe type magnetic
order is dominant even above TAF due to the cooperative magnetic impurity
effect. This theory can explain the previous experimental observation in
Mn-Ba122 that Neel and stripe type magnetic orders coexist and tetragonal-
stripe type magnetic order emerges in the higher doping range [25].

This interaction can cause the strong suppression of the coherent carrier
transport, and the peak feature observed in the present study is related to
this cooperative effect between magnetic impurities and conduction electrons.
Based on this assumption, the difference of the phase diagram in Cr and
Mn-Ba122 can be also understood. The increasing rate of the peak energy is
larger in Mn-Ba122 than in Cr-Ba122 as shown in Fig. 5.57, suggesting that
the interaction strength is different in these systems.

The localization peak abruptly disappears below TAFO, and the SDW gap
structure instead appears as shown in Figs. 5.49 and 5.50. This indicates
that the localized state disappears due to the reconstruction the electronic
structure or the original long-range SDW order that affects the magnetic
impurity-induced local magnetic order. This suggests that Cr and Mn acts
as more than the mere magnetic impurity in the paramagnetic phase, whereas
they still act as the magnetic impurity scattering center in the AFO state,
as is seen in the fact that the scattering rate of Cr/Mn-Ba122 in the AFO
state is much larger than that of Co-Ba122.

This localization of the coherent carriers by the magnetic Cr and Mn
should cause a strong pair-breaking effect for superconductivity, in addition
to the short-range Neel fluctuations induced by magnetic impurity which
leads to the strong suppression of superconductivity [147, 135]. This is the
reason why superconductivity is not observed in Cr and Mn-Ba122 although
TAFO is well suppressed down to the temperature at which superconductivity
and the AFO state coexist in Co-Ba122.
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Figure 5.56: (Upper panel) The schematic picture of the magnetic impurity
induced local magnetic order and its constructive interference between the
magnetic impurities. (Bottom panel) Theoretical calculation of the tempera-
ture dependence of the magnetic q = Qstripe Bragg peak for the homogeneous
system (black diamonds), x = 0.03 (blue triangles) disorder, and x = 0.06
(red dots) disorder for Ba(Fe1−xMnx)2As2. Vertical dashed line indicates
T = T 0

N . The figures are cited from Ref. [136].
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5.7 Summary

I performed optical conductivity measurements in TM-Ba122. I found
that the coherent component of optical conductivity is strongly suppressed
by magnetic Mn and Cr-doping while it is robust against Co-doping both
in the paramagnetic and the antiferromagnetic state. This result indicates
that the coherent carriers are strongly scattered by magnetic impurity but
not by nonmagnetic impurity in iron pnictieds. In addition, the localized
carrier feature is observed above TAFO in Cr and Mn-Ba122, which is not
observed in Co-Ba122. It is proposed that this localization of carriers is
related to the cooperative effect between magnetic impurity and conduction
electrons. Eventually this interaction leads to the strong suppression of the
coherent carrier transport in the normal state, resulting in the disappearance
of superconductivity in Cr and Mn-Ba122.
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6.1. STRUCTURAL AND SUPERCONDUCTIVITY PROPERTY IN P-SR122125

In this study, I have investigated the unusual electronic properties in nor-
mal and superconducting phase of iron-pnictide superconductors by perform-
ing the transport, magnetization, specific heat, single crystal x-ray diffrac-
tion, and optical spectra measurement. I have revealed that the electronic
properties including the superconducting, the AFO, and the paramagnetic
state are drastically changed by the structural change, carrier-doping, and
impurity scattering.

6.1 Crystal structure and superconductivity

property in SrFe2(As1−xPx)2

In part III, I discuss the relationship between the crystal structure and
the superconducting properties in SrFe2(As1−xPx)2. The main results are as
follows:

• The postannealing treatment of SrFe2(As1−xPx)2 is highly effective.
The optimal Tc of SrFe2(As1−xPx)2 is enhanced from 30K for the as-
grown crystals to 33K for the annealed one. The single crystal x-
ray diffraction measurement revealed that the lattice parameters, in
particular the pnictogen height from the Fe-plane, are increased by the
postannealing, which leads to the enhancement of Tc

• The doping dependence of Tc in SrFe2(As1−xPx)2 is quite similar to that
of BaFe2(As1−xPx)2, in spite of the large difference of lattice constants
in these systems. This similarity comes from the same value of the
pnictogen height at the optimal composition both in SrFe2(As1−xPx)2
and BaFe2(As1−xPx)2.

• The magnetic field dependence of the residual electronic specific heat
coefficient shows H-linear dependence in the annealed crystal and sub-
H-linear dependence in the as-grown one, suggesting that SrFe2(As1−xPx)2
has s±-wave full gaps with different size. On the other hand, NMR and
penetration depth measurement indicated that SrFe2(As1−xPx)2 has a
nodal gap. These results demonstrate that SrFe2(As1−xPx)2 is a multi-
band s±-wave superconductor with an accidental node on the part of
the Fermi surfaces.
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The comparative study of SrFe2(As1−xPx)2 and BaFe2(As1−xPx)2 in terms
of the crystal structure revealed that the pnictogen height hPn/As-Fe-As
bond-angle α play a more important role for Tc than lattice constants. The
previous studies also suggested the importance of hPn/α for Tc, but they com-
pared the materials with different carrier doping level and lattice constants.
Thus, the present study using isovalent-doping systems with different lattice
constants has a very important meaning to demonstrate that hPn and α are
indeed crucial for Tc.

In addition, specific heat measurement of as-grown and annealed crystals
revealed that superconducting properties is sensitive to disorders. The sensi-
tivity of superconducting properties to disorders also appears in the different
response of Tc by the annealing treatment in underdoped and overdoped
samples, suggesting the s±-wave superconductivity.

The importance of the magnetic fluctuation is also demonstrated by the
NMR and other measurements using the crystals grown in this study, which
is consistent with s±-wave superconductivity. On the other hand, the pho-
toemission measurement using my crystals revealed that the key orbitals for
the superconductivity in FeSC is dxy and/or dxz/yz orbitals, whereas dz2 or-
bital is unimportant for superconductivity. All these results can be naturally
explained by the spin-fluctuation mechanism for superconductivity.

6.2 Resistivity anisotropy in Ba(Fe1−xTMx)2As2
(TM=Cr, Mn, and Co)

In part IV, I discussed the origin of the in-plane resistivity anisotropy in
Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co; TM-Ba122). The main results of
this part are as follows:

• The in-plane resistivity anisotropy in the antiferromagnetic-orthorhombic
(AFO) phase increases with substitution in Co-Ba122 and Mn-Ba122
while it decreases and shows a sign-change in Cr-Ba122.

• Hall effect measurement revealed thatRH at TAFO changes the sign from
negative to positive in Cr-Ba122, while the sign of RH at TAFO does
not change in Mn-Ba122. This implies that Cr-Ba122 is hole-doped
system, while Mn-Ba122 is almost undoped system.
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• The in-plane resistivity anisotropy in the nematic phase also shows the
electron-hole asymmetry in Co and Cr-Ba122, suggesting that the spin-
fluctuating scattering mechanism is dominant in the nematic phase.

The comparative study of Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co)
clarified the origin of the in-plane resistivity anisotropy. The in-plane resis-
tivity anisotropy shows a clear electron/hole-doping asymmetry in the AFO
and the nematic phase. In the previous studies, it was proposed that the
anisotropic impurity state in the conduction layer results in the anisotropic
in-plane resistivity, and the different magnitude of the resistivity anisotropy
in different iron-pnictides depends on the impurity scattering strength. How-
ever, the previous studies could not distinguish the effect of the carrier doping
and the doped site dependences. My result clearly demonstrates that the in-
plane resistivity anisotropy is electron/hole asymmetric both in the AFO and
the nematic phase by comparing the different carrier-doped but the same site
substituted Ba122. These results cannot be attributed to the strength of the
impurity scattering alone. It is required to consider both the impurity scat-
tering effect and the topology of the Fermi surface for the in-plane resistivity
anisotropy in the AFO phase. The asymmetry in the nematic phase indi-
cates that the carrier transport above the magnetic transition temperature
is dominated by the spin-fluctuation scattering which depends on the Fermi
surface topology.

The present study demonstrates that the resistivity anisotropy exhibits
electron-hole asymmetry in both AFO and nematic phases and that it de-
pends on the Fermi surface topology whether the carrier scattering results in
a positive or negative δρ = ρb − ρa.

6.3 Optical conductivity in Ba(Fe1−xTMx)2As2
(TM=Cr, Mn, and Co)

In part V, I discussed the doping dependence of the optical conductivity
in Ba(Fe1−xTMx)2As2 (TM=Cr, Mn, and Co; TM-Ba122). The main results
of this part are as follows:

• The magnetic transition temperature is proportional to the SDW gap
energy with 2∆ = 7.8kBTAFO over a wide doping range. On the other
hand, the ordered magnetic moment does not correlate with the SDW
gap energy.
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• In Mn-Ba122 with x = 0.12, where the tetragonal-antiferromagnetic
phase is proposed, the antiferromagnetic gap opens below the magnetic
transition temperature as in other underdoped iron-pnictides.

• The coherent component of the optical conductivity is strongly sup-
pressed by the magnetic impurity (Cr/Mn), while it is robust against
the nonmagnetic impurity (Co) both below and above TAFO.

• In Cr and Mn-Ba122, a peak is observed in the far-infrared region in the
paramagnetic phase, which is not observed in Co-Ba122. This feature
can be ascribed to the collective effect between magnetic impurities and
conduction electrons in iron-pnictides.

I found that the SDW gap energy well correlates with TAFO, while it does
not correlate with the ordered magnetic moment, in contrast to the theoret-
ical prediction. This suggests that Ba(Fe1−xTMx)2As2 shares the common
origin of the magnetic transition but further theoretical study is required.
The structural change and carrier-doping effect should be taken into account
to understand the nature of the magnetic state of iron-pnictides.

The optical measurement revealed that the coherent charge transport
shows a different response to Co and Cr/Mn-doping. This difference can-
not be explained by the electron-hole asymmetry of Co and Cr/Mn-doping.
Rather the response to impurity doping depends on whether the impurity is
nonmagnetic (Co) or magnetic (Cr/Mn).

Moreover, the novel localized state is induced by the interaction between
the magnetic impurity and the conduction electrons in Cr/Mn-Ba122. This
interpretation naturally explains that the strong suppression of the coherent
carrier transport is caused by the collective effect of the magnetic impurity
and the conduction electrons, resulting in the disappearance of superconduc-
tivity in Cr/Mn-Ba122.

6.4 Summary

The present study revealed that the superconducting phase in FeSC can
be understood in terms of the spin-fluctuation mediated s±-wave supercon-
ducting mechanism with impurity scattering. It is important to use clean
crystals for investigating the intrinsic superconducting properties of FeSC
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because Tc of FeSC is quite sensitive to the annealing treatment as shown in
this study.

My study demonstrates that the in-plane resistivity anisotropy in FeSC
shows electron-hole asymmetry. This indicates that the electronic anisotropy
of FeSC depends on the topology of the Fermi surface. In particular, the spin-
fluctuation scattering depending on the Fermi surface topology is suggested
to be dominant in the paramagnetic phase. Considering the superconduct-
ing phase also shows electron-hole asymmetry, the electron-hole asymmetric
electronic anisotropy indicates that the spin-fluctuation plays an important
role for superconducting mechanism of FeSC.

The magnetic impurities in the paramagnetic phase of FeSC play a unique
role, which induces local magnetic order around impurities due to the interac-
tion between the impurity and conduction electron, and the collective effect
of magnetic impurities can result in the long-range magnetic order. These
novel magnetic impurity effects suppress the emergence of superconductivity
in Cr/Mn-substituted iron-pnictides.

These results can be understood as the result of the magnetic fluctuation
in the paramagnetic state of FeSC. The magnetic fluctuation acts as a glue for
the Cooper-pairing in the superconducting state. The carrier scattering by
the magnetic fluctuation is anisotropic and depends on the shape of the Fermi
surface which can be tuned by the carrier doping. The magnetic impurities
interacts with the spin of the conduction electrons and pins the magnetic
fluctuation around it, resulting the local magnetic order. The present study
demonstrates that the magnetic fluctuation is the crucial ingredient which
dominates the electronic properties of FeSC.

I believe that these results contribute to elucidating the superconducting
mechanism and normal electronic properties of the iron-based superconduc-
tor.

6.5 Future work

For the superconducting state of SrFe2(As1−xPx)2, the position of the
node on the superconducting gap in the momentum space still remains an
open issue. The investigation of the node position by ARPES or other
momentum-resolved probe, such as Raman spectroscopy will give more in-
formation about the superconductivity in iron-pnictides.

The in-plane resistivity anisotropy shows the electron-hole asymmetry.
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In Co-doped systems, the STM measurement revealed that the anisotropic
impurity state emerges around Co atoms and it is related to the anisotropic
resistivity. The STM investigation on the hole-doped systems where the
resistivity anisotropy changes the sign will be useful for understanding the
impurity state in the antiferromagnetic and paramagnetic state.

Similarly, other anisotropic properties, such as the thermopower, Raman
scattering response, orbital order, low-energy spin excitations should be stud-
ied in terms of the electron-hole asymmetry. Transition metal substituted
Ba(Fe1−xTMx)2As2 (TM=Cr, Mn and Co) is a good platform for such a
study.

The optical study of Ba(Fe1−xTMx)2As2 (TM=Cr and Mn) with de-
twinned crystals is also meaningful. The previous study of Co-Ba122 revealed
that the anisotropy of conductivity in the high-energy region decreases with
Co-doping while the anisotropy of the dc-conductivity increases in the AFO
state. Hole-doping effect on the anisotropy in the high-energy region of the
conductivity should be addressed. In the present study, the localization fea-
ture is observed in Cr/Mn-Ba122. The optical measurement with detwinned
crystals will reveal whether this localized feature is anisotropic or not. In
addition, the resistivity or optical measurement under the magnetic field is
required to reveal the nature of the localized state.

It is also important to reveal the electronic structure in Cr and Mn-
Ba122. The present study demonstrates that hole-carrier is doped in Cr-
Ba122 but almost undoped in Mn-Ba122. This should be confirmed by other
measurement, such as ARPES or Seebeck coefficient measurement.
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