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Abstract

In this thesis, we demonstrate our nuclear magnetic resonance (NMR) studies of iron-based
superconductor (iron pnictide) BaFe2(As1−xPx)2, which have clarified the following anomalous
properties from microscopic point of view: quantum criticality, spatial coexistence of magnetism
and superconductivity, and orbital nematicity.

Static and dynamic magnetic properties of BaFe2(As1−xPx)2 for 0.07 ≤ x ≤ 0.33 were
investigated by the measurement of 31P-NMR spectrum and the nuclear spin-lattice relaxation
time T1, respectively. The averaged magnetic ordered moment ⟨m⟩ at the zero-temperature limit,
which is estimated from the 31P-NMR spectrum shows a continuous decrease toward x ∼ 0.35
with increasing P concentration x, verifying that a second-order quantum phase transition occurs
at x ∼ 0.35. Both of the SDW gap ∆S derived from temperature dependence of (T1T )

−1 below
TN and the characteristic temperature of antiferromagnetic (AFM) spin fluctuations θ estimated
from the Curie-Weiss behavior of (T1T )

−1 above TN decrease toward x ∼ 0.35 with increasing x
as well as ⟨m⟩. All these results indicate the existence of an AFM QCP at x ∼ 0.35, suggesting
that AFM quantum critical spin fluctuations play an important role in the pairing mechanism
in BaFe2(As1−xPx)2.

The coexisting state of magnetism and superconductivity is one of the most intriguing sub-
ject to study since the mechanism of unconventional superconductivity is expected to be highly
related to magnetism. 31P-NMR measurements on BaFe2(As1−xPx)2 for x = 0.25 at ambient
pressure and x = 0.20 at hydrostatic pressure of p ∼ 2 GPa were performed. These samples
locate at the intermediate region between AFM ordered phase and superconducting state be-
cause both of them show superconducting (SC) transition in the AFM ordered state. (T1T )

−1

measurement of 31P at the magnetically ordered site revealed that SC transitions occur in mag-
netic ordered region of the sample for both x = 0.25 and x = 0.20 (p ∼ 2 GPa). This is the
direct evidence of spatial coexistence of superconductivity and antiferromagnetism in the mi-
croscopic scale. Moreover, 31P-NMR spectrum found to become narrow below Tc, indicative of
the suppression of internal magnetic field due to the competition between SC and AFM order
parameters. Our results strongly suggest that antiferromagnetism and superconductivity occur
at the same Fermi surfaces but they compete with each other.

In the recent research field of iron pnictides, the electronic nematic state has been a hot topic
in which the electronic state spontaneously breaks the fourfold lattice symmetry in the tetragonal
phase thus making various physical properties two-fold symmetric in the plane. Motivated
by this, we measured in-plane field orientation dependence of 75As-NMR of BaFe2(As1−xPx)2
single crystal for x = 0.04 above TS. A large difference in the linewidth between H ∥ [100]o
and H ∥ [110]o in the orthorhombic basis revealed that in-plane anisotropy of the electric field
gradient is present even in the tetragonal phase. This in-plane anisotropy arises from population
imbalance between As-4px and 4py orbitals, which reaches |nx−ny| ∼ 0.004 electron at T → TS.
The occupation imbalance in As-4p orbitals is expected to highly related to the orbital ordering
of Fe-3dxz and dyz electrons. In addition, this orbital polarization is already static near room
temperature, suggesting that it is caused by the pinning of orbital nematic fluctuations by
disorder. The orbital polarization is found to be further enhanced below ∼ 150 K, which is
consistent with the emergence of nematicity in torque and photoemission measurements. This
result indicates either a crossover in the magnitude/length of the orbital-nematic correlations,
or a phase transition.

This thesis is organized as follows: We will first provide the necessary background knowledge
of the iron-based superconductors and then will review the research material BaFe2(As1−xPx)2
in Chapter 1. Chapter 2 will serve as the introduction to our experimental technique Nuclear
Magnetic Resonance (NMR). Basic physics and principles of NMR will be discussed. Chapter 3
will deal with experimental details including NMRmeasurement setup, properties of the samples,
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and experimental conditions for NMR measurements. In Chapter 4, a short review of the
previous NMR studies of BaFe2(As1−xPx)2 will be given. Chapter 5, 6 and 7 are the main
contents of the thesis. In Chapter 5, we will discuss magnetic quantum criticality through the
results of 31P-NMRmeasurement for BaFe2(As1−xPx)2 polycrystalline samples which show AFM
transitions. In Chapter 6, we will present 31P-NMR measurement for coexisting phase of AFM
and superconductivity. Coexisting nature, whether spatially coexisting or phase-separated, will
be discussed as well as the competing nature. Finally in Chapter 7, we will focus on 75As-
NMR study of a single crystalline sample of BaFe2(As1−xPx)2. Then, we will summarize our
experimental results and make conclusions in Chapter 8. To improve the readability of this
thesis, details on some calculations, analyses, and experimental techniques will be given in the
appendices.
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Chapter 1

Introduction

In this chapter, an introduction will be given to the recently discovered iron-pnictide super-
conductors in general and to the studied materials BaFe2(As1−xPx)2 in specific. First, a short
historical summary of the discovery is given. Iron pnictide superconductors have much variety
of crystal structure, phase diagrams, and superconducting gap structures and hence the unified
picture for describing their physics has yet to be established. It is clearly beyond the scope of
this study to overview the research progress accumulated in the past six years for all iron pnic-
tides. Therefore, after having touched on the basic properties of the iron pnictides and having
sketched the current status of understanding of this family of superconductors, we will focus
on the overview of the research material of this study, BaFe2(As1−xPx)2, including the crystals
structure, band structure, magnetic ordered state and superconductivity.

1.1 Historical Overview of Superconductivity

One of the most fascinating phenomena in condensed matter physics is superconductivity, which
is the ability of a material to lose its electrical resistivity completely below a certain temper-
ature, and expel any external magnetic field. From a practical application point of view, for
example, the prospect of superconducting transmission lines without energy dissipation is ap-
pealing. The existing superconductors have been utilized as superconducting magnets, SQUID
(Superconducting QUantum Interference Device), maglev trains that levitate above a magnetic
field, and so on. The superconductivity is still a mysterious topic although one hundred years
has already passed from its discovery by Heike Kamerlingh Onnes in April 1911 in Leiden [1].
Effectively, the lifetime of the superconducting (SC) current can be considered as infinite. Zero
resistivity alone does not make a material a superconductor. The formation of ring currents on
the surface of a superconductor enables it to counter external magnetic fields perfectly, resulting
in zero net magnetic field inside the superconductor. This so-called Meissner effect, which was
discovered by Meissner’s student Ochsenfeld, leads (in type II superconductors) to levitation of
a superconductor above a magnet.

Nearly half a century had to pass by until its mechanism in the conventional superconductors
with rather low SC transition temperatures (Tc) could be explained consistently within the
theory by Bardeen, Cooper and Schrieffer (BCS), published in 1957 [2]. However, most of the
unconventional superconductors such as heavy fermions, discovered in 1979 [3], and the famous
high temperature cuprate superconductors, discovered in 1986 [4], are far from being understood
completely up to now although the latter is very attractive for the practical application because
of its high Tc (The highest Tc defined by the onset of SC transition in resistivity reaches up to
166 K in HgBa2Ca2Cu3O8+δ under a pressure of 23 GPa [5], while the highest Tc defined by
zero-resistivity is 153 K in the same compound under a pressure of 15 GPa [6]). The history of
the discovery of new superconductors with higher Tc’s is summarized in Fig. 1.1(a).
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(b)(a)

Figure 1.1: (a) Discovery of superconducting materials with successively higher Tc’s over the
last century. All Tc’s denoted here are obtained at ambient pressure. This figure is cited from
Shunichiro Kittaka’s homepage. (b) Electrical resistivity ρ versus temperature T for undoped
LaFeAsO and doped LaFeAs(O1−xFx): x = 0.04, 0.05, 0.11, and 0.12. Inset shows expanded
ρ− T curves for x = 0.04, 0.05, 0.11, and 0.12. Arrows show the onset transition temperatures.
Figure reprinted from Ref. [7].

At the end of February 2008, iron-based superconductors LaFeAs(O1−xFx) with a relatively
high maximum Tc of 26 K at x = 0.11 have been newly discovered by Dr. Kamihara in Prof.
Hosono’s group in Tokyo Institute of Technology [7]. The undoped LaFeAsO does not show
superconductivity but exhibits a tetragonal-to-orthorhombic structural phase transition at TS
∼ 160 K and a long-range antiferromagnetic (AFM) spin ordering below TN ∼ 145 K. By
substituting fluorine for a part of oxygen (corresponding to electron doping), LaFeAs(O1−xFx)
exhibits relatively high-Tc superconductivity as shown in Fig. 1.1(b). Soon after the discovery,
a series of different rare-earth element analogue superconductors REFeAs(O1−xFx) (RE: rare-
earth elements such as La, Ce, Pr, Nd, Sm, and Gd) are reported to have Tc up to ∼ 55
K [8], which is the highest record of Tc other than the high-Tc cuprate superconductors at
present [8; 9; 10; 11; 12; 13; 14; 15]. Since iron is usually associated with ferromagnetism rather
than with superconductivity, the new iron-based superconductors which exhibit surprisingly
high Tc imply an intimate relationship between magnetism originating from Fe-3d electrons and
the high-Tc superconductivity. Moreover, their crystal structures are two-dimensionally layered
and are similar to the high-Tc cuprates. Both of the iron pnictides and the cuprates have d-
electrons which play a key role for superconductivity, and possess a layered structure. Such
similarities between the two systems have been attracting the interest of many researchers since
antiferromagnetism and superconductivity are observed in both systems.
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1.2 Iron-Based Superconductor

1.2.1 Crystal Structure

Iron-based superconductors can be divided into several structural families. The six representa-
tive ones are depicted in Fig. 1.2 1. They are frequently called as “11”, “111”, “122” ,“1111”,
“32522”, and “42622” systems according to the stoichiometries of their parent compounds as typ-
ified by FeSe, LiFeAs, BaFe2As2, LaFeAsO, Sr3Sc2O5Fe2As2, and Sr2VO3FeAs. All these fami-
lies commonly possesses a tetragonal layered structure with the two-dimensional (2D) FePn or

1111
32522 42622

122
111

11

Figure 1.2: The iron-pnictogen layer (red-orange) is intercalated by nothing in the case of
the so-called “11” (e.g. FeSe [16; 17]), by an alkali element (green) in the “111” family (e.g.
LiFeAs [18; 19]), by an alkaline earth element (blue) in the case of the “122” (e.g. BaFe2As2 [20]),
by an RE-oxygen layer (skyblue-white) in the case of the “1111” family (e.g. LaOFeAs [7]) or
a block layer (violet-skyblue-white) in the case of the “32522” (e.g. Sr3Sc2O5Fe2As2 [21]) and
“42622” (e.g. Sr2VO3FeAs [22]).
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Figure 1.3: (a) FeAs-layer viewed from c-axis direction. (b) FeAs-layer viewed from b-axis
direction. (c) FeAs4-tetrahedron with As-Fe-As bond angle α.

1Quite recently, another new type of iron pnictide superconductors having “112” crystal structure have been
reported [23; 24; 25].
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FeCh layers, in which Fe atoms are arrayed on a square lattice forming metallic bonds (Fig. 1.3).
Because of the tetrahedral coordination of As, there are two Fe atoms per unit cell. These con-
ducting layers, where superconductivity takes place, are intercalated by some alkali metals AM
in “111” (AMFeAs), alkaline earth metals AE or AM in “122” (AEFe2As2, AMxFe2−ySe2),
rare earth-oxygen layers REO in “1111” (REOFeAs), or perovskite block layers in “32522”
(AE3TM2O5Fe2As2) and “42622” (AE4TM2O6Fe2As2). Pn ions are arranged above and below
the Fe-plane in a tetrahedral symmetry as shown in Fig. 1.3.

1.2.2 Electronic Structure

A knowledge of the electronic structure is essential for understanding the physical properties
of these materials. Detailed band structure calculations for all classes of these compounds
have been performed [26; 28; 29; 30; 31; 32; 33; 34]. The obtained results are similar in all
studies. In pnictides (formally, Fe2+: 3d6), all five Fe-3d orbitals cross the Fermi level and add
charge carriers. Pnictides feature a high density of states (DOS) at the Fermi energy, N(EF),
dominated by Fe-3d bands moderately hybridizing with As-4p bands (Fig. 1.4(a)). Thanks to
their high DOS at the Fermi level, the non-SC parent compounds of pnictides are itinerant (bad)
metals [33].

The Fermi surfaces (FSs) composed of several electron and hole pockets which are discon-
nected from each other: three hole pockets at the center of the Brillouin zone (Γ point) and
two electron pockets centered at its corners (M points) (see Fig. 1.4(b) for the FS topology in
the folded2 Brillouin zone). The hole-like cylinders at the Γ point and electron-like ones at the
M point are nearly nested (overlapped) by nesting vector Q = (π, π) for folded Brillouin zone
(two Fe atoms in the unit cell). Therefore, electronic transitions from the hole pockets to the
electron pockets with momentum vector q ∼ (π, π) should lead to a broad (because the electron

pockets are oval rather than circular) peak in the susceptibility χ(q, ω → 0) =
f(ϵk)−f(ϵk+q)
ϵk−ϵk+q−ω−iδ

at Q = (π, π). The enhancement of susceptibility leads to the spin fluctuations at this finite
nesting vector Q. Sufficiently strong spin fluctuations can cause a stripe-type AFM ordering,
which is indeed observed as ground states for the parent materials [35; 36].

Also, as shown in Fig. 1.5, the low energy band structure of LaFeAsO is quite sensitive
to the pnictogen height hPn [27]. The topology of the FS changes when going from hPn =
1.32 Å(experimental value of hPn of LaFeAsO) to hPn = 1.17 Å(that of LaFePO), with a tube-
like hole pocket with dxy orbital character of 2D dispersion in the former case transforming into
a 3D pocket with d3z2−r2 orbital character in the latter. The physical origin of this sensitivity
to hPn is the covalency of the iron-pnictogen bond, leading to strong hybridization effects.

The main effect of charge-carrier doping is a change in the relative sizes of the electron and
hole FSs, which causes a bad nesting condition in the FS. The change of the lattice constants by
elemental substitution or applying pressure also results in the bad nesting between the electron
and hole FSs due to the change in dimensionality of FSs nevertheless electron and hole FS
volumes are compensated because of no carrier doping. One of the differences among the existing
structural families of pnictides is energy dispersion of the electronic bands along the kz direction.
The “122”, “111”, and “11” systems have more 3D FSs than that of the “1111” system.

Qualitatively similar FSs to the ones predicted from theories are observed experimentally.
The observed FS indeed consists of three hole pockets and two electron pockets [37].

2The folded Brillouin zone corresponds to the crystallographic unit cell containing two Fe ions (and two As
ions), to account for the fact that As ions are located above and below the FeAs-plane (Fig. 1.3(c)). The wave
vector (π,π) in the folded Brillouin zone corresponds to (π,0) in the unfolded Brillouin zone with one Fe atom per
unit cell [28].
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Figure 1.4: (a) Local density approximation (LDA) density of states N(EF) of LaFeAsO and
projections onto the LAPW spheres on a per formula unit both spins basis [26]. (b) LDA Fermi
surface of LaFeAsO shaded by velocity [darker (blue) is low velocity]. The symmetry points
are Γ = (0, 0, 0), Z = (0, 0, 1/2), X = (1/2, 0, 0), R = (1/2, 0, 1/2), M = (1/2, 1/2, 0), A =
(1/2, 1/2, 1/2) [26].

hPn

hPn

hPn

Figure 1.5: Sensitivity of the low-energy band structure for LaFeAsO to hPn (As height with
respect to the Fe plane) for fixed lattice constants a and c. The considered hPn values are
indicated in each plot. This figure is reproduced from Ref. [27].
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1.2.3 Ground States and Phase Diagram

Most of the undoped parent compounds of iron-based superconductors undergo a magnetic
phase transition to an antiferromagnetic (AFM) ordered state on cooling at around 140 - 200
K, which is accompanied or preceded by a structural phase transition from a tetragonal to
an orthorhombic symmetry. Upon hole-/electron-doping or upon applying physical/chemical
pressure, these transitions get suppressed and superconductivity emerges. A notable exception
is the “111” compound LiFeAs, which is a stoichiometric superconductor [19; 38; 39].

Electron-doping in the “1111” family is achieved by substituting oxygen (O2−) by fluorine
(F−), leading to (RE)FeAsO1−xFx [7], by introducing oxygen deficiencies: (RE)FeAsO1−δ [40]
or by substituting cobalt for iron: (RE)Fe1−xCoxAsO [41]. As shown in Fig. 1.6(a), for
LaFeAsO1−xFx, the AFM ordering temperature (TN) is weakly suppressed by doping and
abruptly disappears at x ∼ 0.04 followed by the emergence of superconductivity with SC tran-
sition temperatures (Tc). Once superconductivity appears, Tc exhibits a broad dome-like shape
against x with a maximum Tc of 26 K. In the overdoped regime (x ≥ 0.2), LaFeAsO1−xHx

undergoes a second SC dome with a maximum Tc of 36 K [42]. A further doping suppresses
the second SC phase and induces another new AFM ordering phase of which detailed charac-
ter is unknown [43]. On the other hand, SmFeAsO1−xFx shows a bit different phase diagram
from La-1111 system (Fig. 1.6(b)) [44]. In the region 0.10 ≤ x ≤ 0.15 of the phase diagram
of SmFeAsO1−xFx, the magnetism and the superconductivity show coexistence, while that of
LaFeAsO1−xFx suggests phase separation of these two orders.

In the “122” family, electron-doping is achieved by substituting Fe partially with Co lead-
ing to AE(Fe1−xCox)2As2 with alkaline earth element AE = Ba, Ca, Sr [45]. Hole-doping
in the “122” families is done by partially substituting the divalent AE with a monovalent al-
kali element (AM = K, Cs, Na), leading to AE1−xAMxFe2As2 with the famous example of
Ba1−xKxFe2As2 [20]. Superconductivity can be also induced by isovalent substitution of P for
As [46; 47]. Due to the isovalency, this substitution does not introduce extra charge carriers
but only introduce chemical pressure effect. The emergence of superconductivity by pressurizing
without carrier doping suggests the importance of optimization of the crystal structure in iron
pnictides. The phase diagram of BaFe2As2-based materials with the three different chemical
substitution is summarized in Fig. 1.6(c) [48].

In the “111” family, there are two parent compounds: LiFeAs and NaFeAs. Despite their
similarities of crystal structure, they exhibit quite different physical properties. As for LiFeAs,
there are neither structural transition nor AFM ordering but it only shows superconductivity
below Tc ≈ 17 K. By substituting Ni for Fe (corresponding to electron doping), superconductivity
is continuously suppressed and system becomes metallic [49] as shown in Fig. 1.7(a). Increasing
the ratio of Fe against Li, however, induces fluctuating itinerant moments that freeze at low
temperatures. On warming, the AFM fluctuations is appears to show crossover to ferromagnetic
fluctuations. Co doping to the parent NaFeAs suppresses both structural and AFM transitions
with the enhancement of Tc [50]. Tc shows maximum where TS and TN are suppressed, which
resembles the phase diagrams of “122” system.

Finally, we introduce the phase diagrams of “11” system. In the chalcogenide Fe1+ySexTe1−x

system, the Néel temperature drops rapidly for x ≤ 0.1 and superconductivity appears from x ∼
0.2 up to x = 1 with mediating in-between state of spin glass for 0.1 ≤ x ≤ 0.3 (Fig. 1.7(c)) [51].
The pressure versus temperature phase diagram of FeSe is fairly unconventional (Fig. 1.7(d)).
By applying hydrostatic pressure, Tc goes up first, and after the emergence of AFM ordering at
higher temperatures, Tc starts to decrease by competing with magnetism [52]. However, upon
applying further pressure, Tc goes up again and superconductivity becomes to show coexistence
with antiferromagnetism.

As presented above, iron pnictides have a large variety of the electronic phase diagram and
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(a) (b)

(c)

SmFeAsO1-xFx

Figure 1.6: (a) Phase diagrams of LaFeAsO1−xFx and LaFeAsO1−xHx [43]. Especially, the
one for LaFeAsO1−xHx forms a symmetric alignment of AFM and SC phases, which is highly
unconventional. (b) Phase diagram of SmFeAsO1−xFx having a region of coexistence of antifer-
romagnetism and superconductivity [44]. (c) AFM and SC phase diagram of BaFe2As2-based
materials. Superconductivity emerges when the AFM order is suppressed via either hole doping
in (Ba1−xKx)Fe2As2 (right), electron doping in Ba(Fe1−xCox)2As2 (left), or isovalent substi-
tution in BaFe2(As1−xPx)2 (bottom) [48]. In the P substituted system and in the overdoped
region of K-doped system, the SC gap has line nodes [48].
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(a) (b)

(c)

(d)

Figure 1.7: (a) Phase diagram for the Li1−yFe1+yAs and LiFe1−xNixAs series, showing regions
of superconductivity (SC), spin freezing (SF), as well as (anti)ferromagnetic fluctuations [49].
(b) Phase diagram of NaFe1−xCoxAs [50]. (c) Phase diagram of Fe1+ySexTe1−x with y ∼ 0 [51].
The nominal Fe content, y, is y = 0 unless it is specified. SG represents “spin glass”. (d)
Pressure dependence of the Tc, TN, and the SC and AFM volume fractions of FeSe1−x. The SC
volume is determined to be 100 % for all pressures and the AFM volume is represented by the
color scale [52].
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thus it seems very difficult to establish the unified picture for understanding all of these phase
diagrams. Therefore, it is important first of all to focus on the specific system (“122” system,
in this study) to understand.

1.2.4 Magnetism

The first direct evidence of AFM ordering in LaFeAsO is reported from neutron powder diffrac-
tion measurements [35]. LaFeAsO undergoes an abrupt structural transition at ∼ 155 K from
high-temperature tetragonal (a = b) to low-temperature orthorhombic (a > b) phase, and
then long-range stripe-type AFM order develops at ∼ 140 K with a small magnetic moment
(Figs. 1.8(a) and 1.8(b)). The observed magnetic moment of 0.36 µB per iron atom at 8 K
is rather smaller than the theoretical value of 2.3 µB per iron atom predicted from ab initio
studies [53; 54]. This indicates that there should be factors which reduce the ordered moment
such as magnetic frustration or strong spin fluctuations. Subsequently, the detailed magnetic
structure is clarified to be with AFM alignment along longer a-axis and ferromagnetic (FM)
alignment along shorter b-axis [55] as shown in Fig. 1.8(c). These tetragonal-to-orthorhombic
distortion and stripe-type AFM ordering are observed in the parent compounds of iron pnictides
except for FeTe [56].

(a) (b)

(c)

Figure 1.8: (a) Temperature dependence of the (2, 2, 0) nuclear reflection indicative of a struc-
tural phase transition at ∼ 155 K in LaFeAsO [35]. (b) Temperature dependence of magnetic
Bragg intensity measured at the wave vector Q = 1.53 Å−1 [35]. (c) The spin configuration
in the AFM ordered state of LaFeAsO. The iron ordered moment represented by red arrow is
aligned antiferromagnetically along longer a-axis and ferromagnetically along shorter b-axis.

1.2.5 Superconductivity

In general, the Cooper-pairing mechanism in high-Tc superconductors is one of the most chal-
lenging problems in solid state physics. Investigation of the SC order parameter is important for
clarifying the mechanism of unconventional superconductivity. Up to now, various experiments
and theoretical studies have been performed [57; 58; 59; 60; 61; 62; 63].

NMR Knight shift measurements are crucial to determine the spin part of SC order param-
eter. In iron-based superconductors, it is a common feature that Knight shift decreases in the
SC state, indicative of a realization of a spin-singlet state [64; 65] (Fig. 1.9(a))

As for the orbital part, various experiments such as ARPES [67; 69], penetration depth [70;
71], specific heat [72], point contact spectroscopy [73], and thermal transport [74] suggest node-
less SC gap in REFeAs(O1−xFx), REFeAsO1−δ, (Ba1−xKx)Fe2As2, and Ba(Fe1−xCox)2As2.
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(a) (b)

Ba0.68K0.32Fe2As2

Figure 1.9: (a) Temperature dependence of the Knight shift for Ba0.68K0.32Fe2As2 with H ∥ a
axis and H ∥ c axis, respectively. The arrow indicates Tc for H ∥ a [65]. (b) Temperature
dependence of normalized T1(Tc)/T1 for various iron-based superconductors [66].

(a) (b)

Figure 1.10: (a) 3D plot of the SC gap size (∆) of Ba0.6K0.4Fe2As2 measured at 15 K on the
three observed FS sheets (shown at the bottom as an intensity plot) and their temperature
evolutions (inset) [67]. (b) Temperature dependence of δXs(T )/Xx(0), which corresponds to
δλab(T )/λab(0) in the SC state for PrFeAsO1−δ.

(a) (b)

Figure 1.11: (a) A schematic drawing of FSs and inter- Fermi-pocket scatterings in k space.
There are two hole cylinders and two electron cylinders around Γ and M points, respectively.
Signs of the SC gap expected for s±-wave symmetry are shown by different colors. The arrows
denote inter-Fermi-pocket scatterings. q2 and q3 connect different pockets, whereas q1 is an
umklapp process. (b) Magnetic field-induced change in quasi-particle scattering interference
intensities in Fe(Se1−xTex) [68].

28



(a) (b)

(c) (d)

Figure 1.12: Schematic pictures of the proposed SC order parameters in the iron-based super-
conductors represented in the 2D, one iron Brillouin zone. Different colors stands for different
signs of the gap. (a) s++-wave symmetry, (b) s±-wave symmetry, (c) nodal s±-wave symmetry,
(d) d-wave symmetry.

Figure 1.10(a) shows the FS dependence of the SC gaps for Ba0.6K0.4Fe2As2 revealed by
ARPES: large gaps of ∆ ≈ 12 meV on the inner hole and electron FSs and small gap of ∆ ≈ 6
meV on the outer hole FS, where all of the observed gaps are nearly isotropic without nodes [67].
The in-plane microwave penetration depth λab in single crystals of PrFeAsO1−δ (Tc = 35 K)
shows a flat dependence at low temperatures, suggestive of the nodeless SC gap as shown
in Fig. 1.10(b) [71]. Moreover, the nuclear spin-lattice relaxation rate 1/T1 probed by NMR
shows a sharp drop just below Tc, indicating no sign of Hebel-Slichter coherence peak [66; 75]
(Fig. 1.9(b)). This suggests SC gap structure has a sign change. Scanning tunneling spectroscopy
(STS) also detected the sign change of the SC gap [68]. Figure 1.11 shows the magnetic field
induced change in quasi-particle scattering interference intensities in Fe(Se1−xTex). It is clear
that signals at the momentum vectors q2 and q3 exhibit totally opposite behavior, indicating
that these two scatterings have different characters. This pattern can be explained only if the
SC gap possesses s±-wave symmetry.

There are two theoretical candidates of SC gap symmetry in iron-based superconductors:
s±-wave and s++-wave symmetries. Soon after the discovery of the iron-based superconductors,
Mazin et al., Kuroki et al., and Cvetkovic et al. independently proposed that spin fluctua-
tions arising from nesting between the hole and electron FSs might give rise to the s±-wave
superconductivity with sign-reversing SC gaps as shown in Fig. 1.12 with unfolded Brillouin
zone [31; 32; 76]. The s±-wave can explain the relationship between Tc and Pn height from
Fe plane and the variation in SC gap symmetry. When Pn height is high, the γ hole pocket
appears at Γ′ point and the fully-gapped s± wave is stabilized. On the other hand, γ hole pocket
disappears and the nodal s± wave or d wave gap gets an advantage when Pn height becomes
lower. Tc in low Pn height is lower than that in high Pn height due to the frustration [77].
Although the s±-wave pairing is plausible from the theoretical and some experimental points
of view, Sato et al. threw doubt on the s±-pairing state on the basis of their experimental
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studies on La(Fe1−yCoy)As(O1−xFx) and Nd(Fe1−yRuy)As(O1−xFx) [78]. They claimed that
Tc suppression rates by Co and Ru substitution are much lower than the rate expected for su-
perconductors with opposite signs of the order parameters. Following this stream, Onari and
Kontani have theoretically proposed the s++-wave symmetry mediated by orbital fluctuations.
In s++-wave, SC gaps are isotropic and have no sign change (Fig. 1.12). Kontani et al. has
explained that many experimental results, which suggest the s± SC gap symmetry, e.g., obser-
vation of a resonance peak below Tc by neutron scattering measurements and the absence of
a coherence peak in 1/T1, can be understood by s++-wave model [79; 80; 81; 82]. Therefore,
the one of the most important issues in iron-based superconductors is to experimentally identify
their SC gap structures and pairing symmetries including a sign of SC gap.
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1.3 BaFe2(As1−xPx)2

1.3.1 Normal State

Transport Properties

The first report on the iron-pnictide superconductor BaFe2(As1−xPx)2 has been given by Jiang
et al. in 2009 [47]. BaFe2(As1−xPx)2 has the “122” type structure shown in Fig. 1.2. Since P ion
is isovalent to As ion, the substitution of P for As does not dope any extra charge carriers and
the system satisfies the compensation condition. Therefore, we can only tune magnetic character
without nominally changing charge-carrier concentrations. Soon after the first report, Kasahara
et al. reported the resistivity, x-ray diffraction (XRD) and the Hall effect measurements with
high-quality single crystals over the entire phase diagram (0 ≤ x ≤ 0.71) [83; 84]. Figure 1.13(a)
represents the temperature dependence of in-plane resistivity ρxx measured by Kasahara et al.
The linear doping evolutions of lattice parameters a, c, and hPn is represented in Figs. 1.13(b)
and 1.13(c). The systematic change of physical properties with P substitution is thus driven not
by charge doping but by chemical pressure. The electronic phase diagram of BaFe2(As1−xPx)2
derived from the results of resistivity is shown in Fig. 1.13(d).

The parent compound BaFe2As2 shows the simultaneous structural and magnetic transitions
in the resistivity at TS = TN = 137 K followed by the sharp reduction just below 137 K and
saturation at low temperature. With increasing P dopant concentration x, a sudden jump due
to the tetragonal-to-orthorhombic structural transition appears below TS followed by a peak
at TN and the resistivity goes down. The low resistivity below TN for 0 ≤ x ≤ 0.23 indicates
that BaFe2(As1−xPx)2 becomes an itinerant electron magnet in the AFM ordered state. The
increase in x leads the suppressions of TS and TN and, in the region 0.20 ≤ x ≤ 0.28 where the

(a) (b)

(c)

(d)

Figure 1.13: (a) Temperature dependence of in-plane resistivity ρxx in BaFe2(As1−xPx)2. (b)
The P-concentration dependence of lattice parameters a and c and (c) the z coordinate of
pnictogen atoms in the unit cell zPn and the pnictogen height from the iron plane hPn =
(zPn − 0.25) × c determined from x-ray measurements. (d) The electronic phase diagram of
BaFe2(As1−xPx)2. T0 corresponds to TS in the main text. The color scale of the background
represents the exponent α in the following fitting equation to ρxx in the normal state: ρxx =
ρ0 +ATα. These figures are adopted from Ref. [83].
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Figure 1.14: Changes in the normalized Fe-As and Fe-P bond lengths d in BaFe2(As1−xPx)2 from
single-crystal XRD data and in (Ba1−xSrx)Fe2As2 from powder diffraction [88]. Open symbols
represent Fe-Pn bond lengths predicted by DFT structure optimizations of BaFe2(As1−xPx)2.

ortho-AFM and SC phases overlap on the phase diagram, the resistivity shows zero even below
TN. Tc becomes highest with Tc = 31 K at x ∼ 0.30. For further doped region x ≥ 0.33, Tc
starts to decrease and almost completely suppressed at x = 0.71. The temperature dependence
of the normal-state resistivity exhibits characteristic change from T -linear (∝ T ) at x = 0.33
to T -superlinear (∝ T 2) behavior at x = 0.71, indicating the evolution from Non-Fermi-liquid
to Fermi-liquid property of the system. Such a systematic variation in power-index of T has
been also reported in other unconventional superconductors like cuprates and heavy fermions,
which could be related to AFM spin fluctuations originating from the proximity to the magnetic
instability.

The Hall coefficient RH defined as the field derivative of Hall resistivity ρxy, RH ≡ dρxy/dH
at µ0H → 0 T is negative indicating that not holes but electrons are dominant to the transport
in BaFe2(As1−xPx)2 [83].

Nakajima et al. reported the improvement of the method for synthesizing BaFe2(As1−xPx)2
single crystals [85]. They used Ba2As3/Ba2P3 as self flux instead of the conventionally used
FeAs and obtained large single crystals (∼ 7 × 7 mm2). They also found that the quality of
the as-grown crystals is improved by post-annealing, as evidenced by the increase in Tc and TN,
as well as the significant increase in residual resistivity ratio (RRR) from 3 to 30 for x = 0
and 35 to 75 for x = 1.0. This indicates that the post-annealing reduces the lattice defects
and/or disorders. Subsequently, they reported combined measurements of in-plane resistivity
and optical conductivity over the entire range 0 ≤ x ≤ 1 disentangling coherent and incoher-
ent components of charge dynamics [86; 87]. They revealed that the isovalent P substitution
increases the “effective” coherent carrier number, which stems from the weakening of electronic
correlations via chemical pressure. The role of P substitution is to expand the region of the
coherent quasiparticle states in the momentum space.

Crystal structure

Rotter et al. investigated the detailed crystal structural parameters of BaFe2(As1−xPx)2 by
high-resolution XRD measurements and density-functional theory (DFT) calculations [88]. They
found that As and P atoms are statistically distributed, but at different coordinates zAs and
zP, which is necessary to obtain reasonable Fe-P and Fe-As bond lengths. Fe-As bonds contract
strongly at low doping and converges to ≈ 236 pm at higher doping levels. This behavior
is almost quantitatively reproduced by DFT calculations using ordered model structures of
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Figure 1.15: Fermi surfaces of BaFe2(As1−xPx)2 (a) for x = 0 and (b) x = 1. Cross-section views
along [110] plane are also shown for (c) x = 0, (d) x = 0.3, and (e) x = 1 [83]. Experimental
atomic positions are used as the structural parameters for the calculation.

BaFe2(As1−xPx)2 as shown in Fig. 1.14. These results indicate that tiny but finite local distortion
is introduced at the P(As) dopant site in 0 < x < 0.5 (0.5 < x < 1) in BaFe2(As1−xPx)2 system,
whereas the dopants does not act as strong scatterers in the FeAs conducting layer as evidenced
by the observation of quantum oscillation signals in wide x range 0.41 ≤ x ≤ 1.

Electronic structure

Fermi surfaces (FSs) for x = 0, 0.3, and 1.0 derived from the band calculation by density
functional theory implemented in the WIEN2K code [89] are shown in Fig. 1.15 [83]. There are
three hole pockets around Γ−Z line in x = 0 and 0.3 while one of them is absent in x = 1. On
the other hand, two electron pockets, which are the dominant carriers for the transport, exist
around X−P and remains almost unchanged for the entire x range. The dimensionality of hole
FSs are quite sensitive to the pnictogen height hPn. hPn is expected to be linearly reduced by
substituting P for As resulting in an increase in interlayer hopping and the promotion of three
dimensionality of hole sheets. The enlarged hole FS warping upon P-substitution is considered
to weaken the nesting between hole and electron pockets along the (π, π) (Γ−X) direction.

de Haas-van Alphen (dHvA) effect is the phenomenon that the magnetic susceptibility shows
quantum oscillation against magnetic field. This is a powerful technique to investigate the
detailed structure of FSs and the effective mass of the quasiparticle. To observe the dHvA effect,
the extreme conditions such as ultra-low temperatures, high magnetic field, and extremely clean
single crystals having very small impurity scattering are indispensable. Shishido et al. observed
quantum oscillations in BaFe2(As1−xPx)2 for 0.41 ≤ x ≤ 1 and discussed x dependence of
FSs [90]. The observation of the dHvA effect in the mixed crystal system is quite rare indicating
that BaFe2(As1−xPx)2 is very clean samples. As shown in Fig. 1.16(a), the shrink of the volume
of electron FSs from x = 1.0 to 0.41 is demonstrated. Since the number of charge carrier
does not change with x, the size of hole FSs is expected to shrink equally to the electron FSs
maintaining electroneutrality although the dHvA signals from hole pockets are not observed in
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Figure 1.16: P-concentration dependence of (a) dHvA frequencies of electron FS sheets (α and β)
F (kT) related to the FS cross-sectional area and (b) the effective mass of the quasiparticle [90].
The dotted line in Fig. 1.16(a) represents the x-dependence of the frequencies expected from
the band calculation. The green point indicates the data for x = 0 from Ref. [91].

this report. Together with the shrink of electron FSs, the enhancement of the effective mass
of the quasiparticle are observed, whereas such an enhancement is not expected from the band
structure. These results suggest the enhancement of many-body effects such as AFM spin
fluctuations.

Following this, Analytis et al. reported the observation of one hole FS and two electron FSs
for x = 0.63 by dHvA measurement [92]. It is clarified that the stronger nesting than expected
by the band calculation exists even at x = 0.63 from the observation of equally warped hole FS
and inner electron FS. They also indicated that the effective mass on the hole FS is about twice
as much as that on the electron FS.

dHvA signals from all of the FS sheets were firstly reported by Arnold et al. for BaFe2P2

(x = 1) [93]. They observed that even for the non-SC composition x = 1, one of the hole sheets
is almost perfectly nested with the inner electron FS, similar to that found for x = 0.63. The
results for x = 0.63 and 1 suggest that the nesting is probably a necessary but not sufficient
ingredient for superconductivity.

Another powerful experimental probe with unique capability to resolve in energy-momentum
space and image electronic structures of materials is ARPES (Angle-Resolved Photoemission
Spectroscopy). Yoshida et al. investigated the three dimensionality of the FSs of BaFe2(As1−xPx)2
with nearly optimal x = 0.38 via ARPES [94]. The effective mass enhancement is 2-3 on the
electron FS and 2.5-4 on the hole FS, consistent with the results of dHvA measurements [90; 92].
One of the observed hole FS β is 2D with dzx/yz orbital character, resulting in the good nesting
with the outer 2D electron FS δ with dxy as shown in Fig. 1.17(b), whereas the orbital char-
acter of each FS is different. On the other hand, another hole FS γ is three-dimensional (3D)
with d3z2−r2 , resulting in the bad and partial nesting with electron FSs. These results suggest
that the three dimensionality and the difference in orbital character of FSs make the nesting
condition worse.
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(d)

Yoshida et al.
Ye et al.

Figure 1.17: A cross section of FSs of BaFe2(As0.62P0.38)2 (a) for kX − kY (b) for kz − k||
investigated by ARPES [94]. These FSs have different orbital characters: dzx/yz for the β FS,
dxy for the δ FS, and d3z2−r2 for γ FS around the Z point, while d3z2−r2 orbital character is
almost absent in the electron FSs. Dotted line represents hole FSs shifted by the AFM nesting
vector (black arrows). Partial nesting between adjacent electron FSs δ is indicated by a pink
arrow. (c) The carrier density contributed by individual bands. (d) The total carrier density in
BaFe2(As1−xPx)2 and Ba0.6K0.4Fe2As2 for comparison.

Ye et al. reported ARPES experimental results that P substitution induces significant
changes in dimensionality and orbital character of the FS, together with an expanding be-
havior of both hole and electron pockets and a suppression of electron correlation [95], which
are consistent with the previous dHvA measurements [90]. They also found the sizable increase
of holes with P substitution from x = 0 to 0.5 (Fig. 1.17) by counting the FS volume, which is
not expected in the ordinary picture of isovalent doping. One possibility for hole doping they
raised is that, for lightly P-doped case, the local lattice distortion induced by P dopant localize
electrons [96] and thus introduces extra holes into the system. An alternative possibility is that
the hole doping effect is extrinsic: The actual composition of BaFe2(As1−xPx)2 they used for
their experiments is not stoichiometric but Ba : Fe : (AsP) = 1 : 2.1 : 1.9 instead, indicating
that there are some vacancies or interstitial ions in the system that could induce carriers.

Chemical Pressure versus Physical Pressure

Since P substitution results in the contraction of lattice constants, i.e., chemical pressure without
carrier-doping [83], it is important to compare this effect with physical pressure effect. Measure-
ments of Tc on BaFe2(As1−xPx)2 system under hydrostatic pressure via bulk AC susceptibility
were reported from Klintberg et al [97]. The pressure dependence of several P concentrations
in BaFe2(As1−xPx)2 ranging from 0 ≤ x ≤ 0.48 all point toward an identical maximum Tc of
31 K as shown in Fig. 1.18. This demonstrates that P substitution and physical pressure result
in similar SC phase diagram, and that P substitution does not induce suppression of Tc due to
substantial impurity scattering.
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(a) (b)

Figure 1.18: Tc-pressure phase diagram of BaFe2(As1−xPx)2 at P contents of (a) x = 0.20 [97]
and 0.23 [97] together with x = 0 of which data are taken from resistivity measurements for
comparison [98] and (b) x = 0.35 [99], 0.48 [97]. Inset of the right figure shows a schematic of
the four chosen P contents in relation to the SC dome with Tc vs x data taken from Ref. [100].

1.3.2 Antiferromagnetic State

There are few experimental reports focusing on the AFM ordered phase of BaFe2(As1−xPx)2 so
far. Ishida et al. referred to the physics of AFM phase in their report of systematic resistivity
measurements for Ba122 family [101]. The resistivity of the parent BaFe2As2 exhibits an abrupt
decrease below TS = TN = 143 K associated with the transition from the tetragonal paramagnetic
(PM) phase to the orthorhombic AFM phase. The decrease in the resistivity despite the loss of
carrier density is due to a reconstruction of the FS in the AFM phase that generates high-mobility
carriers, which dominate the charge transport. They investigated the comparative study of Co, P,
and K doping effects by tracing the doping evolution of the in-plane resistivity and its anisotropy.
As shown in Fig. 1.19(a)-(f), they observed the doping evolution of residual resistivity (RR) that,
for all the three cases, RR initially increases with increasing doping x whereas the increasing ratio
of RR against x represents a large difference. These results indicate that the magnitude of RR,
or the strength of the impurity scattering by dopant atoms, gets smaller as the dopant site moves
further away from the Fe plane. From comparison of the suppression rate of TN and increasing
rate of RR, they concluded that a disorder effect plays a substantial role in the suppression of the
AFM phase. Considering the fact that the AFM ordering is also suppressed by the application of
hydrostatic pressure [98], a change in the lattice parameters with doping could be another driving
force. However, with further doping, RR starts to decrease, accompanied by the appearance
of superconductivity as can be seen in Fig. 1.19(a)-(c). In addition, they measured the in-
plane anisotropy of resistivity for each compounds (Fig. 1.19(g)-(i)). Originally, the resistivity
anisotropy was considered to arise directly from the intrinsically anisotropic electronic state
of the AFM ordered phase. For the Co-doped system, the resistivity along the shorter b-axis
(ρb) with FM spin alignment is always higher than that along the longer a-axis (ρa) with AFM
spin alignment (Fig. 1.19(g) and Ref. [102]). They found that the resistivity anisotropy at low
temperatures almost vanishes for post-annealed clean BaFe2As2. These results suggest that the
resistivity anisotropy originates from the anisotropic impurity scattering by doped Co atoms/
crystal defects. Extended measurements of in-plane anisotropy to P- and K-doped compounds
clarified a sizable anisotropy for P-doped one and almost no anisotropy for K-doped one as
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Figure 1.19: Doping dependence of the residual resistivity (RR) of (a) Ba(Fe1−xCox)2As2, (b)
BaFe2(As1−xPx)2, and (c) Ba1−xKxFe2As2. Dashed lines indicate the increases in RR upon
doping. The increasing rates (indicated by the slopes) are also shown. (d)-(f) Phase diagrams
for the three compounds based on the in-plane resistivity measurements. Also shown are the
suppression rates of AFO (antiferromagnetic orthorhombic) ordering (−dTS/dx). (g)-(i) In-
plane resistivity anisotropies of selected compounds: (g) post-annealed Ba(Fe0.98Co0.02)2As2;
(b) as-grown BaFe2(As0.87P0.13)2; (c) as-grown Ba0.84K0.16Fe2As2. (j)-(k) Resistivity anisotropy
∆ρ = ρb−ρa plotted as a function of temperature for (j) Ba(Fe1−xCox)2As2 with x = 0, 0.02, and
0.04 and (k) BaFe2(As1−xPx)2 with x = 0.13 and Ba1−xKxFe2As2 with x = 0.16. (l) Difference
in the residual component of the in-plane resistivity (∆ρ0 = ρb − ρa) at low temperature as
a function of the RR. ρth0 indicates the threshold value of the RR at which the resistivity
anisotropy appears.

shown in Fig. 1.19(g)-(k). From these measurements, they summarized the relationship between
RR, as a measure of disorder introduced by dopant atoms and lattice defects, and the in-plane
anisotropy of resistivity ∆ρ0 ≡ ρb − ρa in Fig. 1.19(l). With increasing RR above the threshold
residual resistivity ρth0 ∼ 50 µΩcm, ∆ρ0 increases linearly. This supports their scenario that the
in-plane anisotropy is induced by disorder in FeAs-layer, and gives the new insight that when
the impurity potential is too weak, the unusual anisotropic impurity state is not formed.

1.3.3 Superconducting State: Gap Structure

One of the most important question concerning the iron-based superconductors is what is the
interaction that glues the electrons into Cooper pairs. Conventional phonon-mediated pairing
leads to the SC gap opening all over the FS, while unconventional pairing mechanisms, such as
spin-fluctuation-mediated one, can lead to a gap which has opposite signs on some regions of
the FS. The sign changing is a result of the anisotropic pairing interaction which is repulsive in
some momentum directions. In iron pnictides, the FS has disconnected hole and electron sheets
and hence the condition for a sign-changing gap can be fulfilled without nodes. In fact, a simple
picture based on spin fluctuations predicts a distinct type of unconventional order parameter
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Figure 1.20: (a) The temperature dependence of the normalized superfluid density λ2(0)/λ2(T )
for BaFe2(As0.67P0.33)2 [103]. The linear dependence (broken line) can be seen up to T/Tc ∼ 0.05.
The temperature dependence including the deviation from linear dependence below T/Tc ≤ 0.05
is fitted with the line node model considering the contribution from the disorder. The upper
inset displays the data Upton Tc. BaFe2(As1−xPx)2 indicates apparently different behavior from
full gap behavior of (Ba0.45K0.55)Fe2As2. The lower inset shows ∆λ(T ) ≡ λ(T ) − λ(0) at low
temperatures for two different samples of x = 0.33 (shifted vertically for clarity). (b) Thermal
conductivity divided by temperature κ/T is plotted against T 2 at zero field (main panel) and
on a linear T axis (inset). The solid lines are the fit to the T 2 dependence. The reported data of
(Ba0.75K0.25)Fe2As2 (Tc ≈ 30 K (Ref. [74]) and the phonon contribution estimated in BaFe2As2
(Ref. [104]) are also shown. (c) Residual κ0(H)/T vs H/Hc2. Also shown are the results for
Tl2Ba2CuO6+δ (Ref. [105]), (Ba0.75K0.25)Fe2As2 (Ref. [74]), and Nb (Ref. [106]). Inset shows
the same data in BaFe2(As0.67P0.33)2 plotted against (H/Hc2)

1/2. The line represents the
√
H

dependence.

with a sign change between the sheets, known as an s± state [31; 77]. In this case, each FS is
fully gapped, preventing low-energy excitations of quasiparticles. Thus, knowledge of the SC
gap structure is a major step toward identification of the pairing interactions.

Penetration depth

The penetration depth λ is related to the superfluid density ns: ns ∝ λ−2. The information of the
SC gap structure can be obtained from the temperature dependence of the superfluid density.
Hashimoto et al. investigated the SC state of BaFe2(As1−xPx)2 with optimal concentration
x = 0.33 by measuring the penetration depth. They showed the linear temperature dependence
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Figure 1.21: Panel (A): (a) Angular variation of κ(ϕ) in BaFe2(As0.67P0.33)2 with a fit to κ(ϕ) =
κ0 + κ2ϕ + κ4ϕ (solid line). The sinusoidal curves with one minimum (two minima) represent
the twofold (fourfold) term obtained by the fitting. The inset illustrates the measurement
configuration. (b) The magnitudes of κ2ϕ and κ4ϕ at 2 K are plotted against the field magnitude
H. (c)-(e) The fourfold term κ4ϕ at µ0H = 2 T. (f)-(h) κ4ϕ at T = 2 K. Panel (B): (a)-(c)
Electron FSs of BaFe2(As1−xPx)2. The shading represents the in-plane Fermi velocity vabF . Note
that the flat parts of the outer electron sheets near point A have high vabF values. Possible node
positions are indicated by white lines. For kz = 0 and ±2π/c, electron surface cross sections
are approximately elliptical, as (d)-(g). (d), (e) When the nodes are on the flat part, the field-
induced states near all nodes (filled red circles) have a comparable contribution to the heat
current for H ∥ q (d) and for H ⊥ q (e), so that the twofold component of κ is nearly absent.
(f), (g) When the nodes are on the sharp ends, the field-induced DOS is small for nodes with vF
nearly parallel to H (crosses). The nodes with more quasiparticles (filled circles) have a different
angle between vF and q for the two field orientations, leading to a dominant twofold anisotropy.
(h) Comparison of κ(ϕ) for the two cases with the scattering rate γ = Γ/2πTc = 0.01, phase
shift of scattering δ = 60◦, and the ratio of interband to intraband scattering δv = 0.9. These
figures are taken from Ref. [107]

of the superfluid density indicative of the existence of line nodes in the SC gap as shown in
Fig. 1.20(a) [103].

Thermal conductivity

Hashimoto et al. also measured the thermal conductivity of x = 0.33 in zero-field and revealed
the existence of the finite residual density of states (RDOS) at zero-temperature which corre-
sponds to 30 % of the density of states in the normal states as shown in Fig. 1.20(b). Moreover,
they observed the sublinear field dependence of the RDOS N(H) ∝

√
H due to Doppler shift of

quasiparticle as shown in Fig. 1.20(c) expected in case where the SC gap has line nodes.

Qiu et al. performed thermal conductivity measurements on a heavily underdoped x = 0.18
sample and observed a large residual linear term at κ0/T at zero field and a

√
H dependence of
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Figure 1.22: Field dependence of γ(= C/T ) of BaFe2(As0.7P0.3)2 at 2 K, 1.5 K, and 0 K
determined by the extrapolation of the finite temperature data over the range 1.5 < T < 5
K. The fitting functions of the data are labeled beside the curves. This figure is taken from
Ref. [109].

κ0(H)/T as the ones reported by Hashimoto et al. Taking into account these results, the nodal
superconductivity seems to be robust at least in the underdoped regime.

Yamashita et al. provided a possible answer to the question that which part of the FSs has
the line nodes [107]. They surveyed in-plane field-angle dependence of thermal conductivity for
optimal concentration x = 0.33 and found distinct fourfold oscillations with minima when the
field is directed at ±45◦ with respect to the tetragonal a-axis. Combined with the results of the
superfluid density ρs [103], specific heat C [108], the band-structure calculation, and guided by
comparison with the theoretical predictions for angular variations of κ for different FS shapes
and nodal structures, they concluded that the nodal lines form closed loops at the flatter part
of the outer electron pocket near the intersection of the electron pockets with the Γ−X line as
shown in Fig. 1.21.

Specific heat

Kim et al. reported the results of specific heat measurement for the single crystal from the
same batch which Hashimoto et al. used for penetration depth and thermal conductivity mea-
surements. The low-temperature specific heat C/T related to RDOS N(0) indicates H-linear
dependence indicating that BaFe2(As0.7P0.3)2 is a fully gapped superconductor. This result
seems to be inconsistent with the results of penetration depth and thermal conductivity mea-
surements. However, more precise measurements at low fields by Wang et al. revealed the
presence of a Volovik-like

√
H term which persists roughly over a range of 4 T, crossing over

to a linear behavior above this scale (Fig. 1.22) [109]. The crossover from sublinear to linear H
dependence can be understood by a multiband calculation in the quasiclassical approximation
assuming gaps with different momentum dependence on the hole- and electron-like FSs and thus,
does not compete with the other experimental results suggesting the nodal gap structure but
rather supports those claims.

Neutron Scattering

The first inelastic neutron scattering measurement on polycrystalline sample with x = 0.35 (Tc =
30 K) was reported by Ishikado et al. [111]. The spin resonance which is theoretically expected
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Figure 1.23: Energy spectra of χ′′(q, ω) (a) above and (b) below Tc. The dashed lines in (a) are
fits obtained using χ′′(q, ω) = χ0Γ~ω/[Γ2 + (~ω)2], and those in (b) are guides to the eye. (c)
Doping dependence of the bandwidth of the resonance dispersion along L for various iron-based
superconductors (see references in Ref. [110]). Energies are normalized by kBTc, and the doping
levels are normalized by the levels where AFM disappears (xm). The xm values are assumed to
be 29%, 5.6%, 4%, and 25% for P-, Co-, Ni-, and K-doped samples, respectively. The optimum
doping level (xopt) is depicted by arrows. These figures are taken from Ref. [110].

to appear in the s±-wave iron-based superconductor without line nodes [28; 112] is observed
at Q = (0.5, 0.5) in the tetragonal notation below Tc. In addition, the resonance enhancement
(the enhancement of dynamical spin susceptibility at the resonance energy χ′′(Eres = 12 meV)),
which is a measure of the area of sign reversal between the hole and electron FSs, is a factor of
∼ 1.7. This value is comparable to those of other iron-pnictide system without line nodes [113;
114]. These facts indicate that the sign reversal between the FSs is still dominant and the line
nodes create only a limited area of sign reversal on a single FS. However, the interpretation of
the enhancement of magnetic signal is also given by s++-wave gap symmetry in terms of the
absence of inelastic quasiparticle scattering just on the gap [80; 115]. Therefore, determination
of SC gap symmetry from inelastic neutron scattering is considered to be difficult, although this
experimental technique provides many of important information.

Quite recently, Lee et al. also reported an inelastic neutron scattering measurement on
BaFe2(As1−xPx)2 with x = 0.34 single crystals (Tc = 29.5 K) [110]. In the normal state,
well-defined commensurate magnetic signals are observed at (π, 0) ((0.5, 0.5, L) in tetragonal
notation), which is consistent with the nesting vector of the FS. Once the system goes below
Tc, a clear spin gap with resonance energies dispersing along the c-axis is observed as shown in
Fig. 1.23(b). They found that the resonance dispersion becomes larger with approaching the
AFM ordered phase universally in all SC BaFe2As2, indicating that this dispersive feature is
attributed to the 3D AFM correlations (Fig. 1.23(c)). Their results suggest a strong relationship
between magnetism and superconductivity.

ARPES

The pairing mechanism will be reflected in the momentum dependence of the SC gap properties.
Spin fluctuation mechanism predicts strongly orbital-dependent SC gap magnitude [32; 77],
while orbital fluctuations eliminate such orbital dependence [79; 119; 120]. Because each FS
sheet in iron pnictides has a distinct d-orbital character, probing the FS dependence of the SC
gap magnitude will be a test for identifying the contribution of the orbital fluctuations in the
electron pairing. Shimojima et al., reported the FS dependence of the SC gap magnitude of
BaFe2(As0.65P0.35)2 by using bulk-sensitive laser-ARPES [117; 121]. As shown in Fig. 1.24(a),
the FS angle dependence of SC gap ∆ indicates the fully gapped nature of the three hole FSs
in BaFe2(As0.65P0.35)2. Considering the nodal SC gap symmetry proposed by the penetration
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Figure 1.24: (a) FS angle dependence of the SC gap magnitude in each hole FS for x = 0.35.
Inset shows the definition of the FS angle θ. (b) SC gap observed on the hole FSs with various
kz in x = 0.30. (c) SC gap anisotropy observed in x = 0.30 taken at hv = 40 eV for (c) inner and
(d) outer electron FSs around the X point. (e) The Fermi surface angle is defined so that the
direction from X to Γ is θFS = 0. (f) SC gap value ∆ determined from ARPES experiment of
Ref. [116] for all the FSs of BaFe2(As1−xPx)2. These figures are adopted from Refs. [116; 117].
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(d)

(c)
(b)

(e)

(f)

Figure 1.25: (a) False-colour plots of the gap distribution on the FSs of BaFe2(As0.7P0.3)2. The
SC gap of BaFe2(As0.7P0.3)2 versus on (b) the α, (c) β and (d) γ hole FSs and on (e) the
δ and (f) η electron FSs for BaFe2(As0.7P0.3)2 as functions of kz. The solid lines are fits to
∆1| cos(kxa) cos(kya)|+∆2 cos(kzc). These figures are adopted from Ref. [118].

depth, thermal conductivity [103] and NMR [122], their results rule out d-wave symmetry and
imply the possible presence of line nodes in electron FSs around zone corners. This result is
consistent with the angle-resolved thermal conductivity measurement which showed the presence
of looped line nodes on electron FS [107]. The ∆ of each hole FS is comparable to the common
reduced gap value of 2∆/kBTc ∼ 3.0. The remarkable feature is the coincidence of ∆ in the
three hole FSs. The size and this characteristic behavior in SC gaps are observed independently
of the kz values, indicating SC gaps are almost orbital-independent.

Yoshida et al. have done more systematic ARPES measurements on x = 0.30, revealing a
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peculiar momentum-dependent anisotropy in the SC gap. The large anisotropy found only in
the electron FS (Figs. 1.24(c) and 1.24(d)) and the nearly isotropic gap on the entire hole FSs
(Fig. 1.24(b)) are together consistent with modified s± gap with nodal loops.

On the other hand, the direct observation of a horizontal circular line node on the largest
hole Fermi surface around the Z point at the Brillouin zone boundary has been reported by
Zhang et al. as shown in Fig. 1.25 [118]. In addition, they did not find any nodes on electron
FSs despite their extensive survey. Their results are inconsistent with the angle-resolved thermal
conductivity results [107] and the above ARPES results [116; 117; 121] this problem is not fully
settled at present.

Theoretical Works on Nodal Gap Structures

Both vertical loop nodes and horizontal nodes are supported by theories [123; 124; 125; 126; 127].

Especially, Suzuki et al. investigated the SC gap structure within the spin-fluctuation-
mediated pairing mechanism [126]. They found that the gap is basically s±, but when the hole
FS around Z point having a strong 3z2 − r2 orbital character becomes larger by P substitution,
the SC gap on that FS exhibits 3D nodal structures. Since the 3z2 − r2 orbital does not play
an important role in spin-fluctuation-mediated superconductivity, this explains why Tc in the
isovalent P doping system is relatively high despite the presence of nodes. This picture is
consistent with the above ARPES results by Zhang et al. [118]

On the other hand, Saito et al. obtained a nodal s-wave state in the crossover region between
the orbital-fluctuation-mediated s++-wave and spin-fluctuation-mediated s±-wave states. They
showed the appearance of loop-shaped nodes on the electron FSs by considering the competition
between orbital and spin fluctuations [125]. This picture is consistent with the results of angle-
resolved thermal conductivity and recent ARPES studies by Yoshida et al. [107; 116]

Therefore, in case the nodes exist on hole FSs, the superconductivity is spin-fluctuation-
mediated type, while in case the nodes exist on electron FSs, the superconductivity would be
induced by cooperation or competition between spin and orbital fluctuations.

1.3.4 Superconducting State: Quantum Criticality

In two families of high-temperature superconductors, cuprates and iron-pnictides, supercon-
ductivity emerges in close proximity to an antiferromagnetically ordered state, and Tc has a
dome-shaped dependence on doping or pressure [59; 62; 131]. What happens inside this SC
dome is still a matter of debate. In particular, elucidating whether a quantum critical point
(QCP) is hidden inside it may be key to understanding high-Tc superconductivity. A QCP marks
the position of a quantum phase transition, a zero-temperature second-order phase transition
driven by quantum fluctuations.

Hashimoto et al. have reported a sharp peak in the x-dependence of the London penetration
depth λL at zero temperature in BaFe2(As1−xPx)2 at x = 0.30, where Tc reaches a maximum as
displayed in Fig. 1.26(a) [128]. This structure may arise from quantum fluctuations associated
with a QCP even existing inside the SC dome (Fig. 1.26(c)). The ratio of Tc/TF at x = 0.30
is enhanced, implying a possible crossover toward the Bose-Einstein condensate limit driven by
quantum criticality (Fig. 1.26(d)) [48; 128; 129], where TF is the Fermi temperature..

Following the report by Hashimoto et al., Walmsley et al. also reported the existence of
a peak structure at x = 0.3 in BaFe2(As1−xPx)2 by a combined study of specific heat and
dHvA effect as shown in Fig. 1.26(b) and ensured that the sharp peak in the inverse superfluid
density [128] in this system results from a strong increase in the quasiparticle mass at the QCP.
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Hashimoto et al.
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Hashimoto et al.

Walmsley et al.

Figure 1.26: (a) penetration depth λ2L(0) in the zero-temperature limit determined by three
different methods: aluminum coating method (black diamonds), microwave cavity perturba-
tion technique (blue circles), and the low-temperature slope of the change of the penetration
depth with temperature (red squares, right-hand scale) [128]. Different points for the same x
correspond to different crystals from the same batch, but for some of the microwave and the
low-temperature slope data we used the same crystals. Error bars shown for x = 0.64 rep-
resent typical experimental errors largely resulting from uncertainties in the determination of
geometrical factors. (b) Mass enhancements as derived from specific heat, dHvA, and microwave
magnetic penetration depth measurements [129]. (c) Phase diagram of BaFe2(As1−xPx)2. With
increasing x, TN decreases down to zero at x = 0.30. The red shaded region at around x = 0.30
represents the region where the resistivity, ρ(T ) = ρ(0) + aTn, is close to unity, which is a
hallmark of a non-FL. The composition dependence of the effective Fermi temperature TF and
renormalized mass m∗/m0 determined by dHvA oscillations [90] are also plotted. (d) Uemura
plot. Tc is plotted as a function of TF for various superconductors [130]. They used an average
of the Al coating and microwave data for BaFe2(As1−xPx)2. The data for x ≥ 0.30 (red circles)
and for x < 0.30 (red squares) bridge a gap between the conventional superconductors such as
Nb and cuprate high-Tc superconductors such as (La,Sr)2CuO4 (214), YBa2Cu3O7−δ (123), and
Bi2Sr2Ca2Cu3Oy (2223). x = 0.30 represents the data at the QCP. The dashed line is the BEC
temperature for the ideal 3D boson gas. (Inset) Composition dependence of Tc/TF (left axis)
or BEC temperature (right axis). Green and light blue dashed lines mark the Tc/TF values for
underdoped cuprates 123 and for the conventional superconductor Nb. Brown arrow represents
Tc/TB = 0.7 for superfluid 4He.

1.3.5 Electronic Nematic State

Quite recently, unexpected in-plane anisotropy have been observed even above TS, i.e., in the
tetragonal phase in some “122”-type iron pnictides [133; 134; 135; 136]. Such state is called
“electronic nematic state” by an analogy from nematic phase of liquid crystal, in which the
rotational symmetry is broken into twofold while the translational symmetry remains unbroken.
However, the resistivity measurements were performed in the tetragonal phase under uniaxial
stress, which itself breaks the 90◦ rotational C4 symmetry. Therefore, the question remains
open whether the nematicity can exist above TS without an external driving force. Kasahara
et al. reported magnetic torque measurements of BaFe2(As1−xPx)2 without any uniaxial stress,
showing that the nematicity develops well above TS and, moreover, persists to the non-magnetic
SC regime. They extracted the finite twofold oscillation component in in-plane field angle
dependence of torque τ2ϕ. The extracted amplitude of the twofold oscillation |A2ϕ| grows rapidly
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(a)

(b)

(c)

Figure 1.27: (a) Phase diagram of BaFe2(As1−xPx)2. Crosses indicate the nematic transition
temperature T ∗ determined by the torque and synchrotron X-ray diffraction measurements.
(b) Temperature dependence of the twofold oscillation amplitude |A2ϕ| of the torque (blue
circles in upper panels), the FWHM and peak intensity (red and green circles in middle panels,
respectively) of the synchrotron X-ray Bragg reflection, the in-plane resistivity ρ (black lines
in lower panels), and the torque amplitude for θ rotation (pink circles in lower panels) are
shown for x values of 0.33, 0.27, 0.23, 0.14 and 0. The nematic transition temperature T ∗ and
the meta-nematic transition temperature TS are defined by red and grey vertical dashed lines,
respectively, as well as by arrows in the upper panels. (c) Temperature dependence of lattice
distortion δ = (a− b)/(a+ b). These figures are taken from Ref. [132].

below T ∗ as shown in Fig. 1.27(c). They also determined the direction of nematicity to be
along [110]T direction in the tetragonal basis, that is, Fe-Fe bond direction (Fig. 1.27(b), inset).
Anomalies at T ∗ can also be seen in the synchrotron X-ray diffraction measurements, in which the
full width at half maximum (FWHM) of the higher-order Bragg peaks grows below T ∗ (middle
panel of Fig. 1.27(c), red circles), accompanied by the suppression of the peak intensity (middle
panel of Fig. 1.27(c), green circles). They quantified the orthorhombicity δ = (a− b)/(a+ b) in
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x = 0.33
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Figure 1.28: (a) Temperature-dependent σ1(ω) of BaFe2(As0.67P0.33)2 [137]. The arrow de-
notes the frequency above which σ1(ω) displays slight increase due to pseudogap (PG). (b)
Phase diagram of BaFe2(As1−xPx)2 with the critical temperatures of the PG formation T ∗

PG

(blue markers) and inequivalent energy shift in zx/yz orbitals T ∗
O (an orange marker) obtained

by laser-ARPES. Square symbols represent nematic transition temperature T ∗
Nem obtained by

torque magnetometry [132]. (c) Symmetrized and normalized energy distribution curves for
x = 0.07. The temperature-dependent depression of the spectral weight is indicated by the
black shaded area. (d) Temperature dependence of the energy position of the two hole-bands.
Critical temperature T ∗

O where the two hole-bands start to shift is estimated to be 160 ∼ 180 K.

the nematic state by fitting the X-ray data with two-peak procedure and found δ ∼ 0.0004 as
shown in the upper panel of Fig. 1.27(d).

Subsequently, Moon et al. reported the formation of a pseudogap (PG) in the excitation spec-
trum of BaFe2(As1−xPx)2 for x = 0.33 below ∼ 100 K from infrared studies of charge dynamics
(Fig. 1.28(a)) [137]. Correspondingly, recent ARPES experiments revealed the appearance of PG
from T ∗

PG well above TS (Fig. 1.28(c)) as well as its evolution with P substitution (Fig. 1.28(b)).
In addition, the PG is accompanied by inequivalent energy shifts in zx/yz orbitals of iron atoms,
indicative of a peculiar iron orbital ordering which breaks the fourfold rotational symmetry.

At this moment, the rotational symmetry breaking in the so-called “nematic” state has been
already reported in spin [132], lattice [132], and Fe-3d orbital degrees of freedom [138] together
with the pseudogap formation [137; 138]. Their observations suggest that different degrees of
freedom are highly entangled with each other in this BaFe2(As1−xPx)2 system and hence it is
important to take all of them into account for understanding physics in iron pnictides.
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Chapter 2

Nuclear Magnetic Resonance

In this chapter, the fundamental principles of our experimental technique, Nuclear Magnetic
Resonance (NMR), are briefly explained.

2.1 An Isolated Single Nuclear Spin

Most of the elements on the periodic table possess a nuclear spin angular momentum I. The
nuclear spin causes a nuclear magnetic moment µ as follows:

µ = gnµnI = γ~I. (2.1)

Here, gn denotes an effective g-factor of the nucleus, µn = 5.05 × 10−27 JT−1 is the nuclear
magneton, and ~ = h/2π = 1.055×10−34 Js represents the reduced Planck constant. The nuclear
gyromagnetic ratio γ combines all the prefactors of Eq. (2.1) to an isotope-specific constant. The
nuclear magnetic moment couples to an external magnetic field H via the Zeeman interaction,
given by the following Hamiltonian:

HZ = −µ0µ ·H = −γ~µ0I ·H, (2.2)

where µ0 = 4π× 10−7 TmA−1 is the vacuum permeability. In quantum mechanics, I should be
replaced by the operator Î with the eigenvalues m~. Assuming that the external field is aligned
along the z-direction: H = Hez, one arrives at:

Hz = −γ~µ0ÎzH (2.3)

Em = −γ~µ0H⟨I,m|Îz|I,m⟩ = −mγ~µ0H (m = I, I − 1, · · · ,−I + 1,−I), (2.4)

and obtains the corresponding (2I + 1) equidistantly split energy levels as shown in Fig. 2.1.
Since the matrix elements between states |I,m⟩ and |I,m′⟩ of the operator Îz vanish unless
m′ = m ± 1, transitions between these levels are allowed only for ∆m = ±1. To undergo such
transitions, the system has to absorb the energy ∆E = ~ωL, where ωL = γµ0H is the so-called
Larmor frequency.

47



2.2 Collective Spin System

Since the observation of a radio frequency absorption by a single nuclear spin is unrealistic,
we have to discuss the circumstances of collective spins in materials. In thermodynamic equi-
librium, the nuclear magnetic energy levels Em given by Eq. (2.4) are occupied obeying the

Boltzmann distribution p(m) = exp
(
−Em
kBT

)
, where kB is Boltzmann constant. The resulting

unequal occupation of the energy levels leads to a nuclear spin polarization ⟨Îz⟩ and hence to a
nuclear magnetization Mz:

Mz = Nspinγ⟨Îz⟩ = Nspinγ

m=+I∑
m=−I

~m exp(−Em/kBT )

m=+I∑
m=−I

exp(−Em/kBT )

≈ Nspinγ
2~2I(I + 1)

3kBT
µ0H, (2.5)

where Nspin represents the number of spins in the unit volume. The intensity of NMR signal
is directly related to Mz. NMR spectra can be obtained by tracking the change of the signal
intensity by sweeping excitation energy ~ω around ~ωL. The spectral shape provides various
information of electronic states at around target nuclei.
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2.3 Nuclear Spin Hamiltonian

Hereafter, we consider the interactions among the nuclear spins and with their electronic envi-
ronment which cause shifts and broadenings of the nuclear magnetic energy levels Em. In other
words, such interactions shift the resonance frequency. The total Hamiltonian is expressed as:

H = HZ + Hn−e + Hn−n + HQ, (2.6)

where HZ denotes Zeeman interaction between a nucleus and a static magnetic field, Hn−e is the
interaction between the nuclear and the electron spins and between the nuclear spins and orbital
momenta, Hn−n is the interaction between nuclear spins, and HQ is the electric quadrupole in-
teraction. Each of the interactions except the already introduced Zeeman interaction is discussed
in the following part.

2.3.1 Magnetic Hyperfine Interaction: Hn−e

Hn−e includes the interaction of the nuclear spin with the spins and the orbital moments of the
electrons via hyperfine coupling mechanisms. Together with the first term (the Zeeman term)
of Eq. (2.6), one obtains:

HZ + Hn−e = −γ~I(1̂+ K̂)µ0H, (2.7)

with K̂ being the Knight shift tensor and 1̂ being the unit tensor. Here, we assume that the
quantization axis is along the principal axis of the EFG tensor. The different contributions to the
Knight shift K are divided into the spin shift Kspin, the orbital shift Korb, and the diamagnetic
shift Kdia:

K = Kspin +Korb +Kdia. (2.8)

Kspin and Korb come from the hyperfine interaction Hhf between a nuclear spin I and the
electron spin s and the orbital angular momentum l of an electron being at a distance r from
the nucleus:

Hhf = γγe~2I ·

[
1

r3

(
3(s · r)r

r2
− s

)
+

8π

3
sδ(r) +

8π

3

∑
i

{|ψ↑
i (0)|

2 − |ψ↓
i (0)|

2}s+
l

r3

]
. (2.9)

Here, γe represents the gyromagnetic ratio of electron, ψ↑
i (0) and ψ

↓
i (0) indicate wave functions

at r = 0 for up and down spins of i-th electron, respectively.

The Spin Shift

The first term in Eq. (2.9) describes the dipolar interaction between the nuclear spin and the
electronic spin leading to a dipolar shift Kdip. A (point) dipolar approximation can however
only be made if the distance between the nuclear spin and the electronic spin is large enough.
This is the case for p-, d-, and f -orbitals, but not for s-electrons, which exhibit a finite spin
density at the nuclear site.

The direct coupling between the nuclear spin and the spin of unpaired s-electrons is described
by the second term in Eq. (2.9) which is called the Fermi contact interaction. The shift resulting
from this interaction, KFermi, is proportional to the existence probability of the s-electron at
the nuclear site, expressed by the squared modulus of the electronic wave function at r = 0:
|ψ(r = 0)|2. Spins from unfilled outer electronic shells will polarize closed s-shells, leading to
the so-called core polarization term Kcore, which acts in the same way as the Fermi contact
contribution does, but with opposite sign. Kcore is negative, while KFermi is positive. Both
terms are isotropic, while the dipolar interaction and the resulting Kdip depend on the relative
orientation of the crystal to the applied magnetic field and are therefore anisotropic. KFermi

49



and Kcore are subsumed into the isotropic part of the NMR shift, Kiso, since they are usually
not distinguishable one from another. All three contributions Kdip, KFermi, and Kcore are only
caused by the interactions between the spin of the nucleus I and the spin of the electron s. No
angular momentum l is involved in these three shifts. They are therefore combined to form the
spin part of the NMR shift:

Kspin = Kdip +KFermi +Kcore. (2.10)

The spin parts of the Hamiltonian (2.9), combining interactions between a nuclear spin at site
i, Ii, and an electron spin at site j, sj (and thus referring to Kspin), can be expressed as:

Hspin = −IiÂijsj , (2.11)

where Âij is the hyperfine coupling tensor. To be more general, s can be replaced by its expec-
tation value ⟨s⟩ = χspinH. It follows, that the spin part of the NMR shift Kspin is proportional
to the static spin susceptibility χspin(q = 0, ω = 0):

Kspin =
Ahf

NAµB
χspin. (2.12)

In the metallic state, the static spin susceptibility χspin corresponds to the temperature-independent
Pauli spin susceptibility of the conduction electrons χP = 2µ2BN(EF), where N(EF) denotes the
electronic density of states at Fermi energy.

The Orbital Shift

The last term of Eq. (2.9) represents the orbital interaction between the nuclear spin I and
the angular momentum l of the electron. In contrast to the diamagnetic shift, originating from
current loops in inner orbitals, where the angular momentum is quenched, the orbital shift Korb

is due to current loops from electrons which possess a static angular momentum l. For transition
metal ions in crystal fields, the orbital moment of the conduction electrons is also quenched.
An external magnetic field can however partially reconstruct an orbital moment by mixing the
ground state with low lying excited states. This is the so-called Van Vleck paramagnetism which
leads to an orbital shift of the form:

Korb = 2⟨r−3⟩χVV, (2.13)

where χVV is the temperature-independent Van Vleck paramagnetic susceptibility. Korb is thus
temperature-independent.

The Diamagnetic Shift

The diamagnetic shiftKdia stems from the diamagnetism of the closed inner electronic shells (ion
cores) and the Landau diamagnetism of the conduction electrons. It is temperature-independent
and rather small (of the order of ∆ω/ω ≈ 10−5). In solid state NMR of magnetic and conducting
materials, other contributions to the Knight shift are usually much larger and the diamagnetic
shift can be neglected.

2.3.2 Interaction between Nuclear Spins: Hn−n

The coupling between two nuclear spins Ii and Ij , Hn−n, can be divided into two parts, a direct
dipolar coupling between nuclear spins and an indirect coupling:

Hn−n = H dir
n−n + H indir

n−n =

N∑
i<j

{
~2γ2

r3ij

[
Ii · Ij − 3

(Ii · rij)(Ij · rij)
r2ij

]
+ IiâijIj

}
, (2.14)
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where rij represents a vector from Ii to Ij .
The first term is the direct dipolar Hamiltonian giving rise to a homogeneous broadening of

the resonance line. The dipolar broadening width is typically of the order of a few Gauss [139]
and independent of the applied magnetic field.

The second term is the indirect coupling between nuclei mediated via electrons although the
exact expression of the coupling tensor âij depends on the detailed mechanism. The typical
example of the indirect coupling is so-called RKKY (Ruderman, Kittel, Kasuya and Yosida)
interaction. In this case the prefactor aij of the scalar part of Hamiltonian becomes:

aαα(rij) =
1

(~γe)2
∑
q

χ′
α(q)|Aαα(q)|2 exp(−iq · rij), (2.15)

with α = x, y, z. It is proportional to the real part of the static, q-dependent susceptibility
χ′
α(q) of the electronic system, which mediates the coupling between the nuclear spins via the

hyperfine coupling Aαα(q).
The analysis of the spin-spin relaxation rate (1/T2G)

2 ∝ |a(rij)|2 in conductors (especially for
cuprate superconductors, one can obtain (1/T2G)

2 ∝ |a(rzz)|2 ∝ (χ′
z(q))

2 for H0 || z) is therefore
a measure of χ′

α(q) and thus complementary to measurements of the spin-lattice relaxation rate
1/T1, which itself yields information about the imaginary part of the dynamic, q-dependent
susceptibility χ′′(q, ω) (for detail, see Section 2.6).

2.3.3 Electric Quadrupole Interaction: HQ

The last term of Eq. (2.6), HQ describes the electric quadrupole interaction between the
quadrupole moment of the nucleus, Q, and the electric field gradient (EFG) Vαβ :

HQ =
1

6

∑
αβ

V i
αβQ

i
αβ . (2.16)

Vαβ is caused by the surrounding charge distribution of the nucleus. It is given by Vαβ =
∂2V
∂α∂β

∣∣
r=0

, where V is the electrostatic potential and α, β = x, y, z. In its principal axes system
(X,Y, Z) the tensor Vαβ can be described by its diagonal elements VXX , VY Y , and VZZ . Since
the potential V has to fulfill Laplace’s equation: ∇2V = 0, the EFG is traceless:

VXX + VY Y + VZZ = 0. (2.17)

It can therefore be described by using only two parameters. It is common to use the convention
|VZZ | ≥ |VY Y | ≥ |VXX | and then take VZZ ≡ eq and the asymmetry parameter:

η =
VXX − VY Y

VZZ
0 ≤ η ≤ 1, (2.18)

for the adequate description of the EFG. Then, Eq. (2.16) becomes:

HQ =
1

6

∑
α

VααQαα. (2.19)

In a cubic symmetry as well as for a spherically symmetric charge distribution (s-electrons
for instance), VXX = VY Y = VZZ = 0. The quadrupole interaction vanishes in these cases.

The quadrupole moment of the nucleus, Qαα, describes deviations of the nuclear charge
distribution from a spherically symmetric distribution. It is defined as:

Qαα =

∫
ρ(r)(3α2 − r2)d3r, (2.20)
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where ρ(r) is the charge density at a distance r away from the origin of the nucleus. Q is finite
only for nuclei with I ≥ 1 in a non-cubic environment.

The Hamiltonian of the quadrupole interaction, HQ, can be written as:

HQ =
hνZ
6

[
(3I2Z − I2) +

η

2
(I2+ + I2−)

]
, (2.21)

where Z refers to the Z-axis in the principle axis system of the EFG, I+ and I− are raising and
lowering operators, respectively, and νZ is the quadrupole frequency defined as:

νZ =
3eQVZZ

2I(2I − 1)h
=

3e2qQ

2I(2I − 1)h
. (2.22)

In a strong magnetic field H, where νZ ≪ ωL/2π, HQ can be treated as a perturbation of HZ.
In first order, the change of the m-th energy level is given by:

E(1)
m =

eQVzz
4I(2I − 1)

[3m2 − I(I + 1)]

(
I ̸= 1

2

)
, (2.23)

where Vzz is the component of the EFG parallel to the direction of the applied magnetic field.
Expressing Vzz in the principal axis system of the EFG by using the polar and azimuthal angles
θ and ϕ which describe the orientation of the principle axis system of the EFG with respect to
the laboratory axis system of the external magnetic field:

Vzz = VXX sin2 θ cosϕ+ VY Y sin2 θ sinϕ+ VZZ cos2 θ, (2.24)

and inserting the definitions of η and νZ given in Eqs. (2.18) and (2.22), one arrives at [140]:

E(1)
m (θ, ϕ, η) =

hνZ
4

(3 cos2 θ − 1− η sin2 θ cos 2ϕ)

[
m2 − 1

3
I(I + 1)

]
. (2.25)

These energy changes result in a splitting of the NMR resonance line into 2I resonance lines,
where adjacent lines are separated by a frequency proportional to νZ , whose absolute value
depends on the orientation of the principle axes of the EFG relative to the direction of the applied
magnetic field. This first-order quadrupole shift is given by the difference Em/h−Em−1/h [140]:

∆(1)νm(θ, ϕ, η) =
νZ
2

(
m− 1

2

)
(3 cos2 θ − 1− η sin2 θ cos 2ϕ). (2.26)

Note that the resonance frequency of the central transition
(
m = −1

2 ↔ +1
2

)
remains unaffected

in first-order, and according to Eq. (2.25) both levels
(
m = ±1

2

)
are shifted by the same amount

of energy. The intensity of each of the 2I resonance lines depends on m.

The change of the m-th energy level in second order, E
(2)
m , can be found for instance in

Ref. [140]. For η = 0, E
(2)
m is odd in m, which means that the distance between the satellites

does not change even when considering second-order effects. Only the resonance frequency of
the central transition shifts.

Finally, Fig. 2.1 summarizes all possible interactions introduced above and their influence
on the energy levels.
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I = 3/2

m = +3/2

m = +1/2

m = -1/2

m = -3/2

hf0 hf0(1+K) hf0(1+K)
hf0(1+K)

hf0(1+K)+hνQ

hf0(1+K) - hνQ

E

f0 f0 f0(1+K) f0(1+K) f0(1+K) f0(1+K)+νQf0(1+K) - νQ
f f f f

ℋZ     +     ℋn-e     +     ℋn-n    +      ℋQ

Figure 2.1: Summary of all possible interactions, their influence on the nuclear magnetic energy
levels and the resulting NMR spectra for I = 3/2, η = 0, θ = 0◦ and Vzz ̸= 0 under the condition
that HQ ≪ HZ. Note that the choice of a positive Knight shift K is arbitrary.
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2.4 Resonance Frequency

Including the second-order quadrupole shift, the resonance frequency corresponding to the m↔
m− 1 transition can be generally written as [140]:

fm↔m−1(θ, ϕ) =f0(1 +Kiso) (Isotropic Knight shift)

+
f0
2

[
K1(3 cos

2 θ − 1) +K2 sin
2 θ cos 2ϕ

]
(Anisotropic Knight shift)

+
νZ
2

(
m− 1

2

)
(3 cos2 θ − 1− η sin2 θ cos 2ϕ) (1st-order quadrupole shift)

+
ν2Z

f0(1 +Kiso)

{
1

32
sin2 θ (C cos2 θ −B)

+
η

48
sin2 θ (C cos2 θ +B) cos 2ϕ (2nd-order quadrupole shift)

+
η2

72

[
A− (A+B) cos2 θ − C

4
sin4 θ cos2 2ϕ

]}
. (2.27)


f0 =

γµ0H
2π

Kiso =
KX+KY +KZ

3 A = 24m(m− 1)− 4I(I + 1) + 9

K1 =
2KZ−KX−KY

3 B = 6m(m− 1)− 2I(I + 1) + 3

K2 = KX −KY C = 4A+B

 (2.28)

In this study, we use 31P nuclei with I = 1/2 and 75As nuclei with I = 3/2. It is useful to
express Eq. (2.27) for specific cases of 31P (I = 1/2) as

31f 1
2
↔− 1

2
(θ, ϕ) = f0

(
1 +KX sin2 θ cos2 ϕ+KY sin2 θ sin2 ϕ+KZ cos2 θ

)
(2.29)

= f0

(
1 +Kiso +K1

3 cos2 θ − 1

2
+K2

sin2 θ cos 2ϕ

2

)
, (2.30)

and of 75As (I = 3/2) as

(Center line: m = 1
2)

75f 1
2
↔− 1

2
(θ, ϕ) =f0

(
1 +Kiso +K1

3 cos2 θ − 1

2
+K2

sin2 θ cos 2ϕ

2

)
+

ν2Z
f0(1 +Kiso)

[
3

16
sin2 θ(1− 9 cos2 θ)− η

8
sin2 θ(1 + 9 cos2 θ) cos 2ϕ

− η2

48
(8− 12 cos2 θ − 9 sin4 θ cos2 2ϕ)

]
(2.31)

(Electric quadrupole frequency defined as a half of satellite peak splitting)

ν(θ, ϕ) =

75f 3
2
↔ 1

2
(θ, ϕ)−75 f− 1

2
↔− 3

2
(θ, ϕ)

2
=
νZ
2
(3 cos2 θ − 1− η sin2 θ cos 2ϕ). (2.32)
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2.5 Spin-Echo

Experiments in this study were performed with Hahn spin-echo technique. Every magnetic
moments µ = γI exposed to a static magnetic field H0 parallel to z-axis experiences a torque T :

T =
dI

dt
= µ0µ×H0. (2.33)

For the nuclear magnetization M = Nµ = NγI, the equation of motion results in:

dM(t)

dt
= µ0γ(M(t)×H0). (2.34)

Its solution is a precession of M around H0 with the precession angular frequency ωL = µ0γH0.
By applying a circularly polarized field H1 with the rotation frequency ω perpendicular to H0

by the NMR coil, the total magnetic field during the application of H1 becomes:

H = H0 +H1 = H1 cosωt x+H1 sinωt y +H0 z. (2.35)

It is convenient to go from the fixed laboratory reference frame S to a new frame S′ rotating
with the frequency ω around z′ = z axis. We consider without loss of generality in the following
that H1 is fixed along x′. Then, the effective magnetic field in S′ is given by:

(H)S′ = H1x
′ +

(
H0 +

ω

µ0γ

)
z′. (2.36)

Now The magnetization precesses around this effective field. In the case of ω = −ωL = −µ0γH0,
the effective field becomes (H)S′ = H1 and the magnetization precesses around H1 with the
precession frequency ω′ = −µ0γH1 in S′ frame. The angle of tilt of the magnetization by apply-
ing H1 is given by α = ω′tp = −µ0γH1tp. If we choose the pulse duration time tp and the pulse
field strength H1 carefully, it is possible to flip the magnetization from the thermal equilibrium
state M =M0z into the y′-(−µ0γH1tp = π/2) or z-direction (−µ0γH1tp = π). These are called
90◦-(π/2-) and 180◦-(π-)pulse, respectively. After the disturbance by the radio frequency pulse,
Mz reduces while Mx and My appear, and then they relax back to its thermodynamic equilib-
rium M = (0, 0,Mz). The decay of Mx and My can be described by the spin-spin (transverse)
relaxation time T2, while the recovery of Mz back to M0 can be characterized by the spin-lattice
(longitudinal) relaxation time T1. The relaxation equations in the laboratory system S are:

dMx(t)

dt
= −Mx(t)

T2
dMy(t)

dt
= −My(t)

T2
dMz(t)

dt
= −Mz(t)−M0

T1
. (2.37)

Putting Eq. (2.37) together with Eq. (2.34) describing the precession of M around H, one can
obtain the Bloch equations [141]:

dMx(t)

dt
= µ0γ(M(t)×H)x −

Mx(t)

T2
dMy(t)

dt
= µ0γ(M(t)×H)y −

My(t)

T2
dMz(t)

dt
= µ0γ(M(t)×H)z −

Mz(t)−M0

T1
. (2.38)
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After emitting a short pulse and rotatingM0z to y′-direction, the derived signal ofM0y
′, which

is a so-called free-induction-decay (FID) signal, decays very fast in most cases because of local
inhomogeneities of the magnetic field.

In this study, however, the following Hahn spin echo method having some advantages over
detecting FID signal was employed. The pulse sequence of this method is shown in Fig. 2.2.
A first 90◦-pulse applied along the x′-axis flips the magnetization from its equilibrium position
into the x′y′-plane (Fig. 2.2(b)). Due to spin-spin interactions and local field inhomogeneities
the individual moments rotate with different speeds within the x′y′-plane and thus begin to
dephase (Fig. 2.2(c)). This induces the FID signal in the coil. Subsequently the transverse
magnetization Mxy decreases. After a time τ , a 180◦-pulse is applied to the system again along
x′ (Fig. 2.2(d)). It flips the different components of the transverse magnetization within the x′y′-
plane, such that they will refocus at the time 2τ and give rise to the spin echo, whose intensity
is related to the magnitude of Mxy(2τ) (Fig. 2.2(e)-(g)). There are two big advantages of the
Hahn spin echo versus the direct observation of the FID. Firstly, the influences of local field
inhomogeneities, which are static on the time scale of the measurement, cancel out due to the
refocusing. Only intrinsic effects of spin-spin interactions remain as a source for the reduction of
Mxy(2τ). The FID decays with the time T ∗

2 , containing intrinsic spin-spin interactions and the
effects of inhomogeneities of the static magnetic field and electric field gradient (EFG). On the
contrary, the intensity of the Hahn spin echo can be used to measure the spin-spin relaxation
time T2. Secondly, since the spin echo appears at a time distance τ away from the last pulse, it
is not superimposed by possible tails of the pulses during their fall time and its observation is
not hindered by the dead time of the detection electronics.

In this study, the saturation recovery method was used for the measurement of T1. In this
method, first, the nuclear magnetization is saturated by applying a number of saturation 90◦-
pulses. Then, by changing the interval time P1 between saturation pulse and first 90◦-pulse, the
time evolution of M(P1) is recorded. The obtained M(t) recovery curve is fitted to the equation
for specific nuclear spin I, which will be introduced in subsection 3.2.2 in detail.
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Figure 2.2: Sketch of the Hahn spin echo pulse sequence on a time scale (upper panel) and the
corresponding movement of the nuclear magnetization in the rotating frame system S′ (lower
panel).

Figure 2.3: Pulse sequence of saturation recovery method for the measurement of T1.
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2.6 Nuclear Spin-Lattice Relaxation

The nuclear spin system has weak thermal coupling with the electronic system. Through the
coupling, heat supplied to the nuclear spin system by radio-frequency pulses flows into the
electronic system, and the excited nuclear spin system relaxes for a characteristic time scale T1.
The nuclear spin-lattice relaxation rate 1/T1 contains important information concerning with
the dynamics of the electrons at the FS.

When the nuclear spin system is relaxed by the magnetic fields induced by the electronic
spins δH, the transition probability is formulated by using the Fermi’s golden rule as:

Wm,ν↔m+1,ν′ =
2π

~
∣∣⟨m, ν|γ~I · δH|m+ 1, ν ′⟩

∣∣2 δ(Em + Eν −Em+1 − Eν′). (2.39)

With this transition probability, 1/T1 is defined as:

1

T1
=
∑
ν,ν′

2Wm,ν↔m+1,ν′

(I −m)(I +m+ 1)
=
γ2

2

∫ ∞

−∞
dt cosω0t

⟨
δH+(t)δH−(0) + δH−(t)δH+(0)

2

⟩
. (2.40)

When fluctuation-dissipation theorem is adopted to Eq. (2.40), the general representation for
1/T1 is obtained:

1

T1
=

2γ2kBT

(γe~)2
∑
q

AqA−q
χ′′
⊥(q, ω0)

ω0
. (2.41)

Here, Aq, χ
′′
⊥(q, ω0), and ω0 are the hyperfine coupling constant in q space, the imaginary part

of dynamical susceptibility, and the NMR frequency, respectively.
The q dependence of Aq is weak, when 1/T1 is measured at the site where electronic spins

locate. However, it should be taken into account, when 1/T1 is measured at ligand nuclei. The
hyperfine field from the neighboring sites is expressed as:

Aq =
∑
n

An exp(iq · rn), (2.42)

where n and rn represents the neighboring nuclear sites, and the position of them, respectively.
For instance, the calculated result of the form factor for the As site in the FeAs layer of iron
pnictides is shown in Sec. 4.1.2.

The temperature dependence of 1/T1 has been studied by using the self-consistent renor-
malization (SCR) theory. The SCR theory is available when the electronic system is close to a
magnetic instability. The dynamical susceptibility assumed in this theory is formulated as:

χ(Q+ q, ω) =
χ(Q)

1 + q2Aχ(Q)− iωq−θCχ(Q)
. (2.43)

The dynamical susceptibility is expanded in q space around Q, which represents the ordering
wave vector. When the magnetic ordering is ferromagnetic (Q = 0), θ = 1 is used to calculate
χ(q, ω), and when it is antiferromagnetic (Q > 0), θ = 0. The parameters A and C are
determined self-consistently to minimize the free energy. The temperature dependence of 1/T1
above the magnetic transition is derived using the renormalized dynamical susceptibility. The
results depend on the dimensionality and the θ values. The temperature dependence anticipated
from the SCR theory is listed in Table 2.1.
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Table 2.1: Temperature dependence of 1/T1T of two- and three-dimensional itinerant magnets
anticipated from the SCR theory. TC indicates Curie temperature of ferromagnets and TN is
Néel temperature of antiferromagnets.

2D 3D

FM 1
T1T

∝ 1
(T−TC)3/2

1
T1T

∝ 1
T−TC

AFM 1
T1T

∝ 1
T−TN

1
T1T

∝ 1√
T−TN
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2.7 NMR in the Superconducting State

In a superconducting (SC) state, thermally excited quasiparticles contribute to the Knight shift
K and the nuclear spin-lattice relaxation rate 1/T1. If an SC order parameter ∆ exhibits k-
dependence which becomes zero for some directions, the density of states for quasiparticle is
given by,

Nsc(E) =
N0E

4π

∫ 2π

0

∫ π

0

sin θdθdϕ√
E2 −∆2(θ, ϕ)

(2.44)

where E is the quasiparticle energy, which is determined as E2 = ϵ2 +∆2 (ϵ is the energy of a
single electron), and N0 is the density of states in the normal state. The angle dependence of
the SC gap for each type of symmetry is schematically shown in Fig. 2.4 and listed below:

(s-wave) ∆(θ, ϕ) = ∆0 Nsc(E) =


N0E√
E2−∆2

0

(E ≥ ∆0)

0 (E < ∆0)
(2.45)

(axial p-wave) ∆(θ, ϕ) = ∆0 sin θe
iϕ Nsc(E) =

N0E

2∆0
ln

∣∣∣∣E +∆0

E −∆0

∣∣∣∣ (2.46)

(polar p-wave) ∆(θ, ϕ) = ∆0 cos θ Nsc(E) =

{
N0E
∆0

sin−1 ∆0
E (E ≥ ∆0)

πN0E
2∆0

(E < ∆0)
(2.47)

(2D d-wave) ∆(θ, ϕ) = ∆0 cos 2ϕ Nsc(E) =
N0E

2π

∫ 2π

0

dϕ√
E2 −∆2

0 cos 2ϕ
(2.48)

The resulting energy dependence of Nsc is also shown in Fig. 2.5(a) for each case. The tempera-
ture dependence of the Knight shift (or, spin susceptibility χspin) and the relaxation rate in the
SC state can be computed from the following equations with using N(E) calculated above:

Kspin =
Ahf

NAµB
χspin = −4µBAhf

N

∫ ∞

∆(T )
Nsc(E)

∂f(E)

∂E
dE, (2.49)

χspin = −4µ2B

∫ ∞

∆(T )
Nsc(E)

∂f(E)

∂E
dE, (2.50)

1

T1
=
πA2

hf

~N2

∫ ∞

∆(T )

(
1 +

∆2
0

E2

)
Nsc(E)2f(E)(1− f(E))dE. (2.51)

Here, f(E) is the Fermi distribution function. The term
(
1 +

∆2
0

E2

)
in Eq. (2.51) is referred to as

the coherence factor, which is derived from the spin flip process of unpaired electrons through
the interactions between the unpaired electrons and Cooper pairs. Since the single-particle
DOS Nsc(E) has a singularity at the gap edge E = ∆ and the existence of the coherence factor,
Eq. (2.51) leads to a singularity of 1/T1 at T = Tc. This is the so-called Hebel-Slichter coherence
peak. In general, the coherence peak is absent except for conventional s-wave superconductivity
with isotropic gap.

In the case of s±-wave superconductivity often discussed in the gap symmetry of iron-based
superconductors, however, the coherence peak can be severely suppressed due to the opposite of
gap sign between the hole and electron FSs although the existence of isotropic gaps [142]. For
simplicity, we assume the SC gaps of the electron and hole FSs have an identical amplitude with
opposite sign, ∆e = −∆h = ∆0, and also assume the same s-wave DOS between the electron
and hole FSs, N e

sc = Nh
sc =

E√
E2−∆2

0

. We further assume that inter-band scatterings due to the
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nesting give dominant contributions to 1/T1. Then, we can express Eq. (2.51) as:

1

T1
∝
∫ ∞

∆(T )

(
1 +

∆e∆h

EE′

)
E2

E2 −∆2
0

f(E)(1− f(E′))dE (2.52)

=

∫ ∞

∆(T )

E2 −∆2
0

E2 −∆2
0

sech2
(
E

2T

)
dE (2.53)

=

∫ ∞

∆(T )
sech2

(
E

2T

)
dE. (2.54)

As T decreases, the integral decreases monotonically, resulting in a reduced Hebel-Slichter co-
herence peak. In principle, measurements of the temperature dependence of 1/T1 at low temper-
atures can help to distinguish types of SC pairing. For s-wave superconductivity, 1/T1 exhibits
an activated temperature dependence, as expected from the existence of an isotropic gap. For
point-node superconductors, Nsc(E) ∝ E2 for E ≪ ∆0, leading to 1/T1 ∝ T 5. For line-node
superconductors, Nsc(E) ∝ E for E ≪ ∆0, leading to 1/T1 ∝ T 3. For line-node superconduc-
tors with a finite residual density of states (RDOS) induced by disorder, Nsc(E) ≈ const. for
E ≪ ∆0, leading to 1/T1 ∝ T . These differences arise from quasiparticle excitations near the
gap nodes, and are summarized in Fig. 2.5(b) and in what follows:

1

T1
∝


exp(−∆0/kBT ) for s-wave isotropic gap

T 5 for point-nodal gap

T 3 for line-nodal gap

T for line-nodal gap with RDOS

(2.55)

In iron pnictide superconductors, however, the above discussion cannot be adopted eas-
ily. Since iron pnictides are multi-band system having two electron-like and three hole-like
FSs and each of them can possibly have different gap structures, i.e. nodal/nodeless and
isotropic/anisotropic gaps, the temperature dependence of 1/T1 below Tc is expected to show
complicated behavior contributed from summation of these different gaps with different weight
and gap amplitudes. In the case of an anisotropic SC gap model incorporated with impurities
or a multi-SC gap effect [143; 144; 145], the behavior of 1/T1 at low temperatures changes from
T 5 to T 2. Therefore, it is very difficult or almost impossible to decide gap structures from the
exponent of temperature dependence of 1/T1 at low temperatures, while 1/T1 ∝ T and the
coherence peak just below Tc can nevertheless be seen as the direct evidence of the existence of
RDOS and the isotropic gap with no nodes, respectively [142; 146].
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Figure 2.4: Schematic images of various SC gap symmetry. Red and blue lines indicate the
SC gap with opposite sign to each other. Grey points represents the position of the node. (a)
Isotropic s-wave SC gap on a 3D isotropic FS typically observed in the BCS superconductors.
(b) Axial p-wave SC gap with point nodes on the 3D isotropic FS. (c) Polar p-wave SC gap with
a line node on an 3D isotropic FS. (d) Isotropic 2D s±-wave gap structure with opposite sign of
gaps. (e) s±-wave gap with accidental nodes. (f) d-wave gap typically observed in the cuprate
high-Tc superconductors. Grey arrows in (d)-(f) represent the nesting vectors.
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Figure 2.5: (a) Energy dependence of the quasiparticle density of states in SC state. A broken
line indicates the residual density of states (RDOS) induced by disorder in the sample. (b)
Temperature dependence of normalized 1/T1 in the SC state for each gap symmetry.
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Chapter 3

Experimental

This Chapter will introduce elements needed for NMR experiments such as magnets, cryogenics,
probes, and electronics specifying which setup would be used particularly for the measurements
done in this work. An overview of the samples used for the measurements will be also given.

3.1 Measurement Equipment

3.1.1 Magnets and Cryogenics

During the course of this thesis, four NMR magnets have been used. One magnet (Oxford
Instruments) can be fixed to any desired magnetic field value between 0 and 15 T by adjusting the
current through its large SC coil. Magnetic field homogeneity is of the order of ∆H/H ∼ 10−3.
Another one (Cryomagnetics, Inc.) also has variable magnetic field system between 0 and 15 T.
The homogeneity is ∆H/H ∼ 10−5. Persistent mode where the SC circuit is closed keeping eddy
current value constant and power supply is turned off can be available in these two magnets. In
persistent mode, the current in the SC coil decays with ∼ 1 ppm/h. The third one is the split-
type magnet (Wang NMR Inc.) with variable magnetic field system between 0 and 8 T. We can
investigate the field angle dependence of single crystals by rotating an NMR probe horizontally.
Its field homogeneity is as high as ∆H/H ∼ 10−5. These magnets are the systems of our group
in Kyoto University. The last one (Cryomagnetics, Inc.) is the magnet of CNRS-LNCMI group
in Grenoble, which is variable field system from 0 to 17 T. The homogeneity is ∆H/H ∼ 10−5.
Persistent mode is also available and the current decay is less than 1 ppm/h. These four magnets
are summarized in Table 3.1. For all magnets, the variable temperature insert (VTI) is directly

Table 3.1: Characteristics of four SC magnets used in this study.

Magnet Oxford Instruments Cryomagnetics Wang NMR Cryomagnetics

Lab. Kyoto Kyoto Kyoto Grenoble
Figure 3.2(a) 3.2(b) 3.2(c) 3.2(d)

Available field 0 - 15 T 0 - 15 T 0 - 8 T 0 - 17 T
Field direction longitudinal longitudinal transverse longitudinal

Rotator (Fig. 3.1) - Horizontal Horizontal -
Homogeneity ∼ 10−3 ∼ 10−5 ∼ 10−5 ∼ 10−5

Current decay in > 1 ppm/h ∼ 1 ppm/h - ≤ 1 ppm/h
persistent mode

Chapter 5, 6 5, 6 5, Appendix H 7
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(a) (b)

Angular

Scale

Figure 3.1: (a) Schematic description of the cryostat with a split transverse magnet (correspond-
ing to Fig. 3.2(c)) and an inserted NMR probe. (b) A photograph of the probe rotator mounted
on top of the cryostat. An NMR probe can be rotated horizontally with an accuracy of ±0.5◦.

(a) (b) (c) (d)

Figure 3.2: Photographs of the magnets for our NMR measurements. (a) 15 T SC magnet
(Oxford Instruments) which produces a vertical field. (b) 15 T SC magnet with high homogeneity
(Cryomagnetics). (c) Split-type 8 T magnet (Wang NMR) equipped with horizontal rotator.
(d) 15 T SC magnet with high homogeneity in CNRS-LNCMI NMR group laboratory.

connected to the helium bath which cools the SC coil via a needle valve. The temperature
of the sample space is controlled with an Oxford ITC 503 (503S for the system in Grenoble)
temperature controller and by regulating the opening of the needle valve of the VTI and by
pumping. For heating the sample space quickly to the target temperature, we attached copper
cylinder covering the sample space to the probe head, around which Manganin wires are winded.

3.1.2 NMR Probes

A resonant circuit for NMR/NQR measurements has to fulfill two conditions: it must be tunable
to the desired frequency in the MHz-range and it must have an impedance of 50 Ω such that
it couples optimally to the rest of the electronic measurement equipment. This ensures that
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the power is optimally coupled into and out of the resonant circuit, which leads to optimal
sensitivity and avoids reflecting power back to the amplifier. Various NMR probes were used for
measurements according to the desired frequency and the required additional equipment such
as the matching capacitor and the sample rotator. Each of these probes was equipped with one
out of two different types of resonant circuits (see Fig. 3.4): one containing a variable cylindrical
capacitor for the tuning and a mutual inductance coupling loop (Fig. 3.4(a)); and one containing
two trimmer capacitors for tuning and impedance matching (Fig. 3.4(b)). The approach of the
circuit A (Fig. 3.4(a)) is mutual inductive coupling. The circuit consists of the NMR coil L1, a
one- or two-turn loop coil L2 tightly winded around L1, an Ohmic resistance R, and the tuning
capacitor CT. This method requires no electrical connection to the main tuned circuit. The
circuit B (Fig. 3.4(b)) consists of the coil L, resistance R, and the tuning capacitor CT in series.
Parallel to both is the matching capacitor CM. The total serial impedance is

Z = iωL+
1

iωCT
+R. (3.1)

In order to achieve the resonance frequency ω = ωR, |Z| has to be minimal, i.e.

iωRL+
1

iωRCT
= 0 ⇒ ωR =

1√
LCT

. (3.2)

Thus, the tuning to the measurement frequency is done by changing CT (NMTM120CEK,
Voltronics Corp.), while the impedance of 50 Ω is reached by changing CM (NMQM22GEK,
Voltronics Corp.). A resonant circuit composed of two capacitors is advantageous because
it covers a broad frequency range, due to their wide capacity range (2 to 120 pF in the
case of the probes used in this study). For instance, the measurements on single crystalline
BaFe2(As1−xPx)2 ranged from 43 MHz (75As) up to 104 MHz (31P) at µ0H = 6 T and from 107
MHz (75As) up to 260 MHz (31P) at µ0H = 15 T without changing coil in each case.

(a) Probe I

(b) Probe II

(c) Probe III (d) Probe IV

Figure 3.3: Photographs of (a) NMR probe I , (b) probe II, (c) probe III, (d) probe IV.
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Four different NMR probes shown in Fig. 3.3 are used throughout the study of this thesis.
Characteristics of each probe are summarized in Table 3.2.

Table 3.2: Characteristics of four different NMR probes used in this study.

Probe Rotator Circuit type Thermometer Chapter

I (User4) - A CERNOX-1050-AA 5, 6
II (X45385) - A CERNOX-1050-AA 5, 6

III (Grenoble) one-axial rotator B CERNOX (T < 200 K), 7
(PTFE) PT (platinum) (T ≥ 200 K)

IV (X87709) one-axial rotator B CERNOX-1050-AA Appendix
(brass) H

3.1.3 NMR Coils

All the NMR measurements in this study were performed by using solenoidal copper coils.
The desired frequency and the size of the sample for each measurement strongly restrict the
configuration of the coil. In principle, a solenoidal coil with the sample inside has the following
characteristic inductance

L =
µN2S

l
=
µlS

ϕ2d
=
µ0(1 + ξfillχ)lS

ϕ2d
, (3.3)

where ϕd represents the diameter of copper wire, N number of turns, S cross section area,
l = Nϕd length, and µ = µ0(1 + ξfillχ) magnetic permeability of the sample with susceptibility
of the sample χ and the filling factor ξfill. Hence the resonance frequency of the LC circuit is

f =
1

2π
√
LC

=
ϕd

2π
√
µ0(1 + ξfillχ)lSC

. (3.4)

The coil length l and area S should be adjusted to the sample length and sample area as
close as possible because the filling factor directly relates to the strength of NMR signal. This
defines the configuration (namely, l and S) of the coil. Thus, the desired frequency is obtained
by adopting appropriate diameter of the copper wire ϕd. Since the excitation pulse field H1 is

L R

CTCM
L1L2

CT

R

(a) (b)Circuit A Circuit B

Figure 3.4: Schematic drawing of the resonance circuits. CT, CM, and R represent tuning,
matching capacitors, and resistance, respectively. Both L and L1 are inductors (NMR coils),
while L2 is a one- or two-turn loop for mutual inductance. (a) The circuit with a tuning capacitor
and a one- or two-turn loop coil. (b) The circuit with tuning and matching capacitors.

66



10 mm

1 mm(a) (b) (c)

~ 0.4 mm

Figure 3.5: (a) A typical copper coil for NMR measurement of polycrystalline sample used in
Chaps. 5 and 6. (b) An NMR coil with copper wire of ϕd = 50 µm for the NMR measurement
of the single crystal used in Chap. 7. (c) A schematic drawing of a single crystal (upper light
grey object) and an NMR coil with copper wire of ϕd = 50 µm for the measurement of single
crystal used in Appendix H.

applied perpendicular to the cross section of the NMR coil, this direction should be perpendicular
to the applied external magnetic field H to cause nuclei excitation. This means that we are
allowed to measure the external field orientation dependence only in the plane perpendicular
to H1. Because of the plate-like shape of the single crystal, a-c (or b-c) angle dependence can
be measured with the coil shown in Fig. 3.5(b) and a-b (in-plane) angle dependence can be
measured with the coil in Fig. 3.5(c).

3.1.4 Pressure Cell

In Chap. 6, NMR measurements on the pressurized sample with x = 0.20 were performed. To
apply pressure, we used a CuBe-NiCrAl hybrid piston-cylinder-type pressure cell as shown in
Fig. 3.6 [147]. The pressure cell can apply hydrostatic pressure up to p ∼ 2.5 GPa. Daphne
7373 was used as the pressure transmitting medium.

Sample

NMR coil

Sn

Manganin

CuBe plug

(a) (b) (c)

Figure 3.6: (a) A photograph of the pressure cell we used in Chap. 6. (b) A schematic drawing
of cross-section view of the pressure cell [147]. (c) A photograph of the attached NMR coil inside
the Teflon tube.

3.1.5 Electronics

Since high frequency pulses have to be generated and at the same time very weak echo signals
from the sample have to be detected, the setup of the electronic measurement equipment is
challenging. Figure 3.7 shows the main electronic elements of a typical NMR instrumental
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setup. The receiver is a super-heterodyne design to realize a very wide-band operation, and
has the symmetric layout for the transmitter (TX) and the receiver (RX). The transmitting
pulse is modulated by quadrature amplitude modulation (QAM). The receiving signal is de-
modulated by phase sensitive detectors (PSD). Network analyzers were also used before each
measurement to tune and match the resonant circuit to the desired frequency. Electronics used
in each measurement system are listed in Table 3.3.

Figure 3.7: Schematic diagram of a typical NMR instrumental setup.

68



Table 3.3: Electronics used in each measurement system.

Lab. Kyoto Kyoto Kyoto Grenoble
Magnet Oxford Instruments Cryomagnetics Wang NMR Cryomagnetics

Temperature Oxford Oxford Oxford Oxford
controller ITC 503 ITC 503 ITC 503 ITC 503S

Magnet Oxford Oxford Oxford Bouhnik SAS
power supply IPS 120-10 IPS 120-10 IPS 120-10 -

Amplifier Thamway Thamway Thamway Bruker BioSpin
N146-5049A N146-5559A N146-5049A BLAX1000

Signal Kenwood Kenwood Kenwood Hameg
generator SG-7130 SG-7130 SG-7130 HM8134-3

Temperature Cryocon Cryocon Cryocon Keithley
controller 62 32B 32 2000

DC Takasago Takasago Takasago Alim Dec.
power supply TP035-2D TP035-2 TP035-2 -

Receiver Thamway Thamway Thamway Lab-made
PROT-3202MR N320-804AA N320-804AA

Pulser Lab-made NI NI Lab-made
(Dr K. Kitagawa) CA-1000 CA-1000

Preamplifier Thamway Thamway Lab-made(Kitagawa) Miteq
N141-305AA N141-304AA LAN-4R3-NO.1 AU-1466

Oscilloscope Tektronix Tektronix Tektronix LeCroy
TDS 3012 TDS 2014B TDS 2004B WaveRunner 104Xi

Network Agilent Technologies Hewlett Packard Agilent
Analyzer E5061A or 8752C 8172ET
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3.2 NMR Measurement

All of our NMR experiments were performed with the spin-echo method using a super-heterodyne
type spectrometer. The nuclear parameters; spin I, gyromagnetic ratio γ, natural abundance,
magnetic moment µ(= γ~I), and electric quadrupole moment Q are listed for the nuclei used in
this study in Table 3.4 [140]. Our measurement system is connected to the computer via an USB-
port and controlled by C/C++ program “KAME” which is developed by Kentaro Kitagawa.

Table 3.4: Physical constants of nuclei used in this study [140].

spin Gyromagnetic Natural Magnetic Electric quadrupole
Nucleus I ratio γ abundance moment µ moment Q

[~] [MHz/T] [%] [µN] [1024 cm2]
31P 1/2 17.235 100 +1.1306 0
63Cu 3/2 11.285 80 +2.2206 −0.211
75As 3/2 7.2919 100 +1.4349 +0.29

3.2.1 NMR Spectrum and Knight Shift Measurement

NMR spectra were obtained by integrating Fourier-transformed spin-echo intensity as a function
of external field at a fixed frequency or as a function of frequency at a fixed magnetic field.

In Chapter 5 and 6, the Knight shift 31K which is the measure of the local susceptibility
at 31P nuclear site was determined from the peak frequency 31f of each resonance spectrum at
the fixed external field H0 by comparing the resonance frequency 31f0(=

31γµ0H0/2π) of the
reference material H3PO4 with K = 0 as follows:

31K =
31f − 31f0

31f0
. (3.5)

The measurement of H3PO4 was performed immediately after the 31f measurement to avoid
any slight change of magnetic field due to the drift or decay of the current in SC magnets.

In Chapter 7 and Appendix H, 75K and 31K, for As and P nuclei, respectively, were deter-
mined from the peak frequency 75f and 31f of each spectrum by comparing the peak frequency
63f of 63Cu-NMR signal with well-known value of 63K, which is from copper NMR coil itself,
as follows:

31K =
31f
31f0

− 1 =
31f

31γ
2π µ0H0

− 1 =
31f

31γ
2π

[
63f

63γ
2π

(1+63K)

] =
63γ
31γ

31f
63f

(1 + 63K)− 1 (3.6)

75K =

75f − 3ν2z
16 75f0

75f0
− 1 =

63γ
75γ

75f
63f

(1 + 63K)− 1− 3

16

[
63γ
75γ

νz
63f

(1 + 63K)

]2
, (3.7)

where the third term of the last equation is the correction for the second-order quadrupole shift
and νz is the quadrupole frequency along the principal axis (z-axis) of the EFG tensor. Note that
Eq. (3.7) is the expression for H0 ⊥ z. Here, the value of 63K at each temperature is estimated
by linear interpolation between 63K(300 K) = 0.002394 and 63K(4 K) = 0.00238 [140]:

63K = 0.00238 +
0.000014

296
× (T − 4). (3.8)
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Although 63Cu has the spin of I = 3/2, the electric field gradient 63Vαα = 0 because the crystal
structure of copper wire is face-centered cubic.

Since the coils used for the single-crystal measurements can be tuned from f ≈ 75γµ0H/2π

up to f ≈ 31γµ0H/2π and
75γ
2π <

63γ
2π <

31γ
2π (7.2919 < 11.285 < 17.235 MHz/T), all the signals

from 75As, 63Cu, and 31P nuclei can be detected in-situ with the identical coil.

3.2.2 Spin-Lattice Relaxation Rate Measurement

To measure the spin-lattice relaxation rate 1/T1, one has to change the spin population from their
thermal equilibrium values, for example by applying rf field, and then watch the populations
until the spin populations come back to equilibrium. In our experiments, we used the saturation
recovery method to measure the spin-lattice relaxation rate 1/T1. In this method, the spin
populations are driven to zero net nuclear magnetization by applying a number of π/2 pulses to
the nuclear-spin system.

The time evolution of the nuclear moment after saturation, M(t), can be described by a set
of standard rate equations. The equations are readily solved under the specific initial conditions
of an experiment. For 31P nuclei with a spin I = 1/2, the equation describing the return to
equilibrium is given by:

M(t) =M(∞)

[
1−A exp

(
− t

T1

)]
, (3.9)

whereM(∞) is the nuclear magnetization in the thermal equilibrium and a constant A represents
the initial saturation of the nuclear magnetization in the experimental conditions. The recovery
curve of 75As with I = 3/2 for m = 1/2 ↔ −1/2 is given by:

M(t) =M(∞)

{
1−A

[
0.1 exp

(
− t

T1

)
+ 0.9 exp

(
− 6t

T1

)]}
. (3.10)

However, for 31P-NMR measurement on some polycrystalline samples (mosaics of tiny pieces
of single crystal) of BaFe2(As1−xPx)2, the deviation of recovery curve from the theoretical curve
described by Eq. (3.9) starts to appear on approaching Tc, indicating the distribution of T1 in
the sample. In this temperature region with distributed T1, a stretched exponential fit to the
recovery curves is useful [148]: for 31P-NMR,

M(t) =M(∞)

[
1−A exp

(
− t

T ∗
1

)β
]
, (3.11)

and for 75As-NMR,

M(t) =M(∞)

{
1−A

[
0.1 exp

(
− t

T ∗
1

)β

+ 0.9 exp

(
− 6t

T ∗
1

)β
]}

, (3.12)

where the stretching exponent β is a measure of distribution in T1, which is in the range of
0 < β < 1. In case β > 1 was obtained from the fitting, we fitted the recovery curves again
with fixing β = 1, since β > 1 is physically meaningless. To avoid any arbitrariness, we used
Eqs. (3.11) and (3.12) for fit to the recovery curves at first at all the measured temperature in
this study. The detail of the stretched exponential function is discussed in Appendix A. Typical
recovery curves m(t) ≡ (M(∞)−M(t))/M(∞) of 31P and 75As for BaFe2(As1−xPx)2 is shown
in Fig. 3.8. A single component of T1 in the relaxation process was obtained across the measured
temperature range in the single crystal of BaFe2(As1−xPx)2 for x = 0.04 as shown in Figs. 3.8(a)
and 3.8(b). Also for the polycrystalline samples of x = 0.07, 0.14, and 0.20, the relaxation curves
were fitted with the theoretical curves of a single T1 component in the entire temperature range
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(Figs. 3.8(c) and 3.8(d)). On the other hand, the relaxation curves of x = 0.25, 0.27, and 0.33
showed deviation from the theoretical ones (Fig. 3.8(e) and 3.8(f)). A decrease of β from 1 starts
below ∼ 60 K for x = 0.25 and 0.27 and below ∼ 40 for x = 0.33 as shown in Fig. 3.9. After
taking minimum at Tc ∼ 30 K, β starts to increase on cooling down to the lowest temperature.
The deviation of T1 is mainly attributed to the spatial inhomogeneity of the doping level x.
Since TN, to which (T1T )

−1 diverges, changes steeply in the region 0.25 ≤ x ≤ 0.33 on the phase
diagram, even slight distribution of x causes strong distribution of T1 in the sample, resulting
in the bending of relaxation curves and hence a reduction of β. As discussed in Chap. 6, for the
region of β < 0.85, we measured T1 at the tail of

31P spectrum coming from AFM ordered region
with lower x in the sample and extracted a single component of T1 at AFM ordered state. For
x ≥ 0.41, where the divergence of (T1T )

−1 is weaker than in 0.25 ≤ x ≤ 0.33, β shows almost
no change against temperature (Fig. 3.8(g), (h) and Fig. 3.9 for x = 0.41 - 0.64) and β ≈ 1.
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Figure 3.8: Typical recovery curves m(t) ≡ (M(∞) −M(t))/M(∞) for BaFe2(As1−xPx)2. Ex-
perimental data of 31P (open circle) and 75As (open square) are fitted with theoretical curves
described by Eqs. (3.11) (solid red line) and (3.12) (solid blue line), respectively.
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Figure 3.9: Temperature dependence of the stretching exponent β for BaFe2(As1−xPx)2.
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3.3 Samples

3.3.1 Sample Preparation

All of the samples for NMR measurements in this work are provided by Shigeru Kasahara.
Single crystals of BaFe2(As1−xPx)2 with typical dimensions of 100× 100× 50 µm3 were grown
from stoichiometric mixtures of Ba (flakes), and FeAs, Fe, P, or FeP (powders) placed in an
alumina crucible, sealed in an evacuated quartz tube [83]. It was heated up to 1150− 1200 ◦C,
kept for 12 h, and then cooled slowly down to ∼ 800 ◦C at the rate of 1.5 ◦C/h. x values were
determined by an energy dispersive x-ray analyzer. The single crystals of BaFe2(As1−xPx)2 are
not so air-sensitive that any change of the physical properties due to exposure of the samples
to air was not discernible through this study. However, to make sure, all the samples are kept
with vacuum in the same desiccator.

For NMR measurements in Chap. 5 and 6 (x = 0.07, 0.14, 0.20, 0.25, 0.27, and 0.33)
as well as all the previous NMR measurements on BaFe2(As1−xPx)2 (x = 0.33, 0.41, 0.56,
0.64) [100; 146; 149; 150], we used a mosaic of single crystals for each P-concentration x. Each
mosaic of single crystals was put into a straw of which bottom is capped with fixed Araldite.
Varnish was poured into the straw in order to fix the alignment of the crystals randomly. The
fixed single crystals were covered with gauze and fixed with glue. The procedure for sample
preparation is schematically shown in Fig. 3.10(a). The actual appearance of a properly prepared
sample can be seen in Fig. 3.10(b). Each of the samples was inserted into the NMR copper coil.
The coil was attached to the probe head and the probe was inserted into the cryostat to perform
NMR measurement.

Straw

Araldite

Single

crystals

Varnish

Gauze

Glue

Gauze

Single

crystals

Araldite

(b)(a)

1 cm

Figure 3.10: (a) Schematic drawing of the process for sample preparation. (b) A photograph of
a prepared sample for NMR measurements.

3.3.2 Sample Characterization

The SC transition of the sample can be detected by recording the detuning of an NMR tank
circuit as a function of temperature. The tuning frequency of the NMR circuit with inductance
L and capacitance C is given by

ftune =
1

2π
√
LC

. (3.13)

If the inductance changes a small amount to L+ δL, the new frequency can be written as

ftune + δftune =
1

2π
√
(L+ δL)C

=
1

2π
√
LC
√(

1 + δL
L

) ≈ ftune

(
1− 1

2

δL

L

)
, (3.14)

where, for the last transformation, the expression was expanded for small values of δL to the first
order. The self-inductance of a solenoidal NMR coil can be described as L = µ0(1+ ξfillχ)lS/ϕ

2
d

(see Eq. (3.3)). Then, Eq. (3.14) can be rewritten as

δftune ≈ −1

2

δL

L
ftune = −1

2

ξfillδχ

1 + ξfillχ
ftune ∝ −δχ. (3.15)
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When doing NMR measurements we normally tune the tank circuit to the same frequency of
rf pulse H1 at the desired NMR resonant frequency f0. We use a network analyzer to monitor
the tuning frequency ftune as we vary temperature while maintaining constant C. When the
sample undergoes an SC transition, χ would become negative because of Meissner effects. By
tuning the circuit to a frequency of ftune(Tc) at a temperature slightly above Tc and observing
δftune ∝ −δχ (as shown above) with sweeping temperature down to ∼ 1.5 K, we can determine
the Tc’s of our samples with x = 0.14, 0.20, 0.25, 0.27, 0.33 using an identical NMR coil. SC
transitions were detected for x = 0.20, 0.25, 0.27, 0.33, 0.41, 0.56, and 0.64 although the change
in δf for x = 0.20 does not saturate even at the lowest temperature (1.5 K), suggesting a small
volume fraction of SC region in the sample of x = 0.20 (Fig. 3.11(a)). Determined Tc’s are
consistent with the resistivity measurement performed by S. Kasahara (Fig. 3.11(b)) [83].
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Figure 3.11: (a) The temperature dependence of Meissner signal measured with an NMR coil.
Saturations of δf at low temperatures indicate full Meissner shieldings. (b) The temperature
dependence of the resistivity for each P-concentration x [83]. The unpublished data for x = 0.04,
0.14 and 0.25 are also given by S. Kasahara.

Here, in Table 3.5, we summarize the sample weight, TNMR
N determined by NMR measure-

ments, TNMR
c,on determined by the onset temperature of detuning of an NMR coil, TRes

S defined

as the onset of upturn, TRes
N defined as the peak, and TRes

c,0 below which the zero-resistivity is
achieved. Further details of the characterization are described in experimental sections in each
chapter.
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Table 3.5: Sample weight and TNMR
N , TNMR

c,on determined by NMR measurements, TRes
S , TRes

N ,

and TRes
c,0 determined by the resistivity measurement for each x. TNMR

N for x = 0 is adopted
from Ref. [36].

P-concentration Weight TNMR
N TNMR

c,on TRes
S TRes

N TRes
c,0

x [mg] [K] [K] [K] [K] [K]

0 (Ref. [36]) - 135 - 135 135 -
0.04 (single crystal) - 121 - 121 121 -

0.07 45.3 113 - 115.0 108.0 -
0.14 97.7 95 5.0 101.0 94.0 -
0.20 139.4 73 9.1 83.7 71.8 5.3

0.20 (p ∼ 2 GPa) 40.3 61 20.0 - - -
0.25 95.1 60 31.0 63.1 52.0 25.1
0.27 107.8 41 30.8 64.25 - 25.2
0.33 153.4 - 30.1 - - 29.8
0.41 69.9 - 26.0 - - 24.4
0.56 94.4 - 23.0 - - 15.6
0.64 152.6 - 6.5 - - 5.9
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Chapter 4

Previous NMR Studies of
BaFe2(As1−xPx)2

4.1 NMR Study on BaFe2As2

It is quite important to understand the basic physical properties of BaFe2As2 as a parent com-
pound of BaFe2(As1−xPx)2 system. Splendid 75As-NMR measurements on a single crystal of
BaFe2As2 have been already performed by Kitagawa et al. at the first stage [36]. In what
follows, their outstanding NMR results are introduced.

4.1.1 Basic Properties

Figure 4.1(a) shows 75As-NMR spectra at the fixed frequency of 48.41 MHz obtained by sweeping
the magnetic field parallel and perpendicular to the c-axis at several different temperatures. The
spectra at T = 141 K are representative of the paramagnetic (PM) phase, while the spectra at
the other temperatures belong to the AFM ordered phase. As 75As nuclei have spin 3/2, the
NMR frequencies are generally expressed by a perturbation series when the magnetic Zeeman
interaction dominates over the quadrupole interaction, Eq. (2.31). Here, the crystal axes are
defined with respect to the orthorhombic (Fmmm) unit cell. Note that the mm2 symmetry of
the As sites in the orthorhombic phase guarantees that the crystalline a-, b-, and c-axes are the
principal axes of EFG tensor. In the tetragonal phase, the NMR spectrum is independent of
in-plane field orientation ϕ, since νa = νb = −νc/2. As shown in Fig. 4.1(a), the NMR spectra at
T = 141 K show a sharp central line (m = 1/2) with the full width at half maximum (FWHM)
of 3.5 kHz and two broader satellite lines (m = 3/2 and 1/2) with the FWHM of 100 kHz. The
quadrupole frequency along the c-axis νc is determined from the separation between the two
satellite lines for H ⊥ c (θ = π/2), which is half of the separation for H ∥ c (θ = 0) as expected.
The value of νc is plotted against temperature in Fig. 4.1(b).

The Knight shift 75K was determined from the resonance position of the central line after
correcting for the demagnetization field and the second-order quadrupolar shift. The temper-
ature dependence of 75K is shown in the inset of Fig. 4.2(a) for H ∥ c and for H ⊥ c above
140 K. For both directions, 75K decreases slightly with decreasing temperature. In general,
the Knight shift consists of the T -dependent spin shift, and the T -independent chemical (or-
bital) shift: K(T ) = Kchem + Kspin(T ). Likewise, the susceptibility is the sum of the contri-
butions from core diamagnetism, orbital (van Vleck) paramagnetism, and spin paramagnetism:
χ(T ) = χdia+χorb+χspin(T ). The spin shift is linearly related to the spin susceptibility via the
hyperfine coupling constant Aspin,

Kspin(T ) =
Aspinχspin(T )

NAµB
(4.1)
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(b)(a)

Figure 4.1: (a) The temperature evolution of field-swept 75As-NMR spectra. In the PM state at
141 K, the spectrum consists of a sharp central line and two broader satellite lines. Below 135 K,
the internal fields along the c-axis due to commensurate AFM order splits the NMR spectra for
H ∥ c (red lines) and shifts the spectra to lower fields for H ∥ a- or b-axis (blue lines). The insert
shows the angular variation of the NMR spectrum at 20 K for the field rotated in the ab-plane.
The two sets of satellite lines originate from the twinned structural domains in the orthorhombic
phase. The satellite positions are fitted to Eq. 2.31 with the quadrupole parameters; νc = 2.21
MHz, |νa − νb|/|νc| (solid lines). (b) Nuclear quadrupole frequency along the c-axis, νc, and the
asymmetry parameter |νa − νb|/|νc| are plotted as a function of temperature. The emergence
of the asymmetric parameter below 135 K and a jump in νc indicate the first-order structural
transition into orthorhombic phase. These figures are adopted from Ref. [36].

We have indeed observed linear relations between 75K and the magnetic susceptibility as dis-
played in the main panel of Fig. 4.2(a). The slope of these plots gives the values of the spin
hyperfine coupling constant as 75Asabspin = 2.64 ± 0.07 T/µB and 75Ascspin = 1.88 ± 0.06 T/µB.
However, the authors pointed out the possibility that the hyperfine coupling is temperature-
dependent.

When the temperature is lowered below 135 K, the NMR spectrum develops a two-fold
splitting for H ∥ c. This is the direct evidence for a two-sublattice AFM order. The AFM
moments generate a spontaneous internal field with alternating sign ±∆. The temperature
dependence of ∆ determined from the separation between the split center lines is shown in
Fig. 4.2(b) by crosses. No splitting was observed when the field is applied along the a- or
b-axis. Instead, the whole spectrum is shifted to lower fields as seen in Fig. 4.1(a). This
indicates that the internal field is parallel to the c-axis. When H ⊥ c, the effective field Heff is
given by the magnitude of the vector sum of the mutually orthogonal external and internal fields,
Heff =

√
H2 +∆2, giving positively shifted unsplit resonance lines. In Fig. 4.2(b), ∆ determined

also from the shift of the central line for H ∥ a or b is plotted by squares. The values of ∆ for the
two field orientations show good agreement, indicating that the magnitude and the direction of
the AFMmoment are independent of the field direction. The behavior in the vicinity of the phase
transition was investigated by recording the peak intensity of the Fourier transformed spectrum
at the resonance position of the PM phase with changing temperature as shown in the insert
of Fig. 4.2(b). The magnetic transition was found to be very sharp with the transition width
less than 1 K, indicating good homogeneity of the crystal. It also shows a clear hysteresis in
temperature about 4 K wide, providing a conclusive evidence for the first-order transition. This
is also inferred from the discontinuous development of the internal field as well as a discontinuous
structural transition suggested by a pronounced change of symmetry of EFG. As shown in the
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Figure 4.2: (a) Inset: the temperature dependence of the Knight shift 75K for H ∥ c and H ⊥ c.
Main panel: 75K is plotted against the bulk susceptibility χ measured by Wang et al [151].
The dotted lines represent the fits to a linear relation. (b) The temperature dependence of the
internal field at the As nuclei associated with the AFM order. The insert shows the intensity of
the central line at the resonance position of the PM phase for H ⊥ c. The abrupt change with
hysteresis is the evidence for the first-order magnetic transition. These figures are adopted from
Ref. [36].

inset of Fig. 4.1(a), the quadrupole splitting at 20 K varies with the field direction (ϕ) in the ab-
plane, indicating that νa ̸= νa. This is consistent with the orthorhombic symmetry. The angular
variation of the NMR spectra displayed in the inset of Fig. 4.1(a) shows two branches of satellite
lines, which are shifted by 90◦. This comes from the twinned orthorhombic domains. The ϕ
dependence of the satellite lines can be fit to Eq. (2.31). The extrema of the angular variation
correspond to the field directions parallel to either a- or b-axis. The asymmetry parameter of
EFG defined by |νa − νb|/|νc| is plotted in Fig. 4.1(b). The asymmetry parameter, which is
zero in the tetragonal phase, is observed to develop abruptly below the transition temperature,
and a jump in νc is also observed across the transition. These results establish the simultaneous
structural and magnetic transition. The large value of asymmetry parameter, exceeding one in
the low-temperature phase, implies that the principal axis for the largest EFG changes by 90◦

across the transition. This suggests that the band structure or the nature of the Fe-As bonds
becomes highly anisotropic in the ab-plane.

The 75As-NMR spectra gives the valuable information about the spin structure in the AFM
ordered state. There are two major experimental constraints: (i) the internal field at the As sites
is parallel to the c-axis; and (ii) the AFM state has a simple two-sublattice structure. A possible
spin structure compatible with the NMR experiments is shown in Fig. 4.3(a), which generates
a finite c-component of the internal field at the As sites. In this configuration, the AFM order
is described by the wave vector (101) or (100), forming stripes with the AFM moments directed
perpendicular to the stripe.

The spin-lattice relaxation rate divided by temperature (T1T )
−1 is shown in Fig. 4.3(c).

In the PM phase, (T1T )
−1 shows anisotropic temperature dependence. Substantial enhance-

ment is seen for H ∥ a or b with decreasing temperature, while (T1T )
−1 is nearly constant for

H ∥ c. Across the first-order structural/magnetic transition, (T1T )
−1 drops discontinuously

by a factor of three. At low temperatures, (T1T )
−1 approaches a constant value for both field

orientation expected for a Fermi liquid. This is consistent with the metallic behavior of the
resistivity. The low-temperature phase is characterized as an itinerant antiferromagnetic phase.
Although the AFM order may be driven by FS nesting, these results demonstrate that the order
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(c)(a) (b)

Figure 4.3: (a) An experimentally determined spin configuration in the AFM ordered state in
BaFe2As2. (b) A configuration of the As and Fe sites viewed from the top. (c) (T1T )−1 is
plotted as a function of temperature for H ∥ c and H ∥ [110]ortho.

is commensurate and a sizable density of states at the Fermi level remains down to T = 0 K.

4.1.2 Geometrical Consideration of Hyperfine Coupling Tensor between As
and Fe sites

Since the long range dipolar interaction gives only small contribution to the internal field, it
is reasonable to assume that the dominant contribution to the hyperfine field at Pn(= As, P)
sites results from the short range transferred hyperfine interaction between the Pn nucleus and
ordered moments on the four nearest neighbor Fe sites [36]. Pn site is located at the apex of a
four-sided pyramid formed by Fe atoms as shown in Fig. 4.3(b). The hyperfine fields at the Pn
site can be written as the sum of contributions from each Fe sites:

HPn
hf =

4∑
i=1

Bi · Si, (4.2)

where Si is the Fe electron spin at the i-th Fe site and Bi is the hyperfine coupling tensor
between the As nucleus and i-th Fe site. For the Fe1 site as an example, the tensor components
of B1 are expressed as:

B1 =

 Baa Bab Bac

Bba Bbb Bbc

Bca Bcb Bcc

 . (4.3)

The coupling tensor for other sites can be determined by symmetry consideration. Since the Fe2
site is related to the Fe1 site by mirror reflection with respect to the bc-plane, B2 is given as

B2 =

 Baa −Bab −Bac

−Bba Bbb Bbc

−Bca Bcb Bcc

 . (4.4)

Likewise

B3 =

 Baa −Bab Bac

−Bba Bbb −Bbc

Bca −Bcb Bcc

 , B4 =

 Baa Bab −Bac

Bba Bbb −Bbc

−Bca −Bcb Bcc

 . (4.5)
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In the PM phase, the Fe spin is uniform Si = S, therefore,

HPn
hf =

(
4∑

i=1

Bi

)
· S = 4

 Baa 0 0
0 Bbb 0
0 0 Bcc

 · S. (4.6)

These diagonal components in the PM state can be determined from K − χ plot in Fig. 4.2(a)
as Baa = Bbb = 0.66 T/µB, Bcc = 0.47 T/µB.

On the other hand, when Fe spins have a stripe-type AFM correlation specified by the wave
vector Q = [10l]o shown in Fig. 4.3(a), S1 = −S2 = S3 = −S4 = Sstripe and thus HPn

hf can be
described as:

HPn
hf =

4∑
i=1

Bi · Si = 4

 0 0 Bac

0 0 0
Bca 0 0

 · Sstripe. (4.7)

Bac is determined to be 0.43 T/µB with using the ordered moment 0.87 µB reported from the
neutron scattering measurement [55].

More in general, the q-dependence of hyperfine coupling tensor can be expressed with each
components Aαβ(q) =

∑
i exp(iq · ri)Bαβ

i (α, β = {a, b, c}) as [152]:

APn
hf (q) = 4

 Baacacb −Babsasb iBacsacb
−Bbasasb Bbbcacb iBbccasb
iBcasacb iBcbcasb Bcccacb

 , (4.8)

where

ca = cos
qaao
2
, cb = cos

qbbo
2
, (4.9)

sa = sin
qaao
2
, sb = sin

qbbo
2
. (4.10)
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4.2 NMR Studies on BaFe2(As1−xPx)2

Now, let us move on to the introduction to our previous NMR studies on BaFe2(As1−xPx)2
[100; 146; 149; 150].

4.2.1 Spin Dynamics in the Normal State

Spin-fluctuation-mediated superconductivity associated with the suppression of the antiferro-
magnetism is one likely scenario [31] for unconventional superconductivity seen in iron pnictides,
but the identification of the mechanism is far from settled [63; 79]. The difficulty in examining
the SC mechanism could arise from complexity in the materials that can lead to ambiguous inter-
pretations; e.g., non-universal SC gap functions and limited sample quality. It is thus essential
to find a suitable model system to examine the mechanism of superconductivity. We consider
that BaFe2(As1−xPx)2 is an ideal system to investigate relationship between magnetism and
superconductivity since isovalent P substitution is not expected to add carriers [83].

We have performed 31P-NMR measurements on BaFe2(As1−xPx)2 for 0.2 ≤ x ≤ 0.64 in
order to investigate their normal-state spin dynamics. Samples of a mosaic of single crystals
were prepared as described in Sec. 3.3. The dHvA experiments observed signals in single
crystalline samples from the same batch as x = 0.41, 0.56, and 0.64, indicating the excellent
quality of our samples [90]. The high quality of our samples is also suggested by the sharp SC
transitions [83]. 31P-NMR spectra were obtained by sweeping frequency in a fixed magnetic field
of 4.12 T. Each spectrum consists of a single line, ruling out microscopic inhomogeneity caused
by P substitution. The Knight shift K was determined with respect to the 31P-signal of the
reference material H3PO4. The

31P nuclear spin-lattice relaxation rate 1/T1 was determined by
fitting the time dependence of spin-echo intensity after saturation of nuclear magnetization to
a theoretical I = 1/2 curve with a single component of T1.

K, which measures the effective field at the nucleus produced by electrons, is described as
K = Kspin+Kchem ; Kspin is the spin part of K and is related to the uniform spin susceptibility
χ(q = 0), which is proportional to the density of states (DOS) at the Fermi energy N(EF).
Kchem is the chemical shift, which is unrelated to χ(q = 0), and is estimated to be ∼ 0.018 %
as follows. Since no obvious AFM fluctuations were detected by NMR at high temperatures as
seen in Fig. 4.4(b), it would be a good approximation to assume that (T1T )

−1/2 is proportional
to N(EF) at high temperatures, i.e. to assume that the usual Korringa relation holds at 270
K. Based on the plot of (T1T )

−1/2 against K at 270 K for different x shown in the inset of
Fig. 4.4(a), we can estimate Kchem as the intercept assuming that Kchem is x-independent. The
obtained Kchem is 0.018 ± 0.019 %, indicating that Kspin accounts for 86 % of the observed
Knight shift for x = 0.33. Note that this Kchem would be a reasonable value, since the chemical
shift for 31P in many diamagnetic insulators is of the order of some hundreds of ppm, which is
comparable to this Kchem [140]. By assuming Kspin ∝ χ(q = 0) = 2µ2BN(EF), the P-substitution
dependence of Kspin at 270 K suggests that the change in N(EF) would be at most 10 % for
x ≤ 0.64, which is quantitatively consistent with the result of our band calculation discussed in
Appendix D.

As shown in Fig. 4.4(a), K is almost temperature independent for x ≤ 0.56, and that the
absolute value of K in the normal state decreases only slightly upon P substitution. These data
indicate that P substitution does not produce significant changes in χ(q = 0) and N(EF). This
is in stark contrast to carrier-doped iron-pnictide superconductors as discussed in Appendix D.
Large changes in FSs via charge-carrier doping thus necessarily involve dramatic modification
in the DOS and FS nesting resulting in changes in spin fluctuations. In addition to possible
changes in Tc due to the modification of spin excitation spectrum [153], drastic changes in N(EF)
can also affect severely Tc [154], and the suggested giant magnetoelastic coupling may lead to
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(a) (b)

Figure 4.4: (a) P substitution evolution of 31P Knight shift determined by the spectral peak
in the field of 4.12 T. The arrow indicates the chemical shift Kchem. The abrupt decrease in
K at low temperatures is due to the onset of superconductivity. Inset: 31K vs 31(T1T )

−1/2

at 270 K for different P concentrations x. (b) The 31P nuclear spin-lattice relaxation rate
divided by temperature (T1T )

−1 for BaFe2(As1−xPx)2 at 4.12 T. Solid lines represent fits to
(T1T )

−1 = a+ b(T +θ)−1. As AFM fluctuations are suppressed as inferred from the suppression
of (T1T )

−1, Tc (denoted by arrows) also decreases. Inset: The fitting parameters a and b are
plotted against P concentration x. The a and b weakly depend on x, but θ shows a strong x
dependence. The small value of θ at x = 0.33 (θ ∼ 0) are insensitive to the fitting parameters
of a and b. These figures are taken from Ref. [100].

further suppressions of Tc [155]. Therefore, the decrease in N(EF) as well as the suppression of
spin fluctuations should be taken into account for the interpretation of possible changes in Tc
for electron-doped Ba(Fe1−yCoy)2As2. In contrast, the nearly unperturbed Kspin by isovalent
P-doping demonstrates that BaFe2(As1−xPx)2 is an ideal model system to test the relevance of
spin fluctuations to superconductivity.

Significant low-energy AFM fluctuations are probed near the maximum Tc via 1/T1. The
Korringa law T1TK

2 = const. generally holds in a Fermi-liquid (FL) state, but is inapplicable
to BFAP near the AFM phase since Curie-Weiss (CW) behavior is observed in (T1T )

−1. For
x = 0.33, (T1T )

−1 increases significantly down to Tc whereas the Knight shift is constant. These
(T1T )

−1 and K data demonstrate convincingly that AFM fluctuations with finite q continue to
grow down to Tc at optimal doping.

The AFM spin fluctuations in BaFe2(As1−xPx)2 are enhanced significantly as the P concen-
tration is reduced towards the maximum Tc (x ≃ 0.33), as evidenced by the rapid increase in
(T1T )

−1 from conventional FL behavior at x = 0.64, where (T1T )
−1 and K are almost constant.

The crossover from FL to CW behavior in (T1T )
−1 correlates perfectly with the change in the

resistivity results [83]. As the system evolves from a FL (x = 0.71) towards the maximum Tc
(x = 0.33) near the AFM phase, the temperature dependence of the resistivity changes from
T 2- to T -linear, one hallmark of non-FL behavior. The exponent of the temperature depen-
dence of the resistivity is shown as a contour plot in Fig. 4.5. Specifically, the CW behavior
of (T1T )

−1 and the T -linear resistivity at x = 0.33 can be explained by the existence of 2D
AFM spin fluctuations in the theory of nearly AFM metals [156]. Indeed, the evolution of the
AFM spin excitations measured by (T1T )

−1 upon P substitution can be fit consistently by the
equation expected from the same theory [156], (T1T )

−1 = a + b(T + θ)−1 (see solid lines in
Fig. 4.4(b)). Such 2D AFM fluctuations were experimentally observed in the parent BaFe2As2
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Figure 4.5: Phase diagram of BaFe2(As1−xPx)2. Colors represent the exponent of the tempera-
ture dependence of resistivity at zero magnetic field, α = d(ln∆ρab)/d(lnT ) in Ref. [83], where
∆ρab = ρab − ρab(T → 0 K). The triangles represent θ obtained by fitting (T1T )

−1 data to the
equation, (T1T )

−1 = a + b(T + θ)−1. T -linear resistivity, suggesting quantum-critical behav-
ior, is observed in proximity to a magnetic instability signaled by θ ∼ 0 at x = 0.33. These
quantum-critical fluctuations are found to correlate with the enhancement of the effective mass
as denoted by the pentagons [90]. These figures are taken from Ref. [100].

via neutron scattering experiments [157]. According to band calculations [103], substantial 2D
AF fluctuations can be generated by the interband spin excitations between the multiple FSs
predominantly derived from Fe d electrons.

Our central finding in BaFe2(As1−xPx)2 is that the 2D AFM fluctuations of a quantum-
critical nature have a clear correlation with the enhancement of quasiparticle effective mass and
Tc as summarized in Fig. 4.5. We found that the Weiss temperature θ obtained from the fitting
increases with P substitution and becomes almost zero near x = 0.33 where the maximum Tc
is achieved. θ = 0 K implies that the dynamical susceptibility probed by the (T1T )

−1 measure-
ment diverges at absolute zero, or that the magnetic correlation length continues to increase
down to T = 0 K. Our result thus strongly suggests the presence of an AFM QCP near the
maximum Tc in proximity to the AFM phase boundary. As the P concentration is varied to-
wards optimal doping (x ∼ 0.33) from x = 0.64 where the FL state is observed, the magnetic
fluctuations become dramatically enhanced as θ decreases. Importantly, the quasiparticle mass
and Tc increase as θ approaches 0 K. This strongly suggests that the AFM quantum-critical
fluctuations lead to strong mass renormalization and unconventional superconductivity. Our
systematic NMR measurements, which are compared with transport measurements, thus pro-
vide the first evidence that the quasiparticle mass enhancement is strongly coupled to the AFM
quantum-critical fluctuations in iron-pnictide superconductors as previously observed in heavy
fermion systems [158]. Furthermore, since N(EF) generally correlates with Tc in conventional
BCS superconductors, the enhancement of Tc with approaching the QCP from the overdoped
side cannot be accounted for by a nearly unperturbed N(EF), demonstrating clearly that super-
conductivity in BaFe2(As1−xPx)2 is tuned predominantly by the AFM fluctuations. Therefore,
we conclude that the 2D AFM quantum-critical fluctuations are likely to play a central role in
the occurrence of unconventional superconductivity in BaFe2(As1−xPx)2.

Previous NMR measurements also indicated that there is a strong connection between low-
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energy spin fluctuations and superconductivity in 122 [146], 111 [159; 160], and 11 iron-based
superconductors [161; 162; 163; 164]. These suggest that the relevance of spin fluctuations to
the high-Tc superconductivity is universal despite the non-universal gap structure. The strong
connection would be naturally understood if one considers the superconductivity observed near
magnetic phase and the well-nested hole and electron FSs. By contrast, our group reported
that the connection is relatively weaker in LaFeAs(O1−xFx) [75; 165; 166]. Such a weak link
may originate from much lower Tc of 26 K in LaFeAs(O1−xFx) than that of RFeAs(O1−xFx)
(R = Ce, Pr, Sm, etc.). However, it remains unresolved whether spin fluctuations are also
important for high-Tc superconductivity in the 1111 system with Tc exceeding 50 K, since mag-
netic rare-earth atoms R hinder quasiparticle excitations responsible for superconductivity [167].
Therefore, examinations of the connection between magnetic fluctuations and superconductiv-
ity of high-Tc 1111 iron pnictides would be crucial for establishing general view of iron-pnictide
superconductivity.

4.2.2 Analysis of Normal-State Spin Dynamics Based on Spin-Fluctuation
Theory

We analyze experimental results of the (T1T )
−1 data of BaFe2(As1−xPx)2 in more detail based

on the self-consistent renormalization (SCR) theory of spin fluctuations, since this system is
suggested to be close to an AFM QCP [100]. The SCR theory, developed by Moriya and
co-workers, has been applied for weak ferromagnetism and antiferromagnetism of d-electron
itinerant magnets, and succeeded in characterizing properties of spin fluctuations. As recent
studies have shown the importance of both the itinerant and localized nature of the magnetism
of iron pnictides [168; 169; 170; 171], it is important to show to what extent experimental results
are understood within an itinerant and local-moment picture.

Outline of the Self-Consistent Renormalization Theory

The SCR theory gives quantitative relations between dynamical susceptibility and physical prop-
erties. In nearly and weakly AFM metals, dynamical susceptibility above TN for a wave vector
near the AFM ordering vector Q may generally be written as follows:

χ(Q+ q, ω) =
χ(Q+ q)

1− iω/ΓQ+q
= χ(Q+ q)

(
ΓQ+q

ω2 + Γ2
Q+q

+ i
ωΓQ+q

ω2 + Γ2
Q+q

)
, (4.11)

with

χ(Q+ q)−1 = χ(Q)−1 +Aq2, ΓQ+q = Γ(κ2 + q2), κ2 =
1

Aχ(Q)
, (4.12)

where κ−1 ≡ ξT is the temperature-dependent magnetic correlation length, and A and Γ are
temperature-independent constants, which are the fundamental parameters of the theory. Using
the above relations, the dynamical spin susceptibility χ′′(Q, ω) is written as

χ′′(Q+ q, ω) = χ(Q+ q)
ωΓQ+q

ω2 + Γ2
Q+q

=
χ(Q)κ2

κ2 + q2
ωΓ(κ2 + q2)

ω2 + [Γ(κ2 + q2)]2
=

Γ

A

ω

ω2 + [Γ(κ2 + q2)]2

=
π
Γq2B
2π

Aq2B
2

ω

ω2 +
[
2π

Γq2B
2π

(
κ2

q2B
+ q2

q2B

)]2 =
πT0
TA

ω

ω2 +

{
2πT0

[
y +

(
q
qB

)2]}2 , (4.13)

where qB is the cutoff wave vector and has a relation of s0q
2
B/4π = 1 with s0 being the area per

magnetic atom in the 2D plane. In this formula, important spin-fluctuation parameters are the
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following two characteristic temperatures,

T0 =
Γq2B
2π

, TA =
Aq2B
2
, (4.14)

which characterize the width of the spin excitation spectrum in frequency ω- and momentum
q-space, respectively. The dimensionless inverse susceptibility y(T ) at Q = QAFM of AFM wave
vectors is defined as

y(T ) =
κ2

q2B
=

1

Aχ(Q)q2B
=

1

2TAχ(Q)
. (4.15)

Here y0 is the zero temperature limit of y, and characterizes the proximity to the magnetic
instability. y0 = 0 indicates an AFM QCP, where χ(Q) diverges down to zero temperature.

The staggered susceptibility or y is determined self-consistently from the relation of the mean
square local amplitude of the zero point and thermal spin fluctuations, and is calculated from

y = y0 +
y1t

2

{
ϕ
(y
t

)
− ϕ

(
y

t
+

1

t

)}
, (4.16)

where t = T/T0, y1 is the parameter which governs the mode-mode coupling of AFM spin
fluctuations, and ϕ(x) is given as

ϕ(x) = −
(
x− 1

2

)
log x+ x+ log Γ(x)− log

√
2π. (4.17)

Now we can calculate 1/T1 by using Eq. (4.13) and neglecting the q dependence of Aq as
follows [156]:

1

T1
=
γ2NT

NA
lim
ω0→0

∑
q

|Aq|2χ′′(q, ω0)

ω0
=

2γ2NA
2
hfT

NA

∑
q

πT0

TA

{
2πT0

[
y +

(
q
qB

)2]}2 =
γ2NA

2
hf

2πTA

1

T̄1
,

(4.18)

1

T̄1
= 2

T

T0

∫ 1

0
dx

x

(y + x2)2
= t

(
1

y
− 1

y + 1

)
, (4.19)

Thus, 1/T1 directly measures the temperature dependence of χ(Q) = [2TAy(T )]
−1.

In the framework of the SCR theory, a predominant contribution to the resistivity arises
from the spin fluctuations with AFM wave vectors around QAFM. The electrical resistivity in
a electron system scattered by those spin fluctuations is calculated based on the Boltzmann
equation and is given by [156]:

R(T ) = rR̄(T ), (4.20)

R̄(T ) = t

[
ϕ
(y
t

)
−ϕ
(
y + 1

t

)]
+y
[
log
(y
t

)
−ψ
(y
t

)]
−(y + 1)

[
log

(
y + 1

t

)
−ψ
(
y + 1

t

)]
,

(4.21)

where r is an adjustable fitting constant which represents the coupling between the spin fluctu-
ations and conduction electrons, and ψ(x) is the digamma function.

Application of SCR Theory to Experimental Results

Equations (4.18) and (4.19) only give the contribution of spin fluctuations around the AFM wave
vector QAFM. Although the AFM contribution around QAFM is expected to be predominant
for the relaxation rate in BaFe2(As1−xPx)2, there is an additional contribution arising from spin
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Figure 4.6: (a) The experimental and calculated relaxation rates arising from the q ∼ QAFM

mode of spin fluctuations in BaFe2(As1−xPx)2. The data points represent the experimental data,
while the solid lines indicate the calculated data using the SCR parameters listed in Table 4.1.
(b) The experimental (Ref. [83]) and calculated electrical resistivity of BaFe2(As1−xPx)2. The
solid lines represent the experimental data, while the dotted lines indicate the calculated data
using the SCR parameters listed in Table reftable:SCRparameter. These figures are cited from
Ref. [150].

fluctuations around q = 0. The observed relaxation rate is thus decomposed into the following
two components: (T1T )

−1 = (T1T )
−1
q∼QAFM

+ (T1T )
−1
q∼0. Since the uniform susceptibility of

BaFe2(As1−xPx)2 is almost temperature independent as shown in Fig. 4.4(a), the relaxation rate
arising from the small-q fluctuations (T1T )

−1
q∼0 is also expected to be temperature independent.

In order to estimate (T1T )
−1
q∼0, the observed (T1T )

−1 is fit by the CW-type equation (T1T )
−1 =

a+b(T +θ)−1. We relate the first constant term a with the (T1T )
−1
q∼0 and estimated (T1)

−1
q∼QAFM

as shown in Fig. 4.6(a). The nearly constant (T1)
−1
q∼QAFM

of x = 0.33 suggests that y0 is very
close to zero at x = 0.33 [156]. For simulating the NMR data, we need to determine the SCR
parameters y0, y1, T0, and TA. These parameters can be estimated by the data of magnetic
susceptibility and specific heat. In the framework of the SCR theory, we can relate the magnetic
susceptibility to TA using the following relation [172]:

TA =
0.75

χ
(in emu/mol). (4.22)

In order to determine TA, we assume the magnetic susceptibility χ is proportional to Kspin.
By using χ = 9.4 × 10−4 emu/mol at 200 K and γ = 27 mJ/mol K2 in BaFe2As2 [173; 174],
we thus estimate the P concentration dependence of TA. On the other hand, the characteristic
spin-fluctuation energy T0 can be estimated from specific heat experiment by using the following
relation [172; 175]:

γ =
6200

T0
(2xc − πy

−1/2
0 ) (mJ/mol K2), (4.23)

where xc is the cutoff wave vector of which magnitude is the order of unity. Note that we used
the first term for y0 < 0 [172]. T0 of x = 0.33 with y0 = 0 can be estimated from reported specific
heat experiments [108] by using Eq. (4.23). Assuming that the P concentration dependence of
γ is identical to that of Kspin, which is the measure of the DOS at the Fermi energy, we can
estimate γ for the other P concentrations and obtain the P concentration dependence of T0 using
Eq. (4.23). We here neglect the second term in Eq. (4.23) for simplicity.
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Figure 4.7: The phase diagram of BaFe2(As1−xPx)2 with an SCR parameter y0.

By using the SCR parameters listed in Table 4.1, which are obtained from our simulation
for NMR experimental results shown in Fig. 4.6(a), we calculated the temperature exponent of
electrical resistivity. For 2D AFM fluctuations, a T -linear resistivity is expected near the QCP
[176]. Away from the QCP, the temperature dependence of the resistivity crossovers to a FL-like
T 2 as T decreases. The experimental data is actually consistent with the simulated temperature
dependence as shown in Fig. 4.6(b).

According to the SCR theory, we can also estimate the in-plane spin correlation length
ξ(T ) and the damping constant Γ(T ) from (4πy)−1/2 and from 2πT0y, respectively [177]. We
calculated ξ/a and Γ(T ) at Tc for different P concentrations as shown in Table 4.1, which may be
confirmed by future neutron scattering experiments. The y0 increases with chemical substitution
from a negative value in BaFe2As2 to nearly zero around an optimal concentration x ≈ 0.33 as
shown in Fig. 4.7(a). Since y0 is a measure of the closeness to a QCP, this indicates that their
optimal concentration corresponds to an AFM QCP and the closeness to the QCP is controllable
by P substitution.

In order to understand a relationship between AFM spin fluctuations and superconduc-
tivity, we plot Tc against spin-fluctuation parameters T0 and TA of BaFe2(As1−xPx)2 and
Ba(Fe1−xCox)2As2

1 as well as those of unconventional superconductors in Fig. 4.8(a) and 4.8(b),
respectively. Note that only optimal BaFe2(As1−xPx)2 and nearly optimal Ba(Fe1−xCox)2As2
are plotted, since the (nearly) optimal samples are close to an AFM QCP [176; 180]. The linear
scaling between the spin-fluctuation temperature T0 and Tc in Ce-based heavy fermion (HF)

Table 4.1: The SCR parameters of BaFe2(As1−xPx)2. The in-plane spin correlation length ξ/a
and damping constant Γ at Tc are also shown. Note that a is the in-plane lattice constant.

x y0 y1 T0 [K] TA [K] ξ(Tc)/a Γ(Tc) [meV]

0 -0.4 8.0 460 800
0.20 -0.15 15 760 1320
0.25 -0.05 10 770 1340 3.0 3.7
0.33 0 8.0 780 1350 1.9 9.2
0.41 0.06 5.0 800 1390 1.1 27
0.56 0.2 6.0 850 1480 0.6 96

1Following a similar procedure as in BaFe2(As1−xPx)2, we analyzed the experimental data of
Ba(Fe1−xCox)2As2 taken from Refs. [153; 174; 178; 179].
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Figure 4.8: The SC transition temperature Tc vs the spin-fluctuation temperature (a) T0 and
(b) TA for various superconductors. The data for Tc and T0 were cited from Refs. [173; 175].
The dotted lines represent linear curve fittings. Tc is linear with T0, as suggested in Ref. [173],
and the iron-pnictide superconductors lie on the same line. This might be the signature that
unconventional superconductivity in iron-pnictides, heavy-fermions, and cuprates are mediated
by AFM spin fluctuations.

superconductors and the cuprates was interpreted as an indication of spin-fluctuation mediated
superconductivity in these unconventional superconductors and that a higher spin-fluctuation
temperature can give rise to a pairing interaction and thus resulting in higher Tc [176; 180].
Interestingly, optimal BaFe2(As1−xPx)2 has a higher T0 and Tc than Ba(Fe1−xCox)2As2, and
these “122” iron-pnictide superconductors have intermediate values of T0 and Tc among other
unconventional superconductors. This suggests that the physics of “122” iron-pnictide super-
conductors may be more closely related to the physics of HF and cuprate superconductors
than previously expected, and they may be classified into magnetically mediated supercon-
ductors. Moreover, only the optimal superconductivity lies on the curve. This suggests that
quantum criticality is another important ingredient for an understanding of the linearity between
spin-fluctuation temperature and Tc, as discussed in the HF superconductors such as CeM In5
[181; 182].

In addition, it is noteworthy that TA is roughly scaled to Tc as shown in Fig. 4.8(b), and
hence to T0. This implies that the spin-fluctuation spectra are renormalized with T0, where the
renormalized (T1T )

−1 of various unconventional superconductors approximately scales onto the
same curve against T/Tc. Because Tc values in these superconductors are different by two orders
of magnitude, the scaling of (T1T )

−1 is surprising and suggests that spin fluctuation spectra are
related to their unconventional superconductivity.

Possible Coupling between AFM Spin Fluctuations and Nematicity

Kasahara et al. reported from the torque magnetometry and precise x-ray measurements that
the electronic fourfold symmetry is broken in BaFe2(As1−xPx)2 below T ∗ that is much higher
than TS, and suggested the formation of an electronic nematic state below T ∗ [132]. We compare
temperature and P concentration dependence of (T1T )

−1 with the P concentration evolution of
T ∗ in Fig. 4.9, where the values of (T1T )

−1 are shown as a contour plot. It seems that (T1T )
−1

starts to be enhanced approximately below T ∗, particularly obvious in the low P concentration
region. The enhancement below T ∗ can be understood by the fact that the development of
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Figure 4.9: The nematic transition temperature T ∗ and (T1T )
−1 are compared. The magnitude

of (T1T )
−1 is shown as a contour plot. (T1T )

−1 seems to increase below T ∗, particularly in the
low P concentration, suggestive of a close relationship between T ∗ and AFM spin fluctuations.

the stripe AFM correlations should be determined by breaking the fourfold symmetry in the
tetragonal phase, resulting in that the direction of the stripe correlations is fixed and that the
correlation length is allowed to be extended more easily.

The iron-pnictide compounds are a unique system, where the spin and orbital degrees of free-
dom are strongly coupled with each other. Although we indicated here that the spin-fluctuation
theory is successfully applicable to the 122 systems, the interplay between the spin fluctuation
and the orbital degrees of freedom remains to be solved.

4.2.3 Superconducting State

The SC properties of optimally-doped BaFe2(As0.67P0.33)2 were investigated by 31P-NMR mea-
surements [146].

The inset in Fig. 4.10(a) shows 31P-NMR spectra obtained by sweeping frequency at a fixed
magnetic field of 4.12 T. The Knight shift K was determined with respect to a resonance line
in H3PO4 (K = 0 in Fig. 4.10(a)). K is temperature independent (K = 0.131± 0.001 %) in the
normal state and decreases in the SC state. From the magnetic field dependence of K, we find
that this decrease is dominated by the SC diamagnetic shift in the mixed state. The large SC
diamagnetic shift prevents us from determining variations in the spin susceptibility in the SC
state. The 31P-NMR spectra show no evidence for AFM order at any temperature.

We observed a marked 31(1/T1) behavior, which is distinctly different from the other iron
pnictides. Fig. 4.10(b) shows that 31(1/T1) decreases sharply just below Tc and there is no
evidence for a coherence peak. We found 1/T1 ∝ T below ∼ 4 K down to 100 mK, indicating
the existence of a residual density of states (RDOS) at zero energy. Below about 10 K (∼ 0.3Tc),
1/T1 depends on the magnetic field (see Fig. 4.10(c)). By extrapolating to zero field, we still
find (T1T )

−1 = const. behavior below ∼ 4 K, excluding the possibility that this behavior
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(a) (b) (c)

Figure 4.10: (a) 31P Knight shift K for different magnetic fields. Inset shows 31P-NMR spectra
in 4.12 T. The spectra have been offset vertically. (b) 31P 1/T1 under µ0H = 2.10, 4.12,
6.00 T. Inset shows 31P 1/T1 versus magnetic field at 2 K; a linear fit is used to extrapolate
1/T1 for H → 0 T. (c) Normalized 31P 1/T1 for BaFe2(As1−xPx)2 and (Ba0.6K0.4)Fe2As2 (Ref.
[190]). The solid curve shows a calculation for a line-node gap function ∆(ϕ) = ∆0 sin 2ϕ with
2∆0 = 6kBTc and Nres/N0 = 0.34.

originates in the applied fields. The existence of an RDOS in H → 0 inferred from NMR
is consistent with thermal-conductivity results on BaFe2(As0.67P0.33)2 that revealed a finite
thermal conductivity divided by temperature κ0/T at T → 0 K under zero field [103]. There are
two possible contributions to the field dependence of 1/T1 arising from quasiparticle excitations
in the mixed state: localized quasiparticles inside vortex cores and delocalized quasiparticles
originating from nodes in the SC gap. Since the applied fields are much smaller than Hc2 ≈ 52
T, localized quasiparticles inside vortex cores are unlikely to contribute to the relaxation at these
fields (H/Hc2 ≤ 0.22). In fact, the thermal-conductivity measurements also show a sizable field
dependence of κ0(H)/T at low fields, attaining nearly 70 % of the normal-state value even at
0.2Hc2, indicative of the predominance of delocalized quasiparticles. These results suggest that
the field dependence of 1/T1 is attributable to the contribution from delocalized quasiparticles
originating from nodes in the gap, compatible with the existence of an RDOS in the SC state.
The existence of an RDOS in the SC state of BaFe2(As0.67P0.33)2 differs strikingly from the other
iron arsenides, including “1111” [64; 75; 142; 165; 183; 184; 185; 186] and “122” superconductors
[187; 188; 189; 190], instead resembling the cuprates and heavy fermion superconductors, which
have nodes in their SC gaps.

As shown in Fig. 4.10(c), 1/T1 of 57Fe in Ba0.6K0.4Fe2As2 near optimal doping exhibits
a T 5-like dependence well below Tc [190]. The fairly large exponent of ∼ 5 in 1/T1 can be
understood by a fully gapped state in Ba0.6K0.4Fe2As2, and was analyzed in terms of s±-wave
superconductivity with two gaps [190]. In the s± models with unitary scatterings, in-gap states
at zero energy can be induced without severely reducing Tc and can in principle account for the
1/T1 ∝ T behavior. However, the penetration depth ∆λ(T ) ∝ T at low temperatures observed
in BaFe2(As0.67P0.33)2 is incompatible with these models [191; 192], but is consistent with line
nodes in the gap [103]. In a symmetry-imposed nodal superconductor such as described by a
line-node model ∆ = ∆0 sin 2ϕ, 1/T1 ∝ T 3 in the clean limit, but impurity scattering induced
near gap nodes gives rise to an enhanced 1/T1 that is proportional to temperature at low temper-
atures [193]. P dopants in BaFe2(As0.67P0.33)2 can provide a source for nonmagnetic scatterers,
consistent with the existence of Fermi-level DOS. In fact, the 1/T1 data of BaFe2(As0.67P0.33)2
are well fit by the line-node model with 2∆0/kBTc = 6 and Nres/N0=0.34, where Nres/N0 is the

91



ratio of an RDOS in the SC state to that in the normal state (see Fig. 4.10(c)). Therefore,
NMR, penetration-depth, and thermal conductivity results on BaFe2(As0.67P0.33)2 are consis-
tent with the existence of line nodes in the SC gap. In the case of nodes imposed by symmetry,
an RDOS at zero energy is a natural consequence of the impurity scattering that broadens the
nodes. However, this is not clear for the case of “accidental” nodes not imposed by symmetry,
as in the extended s-wave case because impurity scattering will lift the nodes and produce a
more isotropic gap [194]. Our experimental findings impose significant constraints on candidate
theoretical descriptions of iron pnictide superconductivity.

The strikingly different behavior of 1/T1 in the SC state between BaFe2(As0.67P0.33)2 and
Ba0.6K0.4Fe2As2 is surprising because they have comparable Tc values and similar FSs. This
implies that high-Tc superconductivities with and without nodes are nearly degenerate and
that subtle differences can significantly modify the nature of superconductivity [32; 32; 194;
195; 196]. Changes in the pnictogen height may lead to nodal superconductivity, but its Tc
should be much lower than that of fully gapped s± states [32]. However, this is not the case in
BaFe2(As0.67P0.33)2. One notable difference inferred from band structure calculations [83; 103]
is that BaFe2(As0.67P0.33)2 is more 3D than Ba0.6K0.4Fe2As2, suggesting that a 3D model is
required. Reconciling their comparable Tc values and fundamentally different SC gap functions
needs further theoretical and experimental works.

4.3 Summary of Previous Studies

A high-quality single crystal of BaFe2As2 have been investigated by 75As-NMR by Kitagawa et
al [36]. The spin structure in the AFM ordered phase is determined to be of stripe type from
the NMR spectra. The substantial symmetry change of the EFG tensor at the As nuclei at
the magneto-structural transition indicates drastic change of the charge distribution associated
with the hybridization of Fe-3d and As-4p orbitals in spite of the apparently small orthorhombic
crystal distortion. The EFG shows strong temperature dependence even within the tetragonal
phase, indicating continuous change of the local charge distribution. (T1T )

−1 shows distinct
behavior for different field orientations. The enhancement of (T1T )

−1 for H ⊥ c with decreasing
temperature implies development of stripe AFM fluctuations, which is anisotropic in spin space.
Since the stripe AFM order appears by a first-order transition, persistence of such fluctuations
in the PM phase is unexpected.

The 31P-NMR measurements on BaFe2(As1−xPx)2 with various P-doping levels reveal that
2D AFM spin fluctuations are notably enhanced with little change in static susceptibility on
approaching the AFM ordered phase from the SC dome, and that magnetically ordered tem-
perature θ deduced from (T1T )

−1 vanishes at optimal doping. These results strongly indicate
the presence of an AFM QCP, and suggest that the AFM spin fluctuations with the quantum
critical character play a central role in the high-Tc superconductivity.

Moreover, we show that the temperature dependence of the nuclear spin-lattice relaxation
rate and the electrical resistivity in the PM phase of BaFe2(As1−xPx)2 can be understood quanti-
tatively in the framework of the SCR theory. A consistent description of these physical properties
of BaFe2(As1−xPx)2 based on the SCR theory suggests that an itinerant picture is at work for
the “122” iron-pnictide superconductors at the low-energy scale and AFM quantum criticality
would be deeply related to the high-Tc superconductivity. We suggest that BaFe2(As1−xPx)2
shares the commonality with heavy-fermion superconductors which are also in the proximity of
magnetic ground states.

The 1/T1 result in the SC state on BaFe2(As0.67P0.33)2 shows the existence of an RDOS at
zero energy, which is consistent with the presence of nodes in the SC gap also inferred from a
field dependence of 1/T1 and the experimental results of thermal conductivity and penetration-
depth.
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Chapter 5

Evolution of Antiferromangetism
toward Quantum Critical Point
in BaFe2(As1−xPx)2

In this chapter, we report 31P-NMR measurements in BaFe2(As1−xPx)2 for 0.07 ≤ x ≤ 0.33 that
bring direct evidence of the existence of an AFM QCP. The central result of this systematic
investigation is that an AFM order parameter at the zero-temperature limit evaluated from
above Tc successively decreases upon P substitution toward x ∼ 0.35. This verifies the existence
of an AFM QCP at x ∼ 0.35 by the physical parameter tuning at zero-temperature. The present
results together with the effective mass enhancement [90] and the temperature dependence of
resistivity and 1/T1T in the normal state [83; 100] establish BaFe2(As1−xPx)2 as one of the most
accessible systems for unraveling the nature of quantum criticality and the relationship between
quantum criticality and unconventional superconductivity.

5.1 Motivation

The relationship between magnetism and superconductivity is one of the central topics in
condensed-matter physics, because unconventional superconductors have been discovered near
a magnetic phase. One of the promising theories for unconventional superconductivity is the
pairing induced by AFM spin fluctuations [156; 197]. In this scenario, Tc becomes highest when
the system locates at around an AFM QCP where the AFM ordering occurs at T = 0 K, since
the AFM fluctuations are strongest above the QCP. Since very clean single crystals are avail-
able in BaFe2(As1−xPx)2 system [83; 90], it is a suitable system to study intrinsic physics of
iron pnictides. In our previous NMR results on BaFe2(As1−xPx)2, the temperature dependence
of the nuclear spin-lattice relaxation rate divided by temperature 1/T1T in the normal state
has suggested the existence of a QCP at x ∼ 0.35 where Tc takes almost the maximum [100].
Observed anomalous T -linear resistivity at x = 0.33 [83] and an increase in the quasiparticle
effective mass toward x ∼ 0.33 [90] are also characteristic phenomena of the systems in prox-
imity to a QCP [158; 198]. However, these experimental results are based on the normal state
physical properties, which are relatively indirect to prove the existence of a QCP. To establish
the presence of a QCP, experimental evidence of a second-order quantum phase transition of an
order parameter as a function of tuning parameter at the zero-temperature limit is indispensable
and could be more direct evidence.
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5.2 31P-NMR Measurements of Underdoped BaFe2(As1−xPx)2

We used mosaics of single crystals of BaFe2(As1−xPx)2 for x = 0.07, 0.14, 0.20, 0.25, 0.27, and
0.33. The details of these samples are described in Sec. 3.3. 31P-NMR spectra are obtained at
a fixed frequency of 71 MHz by sweeping magnetic field around 4.12 T.

Figure 5.1 shows the temperature evolution of 31P-NMR spectra for x = 0.07 − 0.27. The
single sharp spectra were observed above each TN. No remarkable differences between the
spectra of T ≥ TS and TS ≥ T ≥ TN were detected within our experimental resolution, where
TS was deduced from a concave kink in the T dependence of resistivity [83]. The Knight shift
is almost unchanged with respect to temperature and x in the normal state [199]. In contrast,
each of NMR spectra for x = 0.07 − 0.27 becomes broadened and its intensity decreases when
the system sets in the AFM state below TN. In the parent BaFe2As2, Fe ordered moments lying
in the ab plane with the stripe correlation induce internal magnetic field Hint along the c-axis
at the As site due to the off-diagonal terms of the hyperfine coupling tensor [36]. In such a
commensurate AFM ordered state with a homogeneous amplitude of internal field Hint at the
P site, a powder pattern of I = 1/2 becomes nearly rectangular shape in case Hint is smaller
enough than the applied magnetic field (see Appendix B for a mathematical proof). Such NMR
spectra were actually observed in x = 0.07 and 0.14 at 1.5 K as well as the other iron pnictide
(Ca4Al2O6)Fe2(As1−xPx)2 for 0.5 ≤ x ≤ 0.95 [200]. However, the rectangular-shaped spectrum
turns into a bell-shaped one at x = 0.20 and 0.25, suggestive of a distribution of Hint [201]. In
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Figure 5.1: The temperature dependence of 31P-NMR spectra for x = 0.07− 0.27. The origin of
the horizontal axis of each x is set to the temperature-independent peak field of the paramagnetic
NMR spectra above Tc. The dotted, broken, and chain lines denote TS, TN, and Tc, respectively.
The black arrows indicate the resonance field µ0H ∼ 4.14 T, where T1 in magnetically ordered
state is measured site-selectively.
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from 31P- NMR spectra of x = 0.07, 0.14, and 0.20 at 1.5 K, x = 0.25 at 20 K, and x = 0.27 at
32 K. µ0Hint-integral of each g(Hint) spectrum is normalized.

case of an incommensurate AFM order or stripe-type AFM order with distribution of ordered
moments, Hint at the P site becomes inhomogeneous and the bell-shaped 31P-NMR spectrum
is observed, which is composed of a sum of the above commensurate AFM spectra with various
internal fields (see Appendix C for detail). Therefore, the magnetic volume fraction g with Hint

can be computed from an observed 31P-NMR spectrum as follows:

g(Hint) ∝
∣∣∣∣δH d31I(δH)

dδH

∣∣∣∣ = ∣∣∣∣Hint
d31I(Hint)

dHint

∣∣∣∣ , (5.1)

where δH is a resonance field measured from the magnetic field of the temperature-independent
paramagnetic 31P-NMR spectra above TN and 31I(δH) is the 31P-NMR intensity at δH. The
positive (negative) δH corresponds to Hint (−Hint). Figure 5.2 shows g(Hint) obtained from the
NMR spectra of x = 0.07− 0.27 at low temperatures. In x = 0.25 and 0.27, g(Hint) is obtained
from the NMR spectra above Tc, since the averaged internal field decreases below the bulk Tc as
discussed later. Figure 5.2 indicates that the average of internal field at the P site decreases, but
its distribution seems to increase with increasing x. Such changes might be caused by the change
of spin structure from a commensurate to an incommensurate type and/or disorder introduced
by the P substitution.

Next, we estimate the average of the internal field at the P site ⟨Hint⟩ from each spectrum in
the magnetically ordered state of Fig. 5.2 in order to discuss the development of an AFM order
parameter. ⟨Hint⟩ is calculated as the first moment of each volume fraction spectrum g(Hint):

⟨Hint⟩ =
∫∞
0 Hintg(Hint)dHint∫∞

0 g(Hint)dHint
=

∫∞
0 H2

intdI∫∞
0 HintdI

. (5.2)

⟨Hint⟩ abruptly increases below TN and saturates at low temperatures for x ≤ 0.20, as shown
in Fig.5.3(a). The temperature dependence of µ0⟨Hint⟩ for x ≤ 0.20 can be fit to a conventional
behavior of an order parameter c(TN − T )α. Note that the data of x = 0.25 and 0.27 used for
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Figure 5.3: (a) The temperature dependence of the averaged internal magnetic field µ0⟨Hint⟩
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The solid line for each x is the fitting of the data below TN to the phenomenological expression
c(TN−T )α. The inset shows x dependence of α. (b) The temperature dependence of 31P (T1T )

−1

in x = 0.07 − 0.27 along with 75As (T1T )
−1 in x = 0 [36]. The black and red arrows indicate

TN and Tc, respectively. The broken line for each x is the fitting of the plots to the expected
equation for 2D AFM spin fluctuations: (T1T )

−1 = a+ b/(T + θ) [156]. For x = 0.27, the data
above 65 K were used for the fitting. The dotted line for each x is the fitting of (T1T )

−1 below
TN to the phenomenological two-fluid model: (T1T )

−1 = Cinc +CcohΦ(kBT/∆S)/T (see text for
detail) [152; 202]
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Table 5.1: Critical exponent of the order parameter α in the different models [203].

Model 3D 2D

mean field Ising 5
16

1
8

Heisenberg ∼ 1
3 No long range order

the fitting were restricted to ranges of 20 K ≤ T ≤ 50 K and 31 K ≤ T ≤ 40 K, respectively,
since the suppression of ⟨Hint⟩ was observed below Tc due to the competition between AFM and
SC order parameters (see Sec. 6 for detail).

The experimentally determined critical exponent α is shown in the inset of Fig. 5.3. α
depends on the dimensionality of the system, the symmetry of the order parameter, and the
correlation length [203]. Theoretically expected values for α in each model are listed in Table
5.1. Since theories for critical phenomenon close to a phase transition point become more
and more reliable with approaching the transition temperature, the critical exponent should be
determined by fitting the experimental data of limited region close to the transition temperature.
Unfortunately, the number and error bar of our data points are not good enough to determine α
precisely. Thus, we used all the data points in AFM ordered state for fitting to roughly estimate
α. For x = 0, experimental value α = 0.078 is lower than 0.125 indicating the transition is
almost first-order. This is consistent with the temperature hysteresis in the 75As-NMR intensity
observed in x = 0 (Fig. 5.4(a)). α increases up to ∼ 0.5 with increasing x from 0 to 0.27, which
suggests order of the phase transition changes from first- to second-order like. This is attributed
to the separation of TS and TN, the evolution of dimensionality of FS from 2D to 3D and/or the
decrease in magnetic correlation length. There is a possibility that the second-order character
of magnetic phase transition is masked by the generally first-order structural phase transition
due to its closeness. Wilson et al. discussed the critical exponent of AFM order parameter for
various iron pnictides via elastic neutron scattering experiment in detail and concluded that
the change of α is related to the separation of TS and TN [204]. In actual, BaFe2(As1−xPx)2
system shows simultaneous structural and magnetic transition (TS = TN) for x = 0, and they
are gradually separated by the P substitution [83; 132].

To investigate the order of magnetic phase transition, we measured the temperature depen-
dence of peak intensity of the 31P-NMR spectrum for x = 0.07, 0.14, and 0.20 on cooling and
warming (Fig. 5.4). A sharp decrease in the peak intensity due to magnetic broadening was
observed at TN for each x, whereas no appreciable hystereses exceeding an experimental error
(∆T ∼ 0.5 K) were observed. These results are in contrast to the results of x = 0 [36] and indi-
cate that the AFM transitions at TN in x = 0.07− 0.20 are almost the second-order transitions,
consistent with the enhancement of α by P substitution.

The dynamics of magnetic properties can be probed by measuring the nuclear spin-lattice
relaxation rate T−1

1 . The time dependence of spin-echo intensity M(t) at the peak of NMR
spectrum after saturation of nuclear magnetization can be fit to a theoretical curve of nuclear
spin I = 1/2 with a single component of T1. However, for x = 0.25 and 0.27, M(t) at T . 65
K measured at the sharp peak deviates from the theoretical curves with a single T1 component
due to the inhomogeneity of samples originating from distribution of P concentration. Since the
x dependence of TN is quite steep at around x ∼ 0.26, a slight distribution of P concentration
may cause the phase separation around TN, resulting in T1 distribution at low T . Thus, T1 for
x = 0.25 and 0.27 in this report was measured site-selectively at the AFM region, which is 0.02
T higher than the sharp peak since the AFM region is dominant at low temperatures. The
obtained relaxation curves in the AFM region were nicely fit with a single T1 component down
to the lowest temperature.
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Figure 5.4: The temperature dependence of 31P-NMR peak intensity multiplied by temperature
for (a)x = 0 [36] (for comparison), (b)x = 0.07, (c)x = 0.14, and (d)x = 0.20. Red plots are
obtained by T -warming sweep, while green plots are obtained by T -cooling sweep. The T -sweep
rates are kept slower than 0.1 K/min for 0.07 ≤ x ≤ 0.20.

The temperature dependence of (T1T )
−1 is shown for each x in Fig. 5.3(b). Since (T1T )

−1

is expressed by the wave-vector q-integral of the imaginary part of the dynamical susceptibility
χ′′(q, ω), the Curie-Weiss (CW) behavior of (T1T )

−1 and the temperature-independent Knight
shifts K related to χ(q = 0) in the normal state indicate the development of low-energy AFM
fluctuations [199]. On further cooling, the samples for x = 0.07−0.27 exhibit magnetic ordering,
which is inferred from the peaks of (T1T )

−1 at TN due to critical slowing down of the stripe-
type AFM spin fluctuations. In addition, (T1T )

−1 in the x = 0.25 and 0.27 samples drops
sharply at Tc due to the opening of SC gaps. CW behavior of (T1T )

−1 is well fitted up to room
temperatures by the equation anticipated for 2D AFM spin fluctuations, (T1T )

−1 = a+b/(T+θ),
where the first term a is the intraband contribution proportional to the square of the density
of states N2(EF) and the second CW term is the contributions from the interband AFM spin
fluctuations with a constant b and the characteristic temperature of AFM fluctuations θ [156].
The x dependence of the other parameters a and b are discussed more in detail in Appendix D.

As all five Fe 3d-bands cross the Fermi level, we investigate now how different parts of the FS
evolve below TN upon P substitution. (T1T )

−1 data below TN exhibit a strong temperature and
x dependence (Fig. 5.3(b)). The observed suppression of (T1T )

−1 below TN is a consequence of
the opening of the spin-density-wave (SDW) gap in the spin excitation spectrum. Nevertheless,
(T1T )

−1 does not approach zero at the lowest temperatures but it levels off at a finite value for
each x, adopting a simple Korringa relation. This comes from the spin-lattice relaxation channel
controlled by the gapless incoherent particle-hole excitations, which remains active down to the
lowest temperatures. On the other hand, the temperature-dependent contribution to (T1T )

−1

which vanishes at the lowest temperatures is from the gapped coherent spin wave excitations.
Such two spin-lattice relaxation channels are proposed by Smerald et al. in their two-fluid
description of magnetic excitations below TN [152; 202] that gives

1

T1
= CincT + CcohΦ

(
kBT

∆S

)
. (5.3)

Here, ∆S is an SDW gap in the spin excitation, Φ(x) = x2Li1(e
− 1

x ) + x3Li2(e
− 1

x ) and Lin(z) =∑∞
k=0 z

k/kn is the n-th polylogarithm of z. The first term, Cinc, describes the relaxation
via the incoherent gapless particle-hole excitations, and is thus proportional to N2(EF). The
second term describes the relaxation via the coherent spin-wave excitations with dispersion
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ωk =
√

∆2
S + v2xk

2
x + v2yk

2
y + v2zk

2
z as found in neutron scattering experiments, where v is the

spin-wave velocity. (T1T )
−1 below TN are fitted to the above equation for 0.07 ≤ x ≤ 0.25. The

data in the limited temperature range (Tc <)T < 0.8 ∗ TN are used for fitting after the fitting
range adopted in Ref. [152; 202]. From the fitting, we can obtain three fitting parameters Cinc,
Ccoh, and ∆S. A roughly linear decrease of the SDW gap value ∆S against x is found (Fig.
5.3(b)), which is consistent with the linear decrease of TN and ⟨Hint⟩. Results of the other two
parameters are discussed in Appendix D

It should be noted that µ0⟨Hint⟩ at T → 0 K is directly related to the AFM order parameter
⟨m⟩. We estimated ⟨m⟩ using the relation µ0⟨Hint⟩ =31Ahf⟨m⟩, where 31Ahf is the off-diagonal
term of the hyperfine coupling tensor at the P site and is assumed to be independent of x.
31Ahf is calculated to be 0.61 T/µB from the ordered moment of x = 0.08 (0.60 µB) reported
from the elastic neutron scattering measurements [205]. ⟨m⟩ at the ground state, deduced from
extrapolating each fitting curve of µ0⟨Hint⟩ to T → 0 K and the relationship between ⟨m⟩ and
µ0⟨Hint⟩, is plotted against x in Fig. 5.5(b). ⟨m⟩ at T → 0 K successively decreases from x = 0.07
to x = 0.27. In contrast to the pronounced increase in µ0⟨Hint⟩ below TN for x = 0.07 − 0.27,
only a slight increase due to SC diamagnetism is observed in x = 0.33, indicative of the absence
of magnetic ordering.

In Fig.5.5, we summarize our NMR data of the x dependence of θ, ∆S, and ⟨m⟩ together
with the T − x phase diagram of BaFe2(As1−xPx)2. As shown in Fig. 5.5(b), ⟨m⟩ at T → 0 K
is systematically suppressed toward x ∼ 0.35, suggestive of the existence of an AFM QCP at
x ∼ 0.35. Suppression of ∆S toward x ∼ 0.35 estimated from (T1T )

−1 in the AFM state could
be supportive evidence of the QCP although error bars of the data points are large. These are
also consistent with a sign-change of θ at x ∼ 0.35, which indicates the existence of a QCP from
the view of the normal-state spin dynamics [100]. All of these three parameters together with
TN changes linearly and vanish at x ∼ 0.35, indicating that the phase transition as a function
of P content x is second-order. Our NMR results clearly demonstrate that the AFM QCP is
present at x ∼ 0.35 and that P substitution for As acts as a tuning parameter for second-order
quantum phase transition in BaFe2As2. As pointed out previously [100], it is noteworthy that the
maximum Tc is observed near the QCP, suggesting that the AFM quantum critical fluctuations
play a vital role for the occurrence of unconventional superconductivity in BaFe2(As1−xPx)2.
The importance of AFM critical fluctuations for superconductivity appears to be a common
feature of the “122” iron-pnictide superconductors, since a maximum Tc at around a doping
level where TN disappears was also reported in Ba(Fe1−xTMx)2As2 [153; 206].

It is noteworthy that the interplay between magnetism and superconductivity seems to be
quite different between the “122” and “1111” superconductors. The importance of AFM fluctua-
tions to superconductivity in “122” discussed above should be compared with a weak correlation
between AFM spin fluctuation and superconductivity in “1111” [75; 166]. The phase diagrams
of the “1111” iron-pnictide superconductors are essentially different from those of the “122”
superconductors; TS and TN abruptly disappear as if structural and magnetic transitions are
the first-order transition and superconductivity appears suddenly in LaFeAsO1−xFx [207; 208].
Furthermore, superconductivity in CeFeAs(O1−xFx) seems to appear after disappearance of
magnetic ordering [209].

In addition, we point out that, in BaFe2(As1−xPx)2, the quantum critical fluctuation extends
up to room temperature in x = 0.33 as can be confirmed by the excellent fitting of the T1 data
up to 270 K with the theoretical curve of 2D AFM fluctuation and T -linear resistivity [146].
This is contrary to naive expectations for quantum phase transition realized at 0 K. Such robust
quantum criticality up to high temperatures of the order of J/kB, where J is the strength of
the exchange interaction, is in fact suggested by theoretical study [210]. Since the exchange
interaction of iron pnictides was estimated to be the order of 100 K [211], our finding of robust
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Figure 5.5: (Upper panel) T −x phase diagram of BaFe2(As1−xPx)2 determined from our NMR
measurements. TN for x = 0 is taken from Ref. [36] The triangles represent the characteristic
temperatures of AFM fluctuations θ inferred from (T1T )

−1 [100; 199]. (Lower panel) The x
dependence of ⟨m⟩ at T → 0 K obtained by extrapolating the fitting curve in Fig. 5.3(a) and
using the equation ⟨m⟩ = µ0⟨Hint⟩/31Ahf , where

31Ahf = 0.61 T/µB is deduced using ⟨m⟩ = 0.60
µB for x = 0.08 [205]. The magnetic moment of x = 0, 0.91 µB, is taken from Ref. [157]. The
gradual decrease in ⟨m⟩ (blue balls) at T → 0 K from x = 0 to 0.27 can be extrapolated to
x ∼ 0.35. The broken line is a guide for the eyes. The evolution of the SDW gap ∆S (red stars)
with increasing x is also shown. The vertical broad red line at x ∼ 0.35 indicates the expected
position of the AFM QCP.

quantum criticality in BaFe2(As1−xPx)2 is not unexpected. The present material thus provides
an accessible route to unraveling the nature of quantum criticality and emergent quantum order
such as unconventional superconductivity.

Finally, we comment on the slight difference between the location of QCP inferred from
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Figure 5.6: (Upper panel) Phase diagram of BaFe2(As1−xPx)2 with the characteristic temper-
atures of AFM fluctuations θ (NMR [100; 199]), effective mass enhancement factor m∗/me

(dHvA [90]) in right-axis, and the exponent of the temperature dependence of resistivity
α = d(ln∆ρab)/d(lnT ) (resistivity [83]) in color scale. (Middle panel) x-evolution of ⟨m⟩ at
T → 0 K obtained by extrapolating the fitting curve for data TN > T > Tc (red balls) and
TN > Tc > T (open blue stars). Lines are guides to the eyes. (Lower panel) The x dependence
of effective mass enhancements m∗/me derived from dHvA measurements and ∆C/Tc related
to effective mass derived from specific heat measurements. The vertical broad red (blue) line at
x ∼ 0.35 (∼ 0.30) indicates the location of the AFM QCP expected from the normal-state and
AFM properties (SC property).
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NMR (x ≈ 0.35) and from penetration depth and specific heat(x ≈ 0.30) [48; 128; 129]. As
shown in Fig. 5.6, The location of a QCP deduced from NMR measurement is inferred from
the normal and AFM state. Both states are outside the SC dome. The location x ≈ 0.35 is
determined by extrapolating the change in physical parameters outside the SC phase. On the
other hand, the location of a QCP at x ≈ 0.30 deduced from the other techniques is based on the
physical parameters in the SC phase or related to SC transition. The position of QCP is slightly
shifted from higher x ∼ 0.35 to the lower x ∼ 0.30 due to the occurrence of superconductivity.
Such a shift of x is actually discussed theoretically in Ref. [212; 213; 214] and is also expected
intuitively when superconductivity and magnetism are competing. For Ba(Fe1−xCox)2As2, even
the backbending of structural and magnetic transition lines is observed [215; 216]. In P-doped
system, there is a moderate coupling between SC and AFM order parameter as shown in the
next chapter in fact. Although which of the QCP, the original position at x ≈ 0.35 or the
shifted position affected by superconductivity x ≈ 0.30, is important for the occurrence of
high-Tc superconductivity is not clear, more and more evidence of the existence of QCP in
BaFe2(As1−xPx)2 is reported.

5.3 Short Summary

In summary, static and dynamic magnetic properties in lightly P-substituted BaFe2(As1−xPx)2
(0.07 ≤ x ≤ 0.33) were investigated by 31P-NMR. The averaged magnetic ordered moment ⟨m⟩,
the SDW gap value ∆S, and the characteristic temperature of AFM spin fluctuations θ decrease
successively toward x ∼ 0.35 with increasing P concentration. These results verify the existence
of an AFM QCP at x ∼ 0.35, suggesting that AFM quantum critical spin fluctuations play a
crucial role in superconductivity in BaFe2(As1−xPx)2.
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Chapter 6

Competitive Coexistence of
Superconductivity and Magnetism
in BaFe2(As1−xPx)2

We discuss the coexisting state of magnetism and superconductivity in BaFe2(As1−xPx)2 with
x = 0.25 (p = 0 GPa) and 0.20 (p ∼ 2 GPa) from microscopic point of view in this chap-
ter. We found that SC transition occurs in a magnetic region with static ordered moments
and that the moments are suppressed below Tc in the samples near the phase boundary of
magnetism and superconductivity. Our results indicate that magnetism and superconductivity
coexist microscopically in the real space but compete with each other on the same FSs. The
competing coexistence state is qualitatively different from that observed in other unconventional
superconductors and gives a strict constraint on the theoretical model for superconductivity in
BaFe2(As1−xPx)2.

6.1 Motivation

The study of the coexistence of magnetism and superconductivity, which is observed in the
phase boundary, would give important information about the SC properties and mechanism.
There are experimental reports not only from macroscopic and neutron scattering measurements
[215; 217; 218] but from microscopic measurements [44; 219; 220; 221] of the coexistence and
competition of magnetism and superconductivity in iron pnictides. However, we point out that
diffraction measurements give magnetic moments averaged over a wide spatial region and cannot
provide microscopic information about the coexistence. It remains an open question whether an
SC phase transition below TN occurs in a magnetic region of a sample or the SC transition is
induced by the proximity effect of a nonmagnetic SC region and whether the same or the different
electronic states contribute to magnetism and superconductivity. In the following sections, we
report the occurrence of the SC transition in a magnetic region of AFM ordering, which is
concluded from the investigation of internal magnetic field and nuclear spin-lattice relaxation
rate 1/T1 by site-selective NMR measurements.

6.2 Experimental Details

We used mosaics of single crystals (∼100 mg) for BaFe2(As0.80P0.20)2 and BaFe2(As0.75P0.25)2,
both of which are located near the phase boundary of magnetic and SC phases in the phase
diagram [83]. In order to drive the sample of x = 0.20 to have higher (lower) Tc (TN), we
applied pressure of P ∼ 2 GPa using piston-cylinder-type cell and Daphne 7373 as a pressure
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Figure 6.1: (a) and (b): ρxx(T ) and the temperature derivative of the ρxx(T ) for (a) x = 0.20
and (b) x = 0.25 at ambient pressure. TN’s are determined by the minima of dρxx/dT , as shown
by black arrows. (c) and (d): Temperature dependence and the temperature derivative of the
tuning frequency (c) for x = 0.20 at ambient pressure and p ∼ 2 GPa, and (d) for x = 0.25 at
ambient pressure.

transmitting medium. Figures 6.2(a) and 6.2(b) show the temperature dependence of the in-
plane resistivity ρxx for x = 0.20 and 0.25 samples. The magnetic transition temperature derived
from the temperature derivative of ρxx is in good agreement with the NMR results shown later.
The ac susceptibility measurements indicate non-bulk superconductivity at ambient pressure
but bulk superconductivity at T ∗

c ∼ 13 K at p ∼ 2 GPa in the x = 0.20 sample (Fig. 6.2(c)).
In the x = 0.25 sample, the gradual shift of the tuning frequency below T on

c ∼ 30 K and the
SC transition suggested by a broad peak at around T ∗

c ∼ 14 K in the temperature derivative of
the Meissner signal is observed (Fig. 6.2(d)). Note that the detuned frequency saturates at low
temperatures, indicative of bulk superconductivity in these samples.

6.3 31P-NMR Measurements of Coexisting Regime of BaFe2(As1−xPx)2

The NMR spectrum becomes broader and inhomogeneous below TN. To detect a site-selective
electronic state in the inhomogeneous state, we measured 31P (T1T )

−1 across the resonance
signal. We applied as small RF fields as possible for the site-selective 1/T1 measurements in
order to obtain the recovery curve of nuclear magnetization with a single T1 component.

Figure 6.3(a) shows the temperature variation of 31P-NMR spectrum for x = 0.25 at a fixed
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Figure 6.2: (a) Field-swept 31P-NMR spectra in BaFe2(As0.75P0.25)2. The solid black and dashed
red arrows indicate the magnetic fields where (T1T )

−1 is measured for the paramagnetic and
AFM states, respectively. Each spectra is shifted vertically for clarity. (b) Temperature depen-
dence of the averaged internal field ⟨Hint⟩ estimated from the observed NMR spectra. ⟨Hint⟩
increases below TN but decreases at T ∗

c . The black broken and solid lines represent the fitting
of (T1T )

−1 data ranging TN > T > T ∗
c to the GL model in the case of homogeneous coexis-

tence [216; 222] ((µ0Hint)
2 = A(TN − T ) + B(T − T ∗

c ) with A = 7.17 × 10−4 (T2/K), TN =
59.8 (K), B = 0 (T2/K). The red solid line represents the fitting of (T1T )

−1 below T ∗
c to the

same model with the parameters A = 7.17 × 10−4 (T2/K), TN = 59.8 (K), B = 2.87 × 10−3

(T2/K), and T ∗
c = 14 (K). (c) Temperature dependence of (T1T )

−1 measured site-selectively
at the sharp paramagnetic NMR signal (open squares) and at the broad magnetic NMR signal
(filled diamonds).

frequency of f = 137.57 MHz obtained by sweeping external field. A single sharp spectrum
was observed above TN, but no anomaly was detected in the NMR spectrum at the structural
transition TS determined by ρxx. Below TN, a broad NMR spectrum with a Gaussian shape de-
velops gradually overlapping with a sharp peak down to the lowest temperatures. We measured
(T1T )

−1 at the sharp and broad peaks shown by the solid black and dashed red arrows, respec-
tively. Figure 6.3(c) shows the temperature dependence of (T1T )

−1 at those peaks. (T1T )
−1

measured at the sharp peak continues to increase down to Tc, indicative of the absence of a
magnetic order, but (T1T )

−1 at the broad peak shows a kink at TN, indicative of the presence
of a magnetic order. These results suggest that the sharp (broad) NMR peak arises from the
region where P concentration is slightly higher (lower) than x = 0.25 in the sample. Thus, the
two-peak structure around T on

c is ascribed to the spatial inhomogeneity of the P concentration
x, since the variation of TN is very steep against x around x ∼ 0.25.

The 31P-NMR spectrum in the AFM state gives information about magnetic ordered mo-
ments, since the internal field Hint at the P site originates from the moments. The shape of
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Figure 6.3: (T1T )
−1 measured across the 31P-NMR spectrum (Upper panel) at T = 20 K (> T ∗

c )
and (Lower panel) at T = 5 K (< T ∗

c ). (T1T )
−1 over the entire spectrum at 5 K is smaller than

that at 20 K, indicative of the occurrence of superconductivity over the entire region of the
sample.

the spectrum reflects the field distribution at the P site; thus, the magnetic structure of Fe site
can be inferred from the obtained spectrum. Since we used randomly oriented samples for the
measurements and the nuclear spin of 31P is I = 1/2, a rectangular NMR spectrum is expected
when the moments are in a commensurate structure (see Appendix C). The broad Gaussian-
shaped NMR spectrum indicates the large distribution of the internal field at the P site and
suggests a change of spin structure from commensurate- to incommensurate-type and/or from
ordered to disordered-type caused by P-dopant. The averaged internal field ⟨Hint⟩ at the P site
is coupled to the ordered moment ⟨m⟩ with the hyperfine coupling constant 31Ahf ∼ 0.61 T/µB
as ⟨Hint⟩ = 31Ahf⟨m⟩ (The hyperfine-coupling constant 31Ahf at the P site is estimated from
the ratio between ⟨Hint⟩ and ⟨m⟩ in underdoped BaFe2(As1−xPx)2 samples. The ⟨m⟩ in x =
0.08 was estimated to be 0.60 µB by elastic neutron scattering measurements [205] and µ0⟨Hint⟩
for x = 0.07 at the lowest temperature is 0.3662 T. ). ⟨Hint⟩ is evaluated from each broadened
NMR spectrum below TN as:

⟨Hint⟩ =
∫∞
0 H2

intdI∫∞
0 HintdI

, (6.1)

where, experimentally, Hint is a resonance field measured from the peak field of the temperature-
independent paramagnetic 31P-NMR spectrum above TN and I is the 31P-NMR intensity. This
is the same quantity derived as the internal magnetic field in Eq. (5.2).

Figure 6.3(b) shows the temperature variations of ⟨Hint⟩ in the left scale and estimated ⟨m⟩
using 31Ahf in the right scale. ⟨Hint⟩ increases below TN but decreases below ∼ 14 K. (T1T )

−1

measured at the broad magnetic signal decreases clearly below T ∗
c ∼ 14 K, as shown in Fig.

6.3(c), indicative of the occurrence of superconductivity in the magnetic region of the sample.
Here, T ∗

c is confirmed to be an SC transition temperature of magnetic ordered region in the
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Figure 6.4: (a) Field-swept 31P-NMR spectra in BaFe2(As0.80P0.20)2 at p ∼ 2 GPa. (b) Temper-
ature dependence of the averaged internal field ⟨Hint⟩ estimated from the observed NMR signals
at ambient pressure (black dots) and at p ∼ 2 GPa (diamonds). ⟨Hint⟩ increases below TN but
decreases below T ∗

c at p ∼ 2 GPa. The broken lines indicate the fitting of the data ranging from
T ∗
c to TN to the phenomenological formula of c(TN−T )α with c = 0.10 (0.067), TN = 73.0 (61.0)

K, and α = 0.20 (0.25) for ambient pressure (p ∼ 2 GPa). The red solid line represents the
fitting of (T1T )

−1 below T ∗
c to the GL model with the parameters A = 8.04× 10−4 (T2/K), TN

= 61.0 (K), B = 3.59× 10−3 (T2/K), and T ∗
c = 13 (K).(c) Temperature dependence of (T1T )

−1

values measured in µ0H = 4.12 T at ambient pressure, in µ0H = 2.7 T and 2.66 T at p ∼ 2
GPa.

sample. In addition, we measured (T1T )
−1 across the 31P-NMR spectra at 20 K (> T ∗

c ) and 5
K (< T ∗

c ), as shown in Fig. 6.3, and confirmed that (T1T )
−1 in all regions of the spectrum at

5 K is smaller than that at 20 K. This indicates that superconductivity occurs over the entire
region of the sample. The sharp decrease in (T1T )

−1 at T ∗
c means that superconductivity is a

phase transition in the magnetic region and excludes the possibility that superconductivity in
the magnetic region is induced by the proximity effect of the SC region in the sample.

A similar nature of coexistence of magnetism and superconductivity was also observed in
the x = 0.20 sample at a pressure of ∼ 2 GPa. Figures 6.3(a) and 6.3(b) show the field-swept
NMR spectra and the temperature dependence of the ⟨Hint⟩ at the P site and estimated ⟨m⟩,
which are determined by the same procedure as that in the case of the x = 0.25 sample. For
comparison, ⟨Hint⟩ at ambient pressure is also shown in Fig. 6.3(b). ⟨Hint⟩ increases below
TN ∼ 61 K but decreases below T ∗

c ∼ 13 K at p ∼ 2 GPa, as observed in the x = 0.25 sample. It
should be noted that the paramagnetic signal was not observed at all in the sample, indicating
that the entire region of the x = 0.20 sample at p ∼ 2 GPa is in the magnetic state below TN
and then shows superconductivity below T ∗

c . These results indicate the microscopic coexistence
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of magnetism and superconductivity in real space, and the suppression of the magnetic order
parameter below T ∗

c both for the x = 0.25 sample at ambient pressure and for the x = 0.20
sample at p ∼ 2 GPa.

Now, we compare the present results with experimental results in other iron pnictides and
unconventional superconductors. It was revealed by muon spin rotation (µSR) that strongly
disordered but static magnetism coexists with superconductivity in the narrow range of 0.1 <
x < 0.13 on SmFeAsO1−xFx with the “1111” structure [44]. However, neither the suppression
of the ordered moments below Tc nor the SC transition in a magnetic region was observed in
SmFeAsO1−xFx. At present, the suppression of the magnetism below Tc, which is observed
in this study, have been reported in “122” and “111” type compounds: Ba(Fe1−xCox)2As2
[216; 217; 223; 224; 225], in Ba1−xKxFe2As2 [218; 221; 226], in Ba(Fe1−xNix)2As2 [227; 228; 229;
230; 231], in Ba(Fe1−xRux)2As2 [232], in Ba(Fe1−xRhx)2As2 [233], in Ba1−xNaxFe2As2 [234], and
Na(Fe1−xCox)As in [235; 236; 237]. The suppression of structural order parameter have been
also reported [215; 238]. The competition between the magnetic and SC order parameters as
well as the spatial coexistence are common features of the “122” compounds. It thus seems
that the relationship between the magnetic and SC phases is different between the “1111” and
“122” compounds. The spatial coexistence is also realized in heavy-fermion superconductors,
whereas the nature of coexistence differs from that in BaFe2(As1−xPx)2, i.e., magnetism and
superconductivity occur at different parts of the FSs. For example, it was reported that the
spatial coexistence is observed microscopically in CeCo(In1−xCdx)5 [239; 240] and CeRhIn5 at
a certain pressure [241; 242], where TN is higher than Tc. In these compounds, the magnetically
ordered moments develop below TN; however, they become constant below Tc without further
change at low temperatures. This suggests that magnetism and superconductivity emerge from
different parts of the FSs, thus a single 4f state could satisfy the coexistence of magnetism
and superconductivity. The suppression of the ordered moments below Tc was not observed
in the U-based superconductor UPd2Al3 or UNi2Al3, where plural 5f electrons are subdivided
into localized and itinerant electrons [243; 244; 245]. This is also the case in ferromagnetic
superconductors, such as UGe2 [246], URhGe [247], and UCoGe [248; 249]. In contrast, the
suppression of the ordered moments below Tc can be well understood by the assumption that
the same FSs contribute to both magnetic ordering and superconductivity with a competitive
relationship [213; 222; 250]. In BaFe2(As1−xPx)2, cylindrical FSs, particularly hole FSs, are
modified to be more 3D, and nesting between hole and electron FS becomes weaker with P
substitution, resulting in the suppression of the AFM order. It is considered that the nesting
vector becomes distributed and the AFM order (superconductivity) occurs at stronger (weaker)
nesting vectors. In this regard, the competitive relationship between the two phases might have
a common aspect with that in cuprate superconductors [251], whose AFM order is induced by
the applied strong magnetic field that imposes the vortex lattice.

The competition between superconductivity and AFM ordering near the phase boundary
can be described in terms of a Ginzburg-Landau (GL) theory of coupled order parameters
[213; 222; 252; 253]. The homogeneous part of the free energy is given by

FGL(∆,M) =

∫
dr
(as
2
|∆|2 + us

4
|∆|4 + γ

2
|∆|2M2 +

am
2
M2 +

um
4

M4
)
, (6.2)

where ∆ and M denote the SC and AFM order parameters, respectively [222]. The leading term
in the order-parameter competition is characterized by the coefficient γ, which determines the
phase diagram and the character of two phase transitions; SC and AFM states coexist homoge-
neously with two second-order phase lines for 0 < γ <

√
usum, but two phases compete and are

separated by a first-order transition for γ >
√
usum. Our experimental results, indicating the

homogeneous coexistence and presence of the AFM and SC transitions at different temperatures,
suggest that the former (0 < γ <

√
usum) condition is realized in BaFe2(As1−xPx)2. According
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to the recent theoretical studies, an extended s-wave (s±-wave) state[213; 222], in which the SC
gap changes sign between the hole and electron bands, satisfies the 0 < γ <

√
usum condition

and can coexist with an incommensurate SDW state over a much wider range of parameters
than a conventional s-wave state. In fact, the temperature dependence of ⟨m⟩ can be fit with
the GL expression in the case of homogeneous coexistence[216; 222], as shown in Figs. 6.3(b)
and 6.3(b) with red curves. In this sense, our results are consistent with the s±-wave state.
However, we should note that the theory by Fernandes et al. does not include the effect from
five Fe-bands with different character.

6.4 Short Summary

In conclusion, our NMR results on BaFe2(As1−xPx)2 reveal the microscopic coexistence of AFM
and SC states in real space, and the direct coupling between the two order parameters. The
coexistence behavior can be consistently interpreted by the simplified s± model [222]. Our
results strongly suggest that antiferromagnetism and superconductivity occur at the same FS
and compete with each other.
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Chapter 7

Emergence of Static Orbital
Polarization in BaFe2(As1−xPx)2
above Structural Transition

In this chapter, we report 75As-NMR measurements in single crystalline BaFe2(As0.96P0.04)2 for
magnetic fields parallel to the orthorhombic [110]o and [100]o directions above the structural
transition temperature TS ≃ 121 K. A large difference in the line width between the two field
directions reveals in-plane anisotropy of the electric field gradient, even in the tetragonal phase.
This provides microscopic evidence of population imbalance between As-4px and 4py orbitals,
which reaches |nx − ny| ∼ 0.004 electron at T → TS and is a natural consequence of orbital
ordering of Fe-3dxz and dyz electrons. Surprisingly, this orbital polarization is found to be already
static near room temperature, suggesting that it arises from the pinning of anisotropic orbital
fluctuations by disorder. Furthermore, the appearance of nematicity in torque and photoemission
measurements is found to coincide with an upturn in the line broadening below ∼ 150 K, which
reveals either a crossover in the magnitude/length of the orbital-nematic correlations, or a phase
transition.

7.1 Motivation

The relationship between spin, orbital and lattice degrees of freedom is a central issue in iron
pnictides since fluctuations in these channels are potentially at the origin of the high-Tc su-
perconductivity. The problem is best illustrated by the presence of two interrelated structural
and magnetic transitions, at temperatures TS and TN, respectively, which both disappear near
the optimal Tc in most pnictides [100; 128; 153; 254]. Although the tetragonal-to-orthorhombic
transition slightly precedes (or coincides with) the antiferromagnetic (AFM) transition, the lat-
ter is not necessarily a consequence of the former: whether the orthorhombic distortion is driven
by magnetic or orbital fluctuations has been the subject of continuing debate ([255] and ref-
erences therein). Furthermore, the tetragonal phase above TS turns out to be unconventional:
various electronic properties have been found to break the fourfold symmetry of the Fe-As planes
[132; 133; 134; 135; 136; 138; 229; 256; 257; 258; 259; 260; 261; 262; 263; 264; 265; 266; 267; 268].
The relative role, as well as the microscopic origin, of the spin and orbital instabilities lead-
ing to such an “electronic nematic state” are also controversial [267; 269; 270; 271; 272; 273;
274; 275; 276; 277; 278; 279; 280]. Actually, because magnetic and orbital degrees of free-
dom are entangled and most likely cooperate [? ], it is challenging to determine which one,
if any, is leading. While both the magnetic and orbital scenarios find support in experiments
[133; 136; 254; 255; 265; 281; 282; 283; 284; 285], the nematic state remains puzzling: can a
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nematic phase transition be defined? Are the observed phenomena truly static or fluctuating?
What is the role of disorder? How to deconvolute experimental results from the effect of uniaxial
stress, frequently used to align the twin nematic domains?

Here, we report nuclear magnetic resonance (NMR) measurements above TS in underdoped
BaFe2(As0.96P0.04)2. We demonstrate that orbital polarization of the As-4p orbitals, related to
Fe-3d polarization (i.e. ordering), is present within electronic domains in the tetragonal phase,
even without any applied uniaxial stress. We estimate the magnitude of this polarization and
we show that it is static. We further reveal an unanticipated temperature dependence: while the
onset of the nematic state, as inferred from torque and photoemission experiments [132; 138], is
manifested by an upturn near 150 K in our linewidth data, static orbital polarization is found
to be already present at much higher temperatures. This suggests that short-range orbital order
is first nucleated around defects and that its evolution towards longer-range order is directly
involved in the manifestation of nematicity at the macroscopic scale.

7.2 Experimental Details

The edges of the single crystalline BaFe2(As0.96P0.04)2 were cut along [110]o (As-Fe direction),
[100]o (As-As or Fe-Fe direction), and [11̄0]o (see Fig. 7.1(a)) and the resulting dimension of the
crystal was 2.0 × 1.4 × 0.25 mm3. The NMR coils, fitted into the crystal size as shown in Fig.
7.1(b), were prepared for the field directions of [110]o, [100]o, and [11̄0]o, respectively. The coil
with the crystal inside was attached to the uniaxial rotational system equipped on the probe
head. The field direction was controlled to be parallel to the ab-plane within ±1◦. 75As-NMR
spectra were obtained by sweeping frequency in the fixed magnetic field of 15 T.

(a) (b)

[100]O

[010]O

Cut 3

Cut 3

Cut 2

Cut 2
Cut 1

Cut 1

1 mm

Figure 7.1: (a) A photograph of the (001) surface of the single crystal of BaFe2(As0.96P0.04)2
with grid scales by 0.1 mm × 0.1 mm. The green (red) thin grid lines are along [110]o ([11̄0]o)
direction in FeAs-layer. The single crystal was cut three times along green thick lines (Cut1
along [110]o), yellow thick lines (Cut2 along [100]o), and red thick lines (Cut3 along [11̄0]o) in
turn. (b) Top and side views of the copper coil used for our NMR measurement of H ∥ [110]o.
The coil was made by winding copper wire 50 µm in diameter around the copper plate with the
same dimension as the sample.

The in-plane resistivity measurement for the crystal taken from the same batch as the one
for our NMR measurements was performed (Fig. 7.2(a)). A sharp upturn of the resistivity, often
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Figure 7.2: The temperature dependence of (a) resistivity and (b) temperature derivative of the
resistivity for BaFe2(As0.96P0.04)2. The dotted red line at higher (lower) temperature represents
the temperature at which dρ/dT starts to change (shows a peak). The solid red line is the
mid-point of the two dotted red lines and is defined as TS. (c) 75As-NMR intensity recorded
on cooling (blue balls) and warming (red balls) at around the phase transition temperature,
respectively for BaFe2(As0.96P0.04)2. The horizontal dotted line indicates a half of the intensity
in the paramagnetic state. The vertical dotted line of 121 K is the temperature averaged for
cooling and warming at which a half of the intensity is lost, and it corresponds well to TS
determined by resistivity.

seen below TS for the sample with well separated TS and TN, is not observed. This suggests
the simultaneous structural and magnetic transition TS = TN in the x = 0.04 sample as also
reported for x = 0−0.07 [83; 85]. In this study, TS is defined as the mid-point of the temperature
at which the temperature derivative of resistivity starts to change and shows a peak and thus
TS ≈ TN ≈ 121 K (Fig. 7.2(b)). We also checked the magnetic phase transition by tracking
75As-NMR peak intensity of the Fourier transformed spectrum at the resonance position for
µ0H = 15 T ∥ [110]o in the paramagnetic phase with changing temperature. For both cooling
and warming process, the temperature sweep rate was kept slower than 0.1 K/min in order to
minimize the difference between the actual temperature of the sample and the temperature at
the thermometer tip. The intensity showed a reduction at TN ∼ 121 K due to the broadening
of the NMR signal from magnetic ordered sites (Fig. 7.2(c)), which corresponds to the result of
resistivity. It also showed a hysteresis in temperature about 1.6 K wide. Although the hysteresis
is narrower than that observed in x = 0 [36], the first-order-like character of the phase transition
seems still present for x = 0.04.
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7.3 In-Plane Field Orientation Dependence of 75As-NMR Spec-
trum
of BaFe2(As0.96P0.04)2

75As-NMR spectra are measured at 200 K in the field of 15 T along [110]o, [100]o and [11̄0]o.
Since 75As nuclei have a spin I = 3/2, the spectrum shows three lines corresponding to the
transitions Iz = m↔ m− 1 (m = ±1/2, 3/2) at the frequencies

75fm↔m−1(θ, ϕ) =
75γ

2π
µ0Hext(1 +

75K(θ, ϕ))

+
νc
2

(
m− 1

2

)
(3 cos2 θ − 1− η sin2 θ cos 2ϕ) (7.1)

+ (2nd-order quadrupolar correction),

where (θ, ϕ) indicates polar and azimuthal angles of the applied field in the orthorhombic basis
(ao, bo, c),

75γ/2π = 7.2919 MHz/T is the 75As gyromagnetic ratio, µ0H = 15 T here, and
75K(θ, ϕ) represents the Knight shift which is proportional to the magnetic susceptibility χ(q=
0, ω = 0). The angular dependence of the quadrupole frequency να is expressed as ν(θ, ϕ) =
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Figure 7.3: (a) An in-plane field direction dependence of 75As-NMR spectrum at 200 K for center
peak with Lorentzian fitting curves for As0 and As1. Expected resonance positions tracking for
As0 and As1 are represented by blue and red lines, respectively. (b) An in-plane field direction
dependence of 75As spectrum at 200 K for satellite peaks with Gaussian fitting curves for As0.
Expected resonance positions tracking for As0 and As1 are shown as solid blue and broken red
lines, respectively.
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bo
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[110]o

H

As0

Fe

As1

P
[100]O

[100]o

As1
[010]O

ao

Figure 7.4: FePn-layers of BaFe2(As0.96P0.04)2 and applied field directions. Black and Pink
points indicate Fe site and P dopants, respectively. As0 sites where no P dopants exist in its

nearest neighbor (NN) are shown by sky-blue points. As
[100]o
1 and As

[010]o
1 where a P dopant

locates on the NN site in [100]o and [010]o are shown by blue points. Note that this image
assumes the ideal allocation of P dopants for 4 % concentration that one P atom exists for every
five As atoms in line.

(νc/2)(m− 1/2)(3 cos2 θ− 1− η sin2 θ cos 2ϕ). να is proportional to the diagonal components of
the electric field gradient (EFG) tensor Vαα ≡ ∂2V/∂r2α: να = eVααQ/2h (α = a, b, c), where
Q is the electric quadrupole moment. The EFG tensor of the so-called As0 sites far from any
P dopant (see Fig. 7.4) is diagonalized in the ortho-basis (ao, bo, c) [36]. The in-plane EFG
anisotropy is defined as η ≡ |Vaa − Vbb|/|Vcc| = |νao − νbo |/|νc| with νa + νb + νc = 0. Therefore,
η = 0 in a local tetragonal environment. The third term indicates the contribution from the
second perturbation of electric quadrupolar effect [140]. Small additional peaks observed in
the tail of the central line (Fig. 7.3(b)) are attributed to those As sites (hereafter called As1)
having one P dopant among their four nearest neighbor (NN). The As1 resonance splits into

two peaks for H ∥ [100]o because As
[100]o
1 and As

[010]o
1 sites (defined in Fig. 7.4) are inequivalent,

while they are equivalent for H ∥ [110]o and [11̄0]o. In Ba(Fe1−xCox)2As2, NN to Co dopants
produce similar peaks [153; 219; 220]. The angle dependence of the resonance frequency of the
As1 center peak is reproduced with the parameters |νz| = 5 MHz, η = 0.24 and δ = 30◦, where δ
is the tilt angle of the principal axis (z-axis) of the EFG from the crystalline c-axis (Fig. 7.3(a)).
The Knight shift of As1 is assumed to be the same as that of As0. These parameters enable
us to estimate the positions of the As1 satellite peaks (Fig. 7.3(b)). Although it is difficult to
distinguish the weak and broad satellites of As1 from those of As0, semi-quantitative agreement
with the data is obtained. It is clear from Fig. 7.3(b) that the central part of each satellite signal
is essentially representative of the As0 sites.
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Figure 7.5: (a) T dependence of the quadrupole frequency |ν|. (b) T dependence of the distri-
bution ∆ν/|ν| where ∆ν is the full-width at half-maximum of a satellite line. 75As satellites at
250 K (c) and at 130 K (d) for H ∥ [100]o and [110]o, respectively. Broken blue and red lines
represent Asa0 and Asb0 sites, respectively, obtained from Gaussian fits to the lineshape (their
sum is shown as a solid green line). The two sites are identical for H ∥ [110]o, while they split
for H ∥ [100]o.

Below, we discuss the electronic state of the As0 sites by analyzing two quantities: i)
the absolute value of their quadrupole frequency |ν|, directly determined from the half of
the separation between the high and low frequency satellites |ν(ϕ)| = |f 3

2
↔ 1

2
− f− 1

2
↔− 3

2
|/2 =

|νc|(1 + η cos 2ϕ)/2, ii) the distribution of quadrupole frequencies ∆ν/|ν|, where ∆ν is the full-
width at half-maximum obtained by Gaussian fit of the As0 satellite peak.

The central observation of our study is shown in Figs. 7.5(a) and 7.5(b): while the values
of |ν| are almost identical for H ∥ [110]o and for H ∥ [100]o, the values of ∆ν/|ν| for these two
orientations are different and this difference increases on cooling. That the width for H ∥ [100]o
is anomalously large and that it grows with decreasing T (instead of being constant as for
H ∥ [110]o) can naturally be explained by the existence of two types of As0 sites, having identical
EFG tensor components but a non-zero η and in-plane principal axes perpendicular to each
other, that means, perpendicular domains in each of which the in-plane fourfold symmetry of
the EFG is broken. Note that the central and satellite lines were found to have identical width
for H ∥ [110]o and for [11̄0]o (Fig. 7.3(a,b)). In addition to ensuring the accuracy of the crystal
alignment with respect to H, this result suggests that twin nematic domains within the sample
prohibit direct detection of the planar anisotropy by comparing NMR spectra in perpendicular
field orientations.

We thus performed new fits to the sharp part of the satellite peaks (i.e. excluding the tails
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Figure 7.6: (a) T dependence of in-plane EFG anisotropy parameter η for x = 0.04 (this work)
and x = 0 (from Ref. [36]). For x = 0.04, η is derived from the angular dependence of the satellite
linewidth with respect to the field. For x = 0, however, it is deduced from the satellite splitting
due to twinned orthorhombic domains [36]. If domains are present above TS, this method does
not allow detecting η ̸= 0 locally. (b) T dependence of νa,b for x = 0.04 together with the
x = 0 data from Ref. [36]. νbanda,b is the quadrupole frequency estimated from band-structure

calculations. νlata,b is the value calculated using a point charge model and the lattice parameters

from Refs. [218; 286]. (1− γ∞)νlata,b is derived from ν versus Kspin plot (see text).

due to As1) for H ∥ [100]o with two Gaussian functions, each having a linewidth fixed to the
value measured for [110]o (Figs. 7.5(c,d)). The corresponding two sites are named Asa0 and Asb0
and they are defined by their respective quadrupole frequencies |νa| < |νb| for H ∥ [100]o. It is
important to realize that the frequency difference between the satellite peaks of Asa0 and Asb0
actually corresponds to |νa − νb| for perpendicular domains in which a and b are rotated by
90◦. Dividing this value by |νc| = |νa + νb| = 2|ν[110]o |, the EFG anisotropy parameter η can be
estimated. As shown in Fig. 7.6(a), η is already non-zero at 250 K but it increases on cooling
and shows an upturn below ∼ 150 K.

In general, the EFG has two origins: να = νonα + (1 − γ∞)νlatα , where νonα is the contribu-
tion from the on-site charge density and νlatα is the contribution from the surrounding charged
ions in the lattice, multiplied by the anti-shielding factor (1 − γ∞) [287]. Therefore, in-plane
anisotropy (η ̸= 0) can occur because the lattice symmetry is locally orthorhombic (while still
globally tetragonal) and/or because of nematic order, i.e. electronic states locally break fourfold
symmetry.

In order to obtain information on the on-site wave function, let us now examine the rel-
ative weight of these two contributions. First, we performed band-structure calculations for
x = 0 within the local-density-approximation (LDA) for nonspin-polarized BaFe2As2, using the
WIEN2K package in the APW + local orbital basis [89] and using lattice parameters from
Ref. [286]. Since the obtained νbanda,b = +1.95 MHz at 300 K is consistent with the experimental

117



0.00 0.05 0.10

-3

-2

-1

0

(1- ) c
lat

c (
M

H
z)

Kc
spin (%)

c = -15.5923 * Kspin
c  - 0.89079

Figure 7.7: Kspin
c -νc plot for x = 0 as an implicit parameter of temperature. The values of Kc
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equation νlata,b = −νlatc
2 as follows: (1−γ∞)νlata,b = (1−γ∞)νlatc ×(−1

2) = −0.89×(−1
2) ≈ 0.45 MHz.

value |νa,b| = 1.5 MHz [36], the sign of νa,b is chosen to be positive in Fig. 7.6(b) for both x = 0
and 0.04 in the tetragonal phase.

Based on theoretical [288] and experimental [289] grounds, the on-site contribution νon is
expected to scale with the spin part of the Knight shift Kspin as a function of temperature. By
extrapolating to Kspin → 0 the actually linear relationship between ν and Kspin (with T as an
implicit parameter) for the parent compound x = 0 (Fig. 7.7), we estimate the T independent
lattice contribution (1 − γ∞)νlata,b = 0.45 MHz. This contribution thus accounts for less than
half of the total νa,b in both x = 0 and 0.04. As a cross-check, we deduce (1 − γ∞) ≃ 2.7
after calculating νlata,b by a point charge model (Fig. 7.6(b)). A value of |1 − γ∞| < 10 agrees
with expectations based on the fact that BaFe2As2 is a metal [140; 290]. We do not expect the
4% P doping to significantly affect the value of (1 − γ∞)νlata,b and we expect it to be essentially
T -independent. Indeed, the thermal variation of the lattice parameters over the whole T range
across the structural transition [218; 286] produces an almost negligible change in νlata,b (Fig.
7.6(b)). So, for the lattice contribution to reproduce the experimental change of νa,b between
250 and 130 K, an unrealistic value (1− γ∞) = −26 would have to be used.

νonα is then deduced by subtracting (1−γ∞)νlatα from the experimental values of να for x = 0
and 0.04. Defining i = (x, y, z) with 4px and 4py orbitals of As directed toward As NN, νonα can
be expressed in terms of the occupation number ni for each As-4pi orbital as follows [291; 292]:

νona =ν0

(
nx−

ny + nz
2

)
νonb =ν0

(
ny−

nz + nx
2

)
(7.2)

νonc =ν0

(
nz−

nx + ny
2

)
,
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Figure 7.8: T dependence of the orbital polarization |nx − ny| for x = 0 and 0.04 estimated
by νonα and Eq. (7.3). The right inset shows x = 0.04 data in an expanded scale. The black
arrow shows a crossover in the T dependence, coinciding with observations of a nematic state
in bulk measurements [132]. The left inset is a schematic description of Fe-3d and As-4p orbital
orderings.

where ν0 =
3
20

e2Q
h

1
4πϵ0

4
5⟨r

−3⟩4p =56.90 MHz with ⟨r−3⟩4p = 6.958 a.u. The orbital polarization
corresponding to an occupation difference between As-4px and 4py is then:

|nx − ny| =
2

3ν0
|νona − νonb |. (7.3)

Note that in doing so, we attribute all of the T -dependent broadening for H ∥ [100]o to the
splitting, thus to the magnitude of the orbital polarization |nx − ny|. However, part of the
broadening must be accounted for by the T dependence of the correlation length. Taking this
effect into account is clearly beyond the scope of this paper. Hence, the values of |nx − ny|
reported in Fig. 7.8 should be considered as lower bounds.

|nx − ny| for x = 0.04 is much smaller than in the orthorhombic phase of x = 0, but it
clearly increases with decreasing T , especially below ∼ 150 K. This characteristic temperature
of ∼ 150 K matches the temperature at which twofold symmetry appears in magnetic torque,
lattice parameters and Fe-3d orbital polarization [132; 138]. While quantitative evaluation of the
polarization of the Fe-3d orbitals has been reported in a few experiments for the AFM ordered
state [136; 293; 294], no such measurement has been reported for the As-4p orbitals above TS, to
the best of our knowledge. Furthermore, the low timescale of NMR (set by the inverse linewidth
of ∼ 0.5 MHz) implies that the observed orbital ordering is static. The imbalance between
4px and 4py occupations most likely results from ordering within the Fe-3d orbitals, that is,
the degeneracy of Fe-3dzx and 3dyz orbitals is lifted. Indeed, LDA calculations found that a
reduction of the Fe-3dyz partial density of states (PDOS) is accompanied by a decrease in the
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As-4py PDOS in the AFM ordered state for x = 0 [295]. This suggests that orbital ordering
above TS for BaFe2(As0.96P0.04)2 produces nx < ny for the As-4p orbitals. This in-plane orbital
anisotropy must participate in lifting the degeneracy of stripe spin correlations between [100]o
and [010]o directions, but our results do not exclude that spin-nematic fluctuations contribute
as well and that they are possibly leading. A similar relationship between the lattice symmetry
breaking and the enhancement of spin fluctuations has been observed in LaFeAsO [208; 296].
In any event, our point here is that static orbital ordering is present and it must thus be taken
into account as an important ingredient of the physics of FeAs planes.

An important and unanticipated aspect of our data is that η at the As0 sites, albeit small,
is non-zero even at the highest measured temperature of 250 K, that is, well above the claimed
nematic transition at T ∗ ∼ 150 K [132]. We suspect that orbital ordering would be entirely
fluctuating at high temperatures in the absence of disorder but it is made static due to pinning
by defects (most likely P dopants here). Such phenomenon is analogous to the pinning of
charge-density-wave fluctuations above the phase transition in NbSe2 [297; 298] and high-Tc
cuprates [299; 300] or to the pinning of AFM fluctuations around impurities in high-Tc cuprates
and low-dimensional antiferromagnets [301; 302; 303]. In iron-based superconductors, there is
actually theoretical [304; 305] and especially experimental evidence from scanning tunneling
microscopy [261; 306; 307; 308] and transport measurements [102] that defects play a role in the
nematic response.

Intrinsic spin and/or orbital nematic correlations are not produced by defects but they can
be revealed by them. We expect this to be particularly true in the absence of any aligning field,
i.e. in the unstressed tetragonal phase. In a simplified picture, static, but short-range correlated,
orbital order is nucleated around P sites. Its magnitude, proportional to the amplitude of the
intrinsic nematic susceptibility of the pure system, and its spatial extent, set by the nematic
correlation length of the pure system, both grow on cooling. Here, given the mean P-P distance
as small as five lattice spacings for 4% doping, short-range orbital order may concern essentially
all of the As sites and not only the P nearest neighbors, over a wide temperature range.

Finally, another new and important aspect of our results is the observation of an upturn in
the line broadening below ∼ 150 K (Figs. 7.5(b) and 7.8). This reveals that coinciding anomalies
reported in magnetic torque and photoemission measurements correspond either to a crossover
in the magnitude and/or the length of the orbital-nematic correlations or to a true nematic
phase transition [132; 138].

7.4 Short Summary

To summarize, our NMR work provides evidence for unequal population of the As 4px and 4py or-
bitals, itself due to Fe-3d orbital ordering in the (unstressed) tetragonal phase of BaFe2(As0.96P0.04)2.
The data reveal that these orbital-nematic correlations are involved in the appearance of a ne-
matic state detected below ∼150 K by other probes [132; 138]. Furthermore, the magnitude of
the orbital polarization, its static nature and its persistence at temperatures well above 150 K
place strong constraints on microscopic models of nematic order in this class of superconductors.
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Chapter 8

Conclusion

Systematic 31P- and 75As-NMR measurements on the iron pnictides BaFe2(As1−xPx)2 for a
wide P concentration range 0.04 ≤ x ≤ 0.64 have been performed. The measurements revealed
unconventional and intriguing properties of BaFe2(As1−xPx)2. In this chapter, we summarize
our NMR experimental results.

Antiferromagnetic state

One of the promising theories for unconventional superconductivity is the pairing induced by
AFM spin fluctuations. In this scenario, the SC dome is predicted to appear around an AFM
QCP. Hence, to find evidence of a QCP gives strong constraint on the theories for the su-
perconductivity in the system. To establish the presence of a QCP, experimental evidence of
a second-order quantum phase transition of an order parameter at zero-temperature limit is
required. This could be more direct evidence than the anomalous behaviors at finite temper-
atures presumably originating from the QCP. Chapter 5 reported such direct evidence of the
existence of an AFM QCP by 31P-NMR studies on lightly P-substituted BaFe2(As1−xPx)2 for
0.07 ≤ x ≤ 0.33. Static and dynamic magnetic properties of each sample were investigated via
31P-NMR spectrum and T1 measurements, respectively. The averaged magnetic ordered moment
⟨m⟩ (as an order parameter) at the zero-temperature limit shows a continuous decrease toward
x ∼ 0.35 with increasing P concentration x, verifying that a second-order quantum phase tran-
sition occurs at x ∼ 0.35. The SDW gap ∆S estimated from the reduction of (T1T )

−1 below TN
and the characteristic temperature of AFM spin fluctuations θ estimated from the enhancement
of (T1T )

−1 in the normal state also decrease toward x ∼ 0.35 with increasing x. All these results
indicate the existence of an AFM QCP at x ∼ 0.35, suggesting that AFM quantum critical spin
fluctuations play a crucial role for the pairing mechanism in BaFe2(As1−xPx)2.

Coexisting state of superconductivity and antiferromagnetism

The coexisting state of magnetism and superconductivity is one of the most intriguing subject
for study since the mechanism of unconventional superconductivity is expected to be highly
related to magnetism. The researchers often take an interest in how they coexist: the mixing
state of two different orderings is either macroscopic, i.e. inhomogeneous / phase-separated
coexistence or microscopic, i.e. homogeneous coexistence in the real space. However, the probe
which can distinguish these states are limited. NMR is a powerful technique to clarify them
because we can measure static and dynamic properties of the electronic state at the specific
nuclei selectively and investigate whether the SC transition occurs at magnetically ordered site
or not. Chapter 6 reported 31P-NMR measurements on BaFe2(As1−xPx)2 for x = 0.25 at
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ambient pressure and x = 0.20 at hydrostatic pressure of p ∼ 2 GPa. We observed 31P (T1T )
−1

measured at the magnetically ordered site shows SC transition in both x = 0.25 and x = 0.20
(p ∼ 2 GPa) samples. This is the direct evidence of spatial coexistence of superconductivity
and magnetism in microscopic scale. Moreover, 31P-NMR spectrum became narrow below Tc,
indicative of the suppression of internal magnetic field due to competition between SC and AFM
order parameters. Our results strongly suggest that antiferromagnetism and superconductivity
occur at the same Fermi surfaces but compete with each other.

Orbital nematic state

In the research field of iron pnictides, the importance of orbital degrees of freedom has been
recognized as well as the spin and lattice degrees of freedom since fluctuations related to these
degrees of freedom are believed to be at the origin of their high-Tc superconductivity. Recently,
the electronic nematic state has been observed above TS by various experiments in which the
electronic state spontaneously breaks the four-fold lattice symmetry thus making various phys-
ical properties two-fold symmetric in the plane. Although the relationship between nematicity
and orbital ordering has been debated, few microscopic and quantitative experimental informa-
tion has been reported so far. NMR can potentially detect the local anisotropy since it gives
microscopic information by using a specific nuclear site as a local probe. In Chapter 7, we re-
ported in-plane field orientation dependence of 75As-NMR of BaFe2(As1−xPx)2 single crystal for
x = 0.04 above TS. A large difference in the linewidth between H ∥ [100]o and H ∥ [110]o reveals
in-plane anisotropy of the electric field gradient, even in the tetragonal phase. This provides
microscopic evidence of population imbalance between As-4px and 4py orbitals, which reaches
|nx−ny| ∼ 0.004 electron at T → TS and is a natural consequence of orbital ordering of Fe-3dxz
and dyz electrons. Surprisingly, this orbital polarization is found to be already static near room
temperature, suggesting that it arises from the pinning of anisotropic orbital fluctuations by dis-
order. Furthermore, the appearance of nematicity in torque and photoemission measurements
is found to coincide with an upturn in the line broadening below ∼ 150 K, which reveals either
a crossover in the magnitude/length of the orbital-nematic correlations, or a phase transition.
These results impose strong constraints on microscopic models of the nematic state.

Finally, we conclude that, from our NMR measurement outside of SC dome various exotic
state are observed. Dynamic spin fluctuations associated with an AFM QCP seem to support
superconductivity, while static AFM order competes with superconductivity. As-4p orbital
polarization in the nematic state which can potentially enhance the spin fluctuation by lifting
degeneracy of (π, 0) and (0, π) nesting vectors indicates the importance of hybridization of Fe
and As orbitals and the strongly coupled spin, orbital, and lattice degrees of freedom in the iron
pnictides. These observations will promote theoretical understanding of BaFe2(As1−xPx)2 and
impose important constraints on the pairing mechanism of the iron-based superconductor.
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Appendices

A Distribution of T1: Stretched Exponential Function Analysis

The stretched exponential function can be written as a sum of pure exponential decays, with a
particular probability distribution P of 1/T1 values for a given value of β. In such a probability
distribution, one must normalize 1/T1 to the characteristic relaxation rate 1/T ∗

1 appearing in
Eqs. (3.11) and (3.12). Hence for such systems one can write the stretched exponential function
in Eq. (3.11) as

exp

{
−
(
t

T ∗
1

)β
}

=

∫ ∞

0
P (s, β) exp

{
−s t

T ∗
1

}
, (A.1)

where

s ≡ 1/T1
1/T ∗

1

. (A.2)

Since P (s, β) is a probability density, one has
∫∞
0 P (s, β)ds = 1. For β = 1, the stretched

exponential function Eq. (3.11) is a pure exponential with relaxation rate 1/T1 = 1/T ∗
1 and

hence the probability density P (s, 1) is a Dirac δ function at s = 1. For general β, P (s, β) is
given by:

P (s, β) =
1

π

∫ ∞

0
exp

[
−uβ cos

(
πβ

2

)]
cos

[
su− uβ sin

(
πβ

2

)]
du. (A.3)

The evolution of P (s, β) versus s at fixed β is shown in Fig. A.1(a). From the figure, β < 1
causes the Dirac δ-function-shaped P (s, 1) to broaden. P (s) becomes asymmetric, and the peak
moves towards slower rates. Thus, the physical interpretation of 1/T ∗

1 should not be taken as
the average of 1/T1. The average value of 1/T1 can be generally estimated as follows [309]:

1

T ave
1

=
β

Γ
(

1
β

) 1

T ∗
1

. (A.4)

The β evolution of the ratio T ave
1 /T ∗

1 is shown in Fig. A.1(b). As for the physical interpretation
of β, it can be considered to be related to the logarithmic FWHM of P (s) as shown in Fig.
A.1(c).
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(a) (b) (c)

Figure A.1: (a) Semi-log plots of the probability density P (s, β) for the relaxation versus nor-
malized relaxation s = (1/T1)/(1/T

∗
1 ) for several rational values of β. (b) Semi-log plot of the

average T ave
1 /T ∗

1 versus the stretching exponent β according to Eq. (A.4). (c) FWHM versus β
of P (log10(s)) on a logarithmic s scale.
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B 31P-NMR Spectrum for a Commensurate Antiferromagnetic
Ordered State of Polycrystalline Sample

In this section, I develop the expression for 31P-NMR (I = 1/2) spectral shape in the stripe-type
commensurate AFM ordered state of polycrystalline sample. Such spectrum is actually observed
in P-underdoped BaFe2(As1−xPx)2. Here, all of the tiny crystals in polycrystalline sample is
considered to be fixed with varnish to avoid preferential alignment of the crystal in the applied
magnetic field.

First, we assume that an external magnetic field is applied along z-axis: H = (0, 0,H).
Internal magnetic field is defined as Hint = (Hint sin θ, 0,Hint cos θ), where we may assume
without loss of generality that x-axis is the tilting direction of Hint with respect to H (Fig.
B.2). Then, the Zeeman Hamiltonian becomes

Hz = −γ~I ·H (B.5)

= −γ~[IxHint sin θ + Iz(H +Hint cos θ)] (B.6)

= −γ~
[
1

2
(I+ + I−)Hint sin θ + Iz(H +Hint cos θ)

]
. (B.7)

To obtain the eigen value E of this Hamiltonian, the eigen value x = −E/γ~ of the expression
inside the square bracket [ ] in the above equation is calculated as follows:

[x+ (H +Hint cos θ)] [x− (H +Hint cos θ)]−H2
int sin

2 θ = 0 (B.8)

x2 − (H +Hint cos θ)
2 −H2

int sin
2 θ = 0 (B.9)

x2 − (H2 + 2HHint cos θ +H2
int cos

2 θ +H2
int sin

2 θ) = 0 (B.10)

x2 − (H2 + 2HHint cos θ +H2
int) = 0 (B.11)

x = ±
√
H2 + 2HHint cos θ +H2

int. (B.12)

Thus, the eigen value of the Zeeman Hamiltonian and the resonance angular frequency ω can

θHint

x

y

z
H

x

y

z

dΩ

(a) (b)

P

(c)

P

Figure B.2: (a) Positional relationship between the applied external field H and internal field
Hint. The angle between these two field vectors is defined as θ. (b) Schematic image of solid
angle integral of the constant number density P . (c)Calculated 31P-NMR spectrum at f = 72
MHz with µ0Hint = 0.2 T. The broken line indicates the calculated result of Eq. (B.28).
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be derived as

E = ~ω = γ~
√
H2 + 2HHint cos θ +H2

int (B.13)

ω = γ
√
H2 + 2HHint cos θ +H2

int (B.14)

since ω > 0. Considering −1 ≤ cos θ ≤ 1, the range of ω is obtained:

−1 ≤

(
ω
γ

)2
− (H2 +H2

int)

2HHint
≤ 1 (B.15)

γ|H−Hint| ≤ ω ≤ γ|H +Hint|. (B.16)

In order to reproduce the spectral shape, we derive the number density of P nuclei as a
function of angular frequency g(ω) as a next step. Since the total number of P nuclei should
conserve, the following equation holds:

∫ γ|H+Hint|

γ|H−Hint|
g(ω)dω =

∫
Ω
P (θ, ϕ)dΩ =

∫ 2π

0

∫ π

0
P sin θdθdϕ = −2πP

∫ γ|H+Hint|

γ|H−Hint|
sin θ

dθ

dω
dω, (B.17)

where Ω is solid angle and P (θ, ϕ) represents the number density of P nuclei sensing the internal
magnetic field along (θ, ϕ)-direction as shown in Fig. B.2(b). As no preferential alignment of
crystals is considered in the present situation, P (θ, ϕ) = P , i.e., constant. Taking θ-derivative
of Eq. (B.14),

dω

dθ
= −γ(H2 + 2HHint cos θ +H2

int)
− 1

2HHint sin θ. (B.18)

By substituting the inverse of Eq. (B.18) into Eq. (B.17), we obtain

g(ω) =− 2πP sin θ

√
H2 + 2HHint cos θ +H2

int

−γHHint sin θ
(B.19)

=
2πP

γHHint

√
H2 + 2HHint cos θ +H2

int (B.20)

=
2πPω

γ2HHint
. (B.21)

g(ω) corresponds to the 31P-NMR spectral shape obtained by frequency-sweep. In our experi-
ment of Chapter 5, we obtained spectra by sweeping external field. Therefore, we need to deduce
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H dependence of g as follows:

g(H) =g(ω)
dω

dH
(B.22)

=
2πPω

γ2HHint

γ

2
(H2 + 2HHint cos θ +H2

int)
− 1

2 (2H + 2Hint cos θ) (B.23)

=
2πP (H +Hint cos θ)

HHint

ω

γ
√
H2 + 2HHint cos θ +H2

int

(B.24)

=2πP
H +Hint cos θ

HHint
(B.25)

=2πP
H +

(
ω
γ

)2
−(H2+H2

int)

2H

HHint
(B.26)

=2πP
H2 +

(
ω
γ

)2
−H2

int

2H2Hint
(B.27)

=
πP

Hint

{
1 +

1

H2

[(
ω

γ

)2

−H2
int

]}
. (B.28)

The resulting spectral shape is displayed in Fig. B.2(c). When Hint/H ≪ 1, the shape becomes
more like rectangular. The spectrum spans from H −Hint to H +Hint.
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C Probability Distribution of Internal Magnetic Field Deduced
from 31P-NMR
Spectrum in Magnetically Ordered State of Polycrystalline
Sample

The probability distribution of the magnitude of internal field g(Hint) can be calculated by using
the experimentally obtained spectral shape of polycrystalline sample I(Hint) as a function of
Hint = H − Hpeak, where Hpeak is the center peak frequency of the spectrum. In the track of
the previous Section B, we assume that an internal magnetic field Hint without any distribution
of magnitude makes rectangular spectral shape whose constant intensity is 2πP/Hint (see Fig.
C.3(a) and (b)). This assumption is valid when Hint ≪ H. As shown in Fig. C.3(c), we
approximate the experimental spectral shape with the summation of multiple rectangular-shaped
spectra with H i

int. We take H0
int, H

1
int, ... , H i

int, ... toward 0 at regular intervals ∆Hint. Then,
the equation

I(H i
int)− I(H i−1

int ) =
2πP

H i−1
int

g(H i−1
int ), (C.29)
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Figure C.3: (a) Approximated NMR spectrum for I = 1/2 in rectangular shape in commensurate
AFM ordered state. (b) The probability distribution of Hint expected from lineshape of (a)
deduced from Eq. (B.28). (c) NMR spectrum for I = 1/2 in magnetically ordered state with
distributed amplitude of Hint as an example. (d) The probability distribution of Hint expected
from lineshape of (c) deduced from Eq. (B.28).
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holds for any i. Here, the integral of g(Hint) is assumed to be normalized. Then, the probability
for H i

int can be calculated as

g(H i
int) =

H i
int

2πP

[
I(H i+1

int )− I(H i
int)
]

(C.30)

∝ H i
int

[
I(H i+1

int )− I(H i
int)
]

(C.31)

∝ H i
int

I(H i+1
int )− I(H i

int)

∆Hint
(C.32)

∝ H i
int

I(H i+1
int )− I(H i

int)

H i+1
int −H i

int

. (C.33)

By taking ∆Hint(= H i+1
int −H i

int) → 0, we obtain

g(Hint) ∝ Hint
dI(Hint)

dHint
. (C.34)

The spectrum shown in Fig. C.3(d) is the probability distribution of Hint derived from the
NMR spectrum in Fig. C.3(c) using Eq. (C.34). Note that g(Hint) close to Hint → 0 is not
much reliable because smearing effect often seen in the experimentally obtained spectrum due
to statistical distribution of observables underestimate the probability close to Hint → 0.
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D Phosphorus-Concentration Dependence of the Density of States
in BaFe2(As1−xPx)2

In case of conventional phonon-mediated superconductivity, Tc is closely related to the quasipar-
ticle density of states N(EF) in the form of Tc = 1.14ωDe

−2/gN(EF), where ωD is the character-
istic frequency of collective excitations involved in pairing interaction and g is the appropriate
dimensional coupling constant. Since there is a possibility that the changes in Tc by chemi-
cal substitution and/or physical pressure is attributed to the changes in N(EF), it should be
examined with a proper system to discuss the nature of dominant pairing interaction.

BaFe2(As1−xPx)2 is one of the ideal system to study this problem because P substitu-
tion introduces chemical pressure without doping charge carriers in contrast with hole-doping
(Ba1−xKx)Fe2As2 and electron-doping Ba(Fe1−xCox)2As2. Our investigation clarified thatN(EF)
remains almost unchanged by P substitution, while the characteristic temperature of AFM spin
fluctuation θ deduced from the normal-state (T1T )

−1 largely changes with a sign change across
an anticipated QCP at x ∼ 0.35. These suggest that the change in AFM correlations related to
the quantum critical character is more important than the change in N(EF) for Tc variation in
the P-substituted system.

The resonance frequencies of 31P-NMR spectra consisting of a single line for 0.07 ≤ x ≤
0.64 are temperature-independent in the normal state as already partly seen in our previous
publication [100]. The temperature variation ofK is shown in Fig. D.4(a). K in the normal state
slightly decrease with increasing P-concentration x. In general, K is considered to be composed
of the temperature-dependent spin shift Kspin and the temperature-independent chemical shift
Kchem: K(T ) = Kspin(T ) + Kchem. Kspin is proportional to 31Adia

hf N(EF)V , where 31Adia
hf is

the average of diagonal components of the hyperfine coupling tensor between P and Fe sites
and V is the unit cell volume, while Kchem is unrelated to N(EF). Since no obvious AFM
fluctuations were detected via (T1T )

−1 at high temperatures as seen in Fig. D.4(b), it would
be a good approximation to consider that (T1T )

−1 is proportional to |Aoff
hf |2N2(EF)V

2 at high
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Figure D.4: (a) The temperature dependence ofK for 0.07 ≤ x ≤ 0.64 in BaFe2(As1−xPx)2. The
black arrow denotes the value ofKchem = 0.018±0.019 % determined by (T1T )

−1/2−K plot (Fig.
D.5). (b) The temperature dependence of (T1T )

−1 for 0.07 ≤ x ≤ 0.64 in BaFe2(As1−xPx)2.
The solid lines are the fitting curves to (T1T )

−1 = a+ b/(T + θ). The inset shows x dependence
of the fitting parameters a and θ, and the dotted line corresponds to 0 K in the right axis.
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Figure D.5: (a) K vs (T1T )
−1/2 plot at 270 K as an implicit function of x. (b) The x dependence

of the CW fitting parameters a, b and θ. The dotted line indicates 0 K in the left axis.

temperatures, i.e., to assume that the usual Korringa relation holds, where Aoff
hf is the off-

diagonal component of the hyperfine coupling tensor between P and Fe sites. Based on the
plot of (T1T )

−1/2 against K at 270 K as an implicit parameter of x shown in Fig. D.5(a), we
estimatedKchem = 0.018±0.019 % from the intercept on the assumption of x independentKchem

[100]. This value would be reasonable since Kchem for 31P in many diamagnetic insulators is
of the order of some hundreds of ppm [140]. Subtracting the obtained Kchem from K, we
deduced Kspin at 200 K for each x and plotted them in Fig. D.6(a). Assuming that the
hyperfine coupling tensor Ahf is independent of P concentration, x evolution of N(EF) can
be followed by plotting Kspin/V as a function of x. The x dependence of Kspin/V suggests
that the change in N(EF) is at most 7 % for superconducting region from x = 0.20 to 0.64.
This result is quantitatively consistent with the change in N(EF) deduced from (T1T )

−1/2/V
and our band calculation. The band calculations by local-density-approximation (LDA) were
performed for nonspin-polarized BaFe2As2 and BaFe2P2, using the WIEN2K package in the
Augmented plane wave (APW) + local orbital basis [100]. Here, for the LDA calculations
and calculation of V = a2c, we used linearly-interpolated structural parameters (a, c, z) =
[a0(1−x)+a1x, c0(1−x)+c1x, z0(1−x)+z1x], where a0(1), c0(1), and z0(1) are the experimental
values for the crystallographic parameters of BaFe2As2 (BaFe2P2) [83; 88; 286]. The calculated
N(EF) is plotted as a solid line in Fig. D.6(a), which agrees quite well with the experimental
results.

Low energy spin fluctuations are probed by measuring (T1T )
−1. AFM spin fluctuations are

enhanced significantly with decreasing x from x = 0.64 where (T1T )
−1 is almost constant. The

measured (T1T )
−1 can be well fitted by the equation expected from the SCR theory under the

existence of 2D AFM spin fluctuations [156]: (T1T )
−1 = a+ b(T + θ)−1, which is shown as solid

lines in Fig. D.4(b). The first term is the contribution originating from intraband scattering
and is proportional to (N(EF)V )2, the second term is the contribution of interband AFM spin
fluctuation. x dependence of a, b and θ are demonstrated in Fig. D.5(b). With increasing x,
the parameter a decreases slightly whereas θ increases significantly with a sign change around
x ∼ 0.33 where an AFM QCP is anticipated. Since the parameter b is a product of multiple
physical parameters defined in the SCR theory, the origin of this behavior is too complex to
discuss and thus we skip. All the fitting parameters for x = 0.07− 0.56 are listed in Table D.1.

We found the three different doping evolution of N(EF) by plotting (T1T )
−1/2/V at high

temperatures for BaFe2(As1−xPx)2, (Ba1−xKx)Fe2As2 [310; 311], and Ba(Fe1−xCox)2As2 [153;
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Table D.1: Curie-Weiss fitting parameters a, b, and θ for (T1T )
−1 in the normal state. The

fitting equation is expressed as: (T1T )
−1 = a+ b/(T + θ).

x a (sK)−1 b (s−1) θ (K)

0.07 0.201 3.02 -98.4
0.14 0.189 4.46 -72.4
0.20 0.178 6.24 -48.7
0.25 0.167 6.51 -30.3
0.27 0.166 6.78 -15.8
0.33 0.159 6.89 -2.64
0.41 0.157 9.28 77.7
0.56 0.153 4.82 194.6

(b)

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

0

1

2

3

4

 

 

x

75
A

s  
(T

1T
)-1

/2
/V

  (
(s

K
)-1

/2
/n

m
3 ) @

 2
80

 K

31
P 

 (T
1T

)-1
/2

/V
  (

(s
K

)-1
/2

/n
m

3 ) @
 2

70
 K

 

 

(Ba1-xKx)Fe2As2 
[Hirano et al.] 

BaFe2(As1-xPx)2

[this work]

Ba(Fe1-xCox)2As2 
[Ning et al.]

0

2

4

6

8

N
(E

F)
  (

eV
)-1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.4

0.8

1.2

1.6

BaFe2(As1-xPx)2

31
P 

 K
sp

in
 /V

  (
%

/n
m

3 ) @
 2

00
 K

x

0

1

2

3

4

31
P 

 (T
1T

)-1
/2

/V
  (

(s
K

)-1
/2

/n
m

3 ) @
 2

70
 K

0

2

4

6

8
N 

(E
F)

  (
eV

)-1
(a)

Figure D.6: (a) x dependence of 31Kspin/V at 200 K, 31P (T1T )
−1/2/V at 270 K and N(EF)

derived from the band calculation of BaFe2(As1−xPx)2. (b) x dependence of 31P (T1T )
−1/2/V

at 270 K and N(EF) from band calculation of BaFe2(As1−xPx)2 and 75As (T1T )
−1/2/V at 280

K of (Ba1−xKx)Fe2As2 [310; 311] and Ba(Fe1−xCox)2As2 [153; 312]. The dotted lines are guides
to the eye. The vertical axes of 31P and 75As (T1T )

−1/2/V are adjusted to unify the value of
N(EF) of BaFe2As2 in the outer right axis.

312] with a scale of N(EF) in the outer right axis for comparison. The K- and Co-substitution
induce significant changes in N(EF), while the P-substitution has little effects on N(EF). Note
that the change in N(EF) from the value of BaFe2As2 for superconducting dome region is ∼ +60
% for 0.2 ≤ x ≤ 1 in (Ba1−xKx)Fe2As2 and ∼ −16 % for 0.04 ≤ x ≤ 0.14 in Ba(Fe1−xCox)2As2,
whereas the change in BaFe2(As1−xPx)2 is only ∼ −7 %. Since N(EF) changes linearly with all
the three chemical substitution, the increasing/decreasing rates of N(EF) can be calculated to
be ∼ +0.039 eV−1/x (% K), ∼ −0.007 eV−1/x (% P), and ∼ −0.061 eV−1/x (% Co) for K, P,
Co-doped system, respectively. The significantly low change rate of N(EF) in P-doped system
indicates that there is almost no shift in the Fermi level by P substitution as expected from
the isovalency of P and As ions, i.e., indicates no charge-doping. On the other hand, relatively
high change rates with positive (negative) sign in K(Co)-doped system can be understood by
lowering (lifting) of the Fermi level in the band structure of BaFe2As2 within the rigid band
model [313]. In spite of the remarkable difference in doping evolution of N(EF) among K-,
P-, and Co-doped systems, the phase diagrams for these three systems are similar. The dome
shaped changes of Tc as a function of x are not understandable only by the change of N(EF).
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These results suggest that the change of N(EF) is not a primary role for superconductivity in
the “122” compounds. Rather, the AFM fluctuations with the quantum critical character are
more important for superconductivity. Our experiments clarified that Tc in the “122” system is
not mainly determined by the N(EF) change but by the AFM spin fluctuations.
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E Two-Fluid Model Fitting for (T1T )
−1 in Magnetically Ordered

State
of BaFe2(As1−xPx)2

As proposed by Smerald et al., the temperature dependence of (T1T )
−1 in the AFM ordered

state of iron pnictides is reproduced by assuming the two-fluid model: one is from spin-lattice
relaxation channel by the gapless particle-hole excitations and the other is from the channel by
the gapped spin-wave excitations [202]. (T1T )

−1 in the AFM ordered state for BaFe2(As1−xPx)2
can be also reproduced by this model, using the expression of

1

T1
= CincT + CcohΦ

(
kBT

∆S

)
, (E.35)

where the constant Cinc describes the relaxation via the gapless particle-hole excitations, the
constant Ccoh represents the relaxation via the gapped spin-wave excitations, ∆S is a spin gap,
Φ(x) = x2Li1(e

− 1
x ) + x3Li2(e

− 1
x ) and Lin(z) =

∑∞
k=0 z

k/kn is the n-th polylogarithm of z.

The x dependence of the two-fluid fitting parameters for (T1T )
−1 below TN in BFAP is

summarized in Table E.2.

According to Ref. [202],

Cinc =
1

4
π~γ2|Ahf |2g2LV 2N2(EF)kB ∝ |Ahf |2V 2N2(EF) (E.36)

Ccoh =
|Ahf |2m2

0~V 2γ2∆3
S

8π3χ2
⊥v̄

6
s

∝
|Ahf |2m2

0V
2∆3

S

χ3
⊥v̄

6
s

, (E.37)

where gL is the Landé g-factor, v̄ = (vxvyvz)
1/3 the geometric mean spin wave velocities, the

zero-temperature bare moment m0, transverse susceptibility χ⊥. We can discuss the P-doping
evolution of these parameters. In the Chapter 5, we have already discussed the continuous sup-
pression of ∆S toward the anticipated AFM QCP. Here, since Ccoh includes too many individual

variables to discuss x dependence, we focus on x dependence of Cinc. C
−1/2
inc /V is proportional

to the residual density of states RDOS in the AFM ordered phase on the assumption of the
constant |Ahf | against x. The experimentally obtained x-dependence of DOS for each state
spanning from x = 0 to 1 is exhibited together with the band calculation result of N(EF) in Fig.
E.7. RDOS in the AFM ordered state increases as x increases. This behavior is considered to
be related to the suppression of the magnitude of ∆S and the ordered moment m. The suppres-
sion of the antiferromagnetism results in expanding the area of residual FSs after the magnetic
transition, and thus, N(EF) in the AFM state increases. However, (T1T )

−1/2/V value in the
AFM state just above Tc shows diverging enhancement with increasing x and even exceeds the

Table E.2: Two-fluid fitting parameters Cinc, Ccoh, and ∆S for (T1T )
−1 in the AFM ordered

state. The fitting equation is expressed as: (T1T )
−1 = Cinc + CcohΦ(kBT/∆S)/T .

x Cinc (sK)−1 Ccoh (s−1) ∆S (meV)

0 0.032 7.5 9.8
0.07 0.032 15 9± 3
0.14 0.06 8 6± 3
0.20 0.125 7 6± 4
0.25 0.182 0.45 2± 2

136



0 20 40 60 80 100 120
0.0

0.1

0.2

0.3

0.4

0.5

75
A

s  
(T

1T
 )-1

 (s
K

)-1

x = 0.07
x = 0.14
x = 0.20
x = 0.25
x = 0.27

31
P 

 (T
1T

 )-1
 (s

K
)-1

T (K)

0.0

0.2

0.4

0.6

x = 0 (Kitagawa et al.)(a)

Figure E.7: (a) Two-fluid fitting curves to (T1T )
−1 below TN shown by dotted lines. The black

arrow indicates TN for each x. (b) The experimentally determined x dependence of N(EF) in
PM, AFM, and SC states for BaFe2(As1−xPx)2. The grey band is N(EF) deduced from the
band structure calculation (see Sec. D).

normal state density of states shown by green plots at x = 0.27. Possible reason for this is that
(T1T )

−1 detects finite spin fluctuations originating from the largely-remaining residual FS. From
the RDOS in the SC state shown by red plots, we can infer that the superconductivity with the
highest Tc and the largest SC gap occurs at x ∼ 0.3 as shown by Hashimoto et al. [128] because
RDOS takes minimum at x = 0.27. This is consistent with the discussion about the difference
between the location of QCP inferred from inside and outside SC dome, held in the previous
section (Sec. D)
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F Point Charge Simulation of Electric Field Gradient

Calculations of the electric field gradient contributed from the charge of lattice ions, i.e. νlatα ,
were done in Sec. 7.3 using the point charge model. In this section, we briefly explain the
process and results of simulation. The basic concept behind this model is to approximate each
ion in a crystal lattice by its ionic charge, centered at a point of radius zero.

In general, the EFG is a difficult quantity to compute, since it must be derived by differen-
tiating the potential

V (r0) =
1

4πϵ0

∫
ρ(r′)

r
dr′, (F.38)

where the integral is taken over a volume swept out by r′, and the vector r = r′− r0. Since our
simulations assume a point charge distribution, Eq. (F.38) can be simplified to

V (r0) =
1

4πϵ0

∑
k

qk
r′k
, (F.39)

by substituting in the charge distribution of k point charges ρ(r) =
∑

k qkδ
3(r − rk). This

equation for V (r0) can be differentiated as:

Vij(r0) =
∂2

∂xi∂xj

(
1

4πϵ0

∑
k

qk
r′k

)
=

1

4πϵ0

∑
k

qk

(
∂2

∂xi∂xj

1

r′k

)
=

1

4πϵ0

∑
k

V
(k)
ij , (F.40)

where

V
(k)
ij = qk

(
3x′ix

′
j − δijr

′2
k

r′5k

)
(F.41)

is the contribution of each charge towards the (i, j)-th component of the EFG tensor. To
calculate the EFG, one need only specify the partial EFG due to each point charge, and sum
each contribution. In the case of an infinite number of charges to consider, an approximation to
the EFG can be made over a finite number of n unit cells:

Ṽij =
1

4πϵ0

∑
na

∑
nb

∑
nc

unitcell∑
k

V
(k)
ij , (F.42)

where na, nb, and nc are the number of unit cells from the center basing unit cell where the
As site of interest locates along ao-, bo-, and co-axes, respectively. The forth sum indicates the
summation of contribution of atoms inside the unit cell (Fig. F.8(a)). Now we can calculate νi
for As nucleus (I = 3/2) as follows:

νlati =
3eQ

2hI(2I − 1)
Ṽii =

eQ

2h
Ṽii. (F.43)

We checked that the calculation result rapidly converges by n−3
α dependence and for n ≥

10 it shows almost no change (∼ 0.00001 %/unit cell). We adopted sufficiently large values
(na, nb, nc) = (50, 50, 20) for the calculation of EFG to obtain reliable results. This corresponds
to set the range for calculation to be 101× 101× 41 unit cells with the approximate dimension

of 550× 550× 530 Å
3
.

The lattice parameters used for the calculation are summarized in Fig. F.8(b)-(d). These
parameters are taken from Refs. [218; 286]. The resultant temperature dependence of ν is shown
in Fig. F.8 for each component. The absolute value itself and the temperature dependence are
quite small compared to the experimentally obtained ones να(T ) in Sec. 7.3. Hence we assumed
that νlatα is temperature-independent constant for further analyses in Sec. 7.3. We can also
confirm that ηlat is too small to explain the experimental η ∼ 1.2 [36], indicating that most of
the large value of η is ascribed to the on-site contribution from polarized As-4p orbitals.
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Figure F.8: (a) Coordinates of atoms in the unit cell of BaFe2As2 for the point charge model
calculation. (b)-(d) Temperature dependence of lattice parameters, ao, bo, co, and orthorhom-
bicity δo = (ao − bo)/(ao + bo). The data are taken from Ref. [218; 286]. (e)-(g) Temperature
dependence of calculated EFG parameters of lattice contribution, νlata , νlatb , νlatc , and anisotropy
parameter of EFG ηlat = (νlata − νlatb )/(νlatc ).
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G Comparative Study of On- and Off-Site Contributions to
Electric Field Gradient in “122” family

The charge distribution and resultant EFG around a nucleus has two sources: the one from the
charges on the lattice ions other than the subject ion and the other from the electrons in orbitals
of unfilled shells on the subject ion. Therefore, electric quadrupole parameter ν related to EFG
can be described by two terms as

να = (1−R)νonα + (1− γ∞)νlatα , (G.44)

where R and γ∞ are Sternheimer shielding and anti-shielding factors, respectively. The first term
is the contribution from the on-site orbitals and the second term is from lattice charges. (1−R)
and (1 − γ∞) arise from the electronic charge distribution surrounding the nucleus distorting
in response to a non-homogeneous EFG [287; 314]. The net effect of this is to either shield or
enhance the quadrupole moment of an ion as shown in Fig. G.9. In solids there is an additional
effect which may be quite large, particularly in ionic compounds, where an electron from one
atom may be essentially transferred to another. The resulting change of charge on the atom
causes a redistribution of all the other electrons of the atom, including the inner core electrons.
Small redistributions of inner core electrons (with large 1/r2) can produce large changes in
the EFG, thus changing the measured quadrupole interaction by a corresponding amount. In
the case of metals, the charge transfer is more subtle than in ionic materials and hence charge
redistribution effects near the nuclei are reduced. A comparison for a typical nucleus in an ionic
environment with the same nucleus in a metallic environment, shows the measured quadrupole
coupling constant in the metal to be some two orders of magnitude smaller than in the ionic
salt.

The shielding factor R is generally of the order of ∼ 0.1 and thus we neglect it in this study
for simplicity, while (1 − γ∞) is of the order of 10 to 100 in some ionic salts [315]. Then, Eq.
(G.44) is rewritten as

να = νonα + (1− γ∞)νlatα . (G.45)

From NMR experiments, one can only obtain the absolute value of να. In order to discuss
the origin of EFG in detail, we need to determine the sign of each να and to separate the two
contributions νonα and νlatα .

First, to determine the sign of νc, experimentally obtained |νc| for three “122”-type parent
compounds BaFe2As2, SrFe2As2, and CaFe2As2 near the room temperature taken from Refs.

V < 0

V < 0

V > 0V > 0

V < 0

V < 0

V > 0V > 0 QQ

(a) (b)

Figure G.9: A center black ellipsoid represents an electric quadrupole moment. (a) A redis-
tribution of inner core electrons occurs in response to the presence of the electric quadrupole
moment, partially cancelling Q. This results in shielding effect. (b) Closed shell radius is pulled
out in response to the EFG, slightly enhancing the effective electric quadrupole moment. This
results in anti-shielding effect.
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Table G.3: Comparison of experimentally obtained |νc| and the band calculation results of νbandc .
RT in the table is an abbreviation of “Room Temperature”.

|νc| (MHz) νbandc (MHz)

BaFe2As2 2.92 (at 280 K [36] ) -3.90 (at RT)
SrFe2As2 2.03 (at 300 K [316]) -0.25 (at RT)
CaFe2As2 11.9 (at 270 K [317]) 9.98 (at RT)

[36; 316; 317] are compared with our band calculation results of νbandc as listed in Table G.3.
Note that the band calculation includes both orbital and lattice contributions as well as shielding
and anti-shielding effects. If we take νc for BaFe2As2 as negative, the experimental values
and material dependence become consistent with the calculation. Moreover, the temperature
dependence of νc for BaFe2As2 becomes similar to the other two systems as naturally expected
from the similarity of temperature dependence of the various physical properties among these
three systems. Hence, we assume hereafter that the experimental νc for x = 0 and x = 0.04 in
BaFe2(As1−xPx)2 are negative (νc < 0) and, correspondingly, νa,b are positive (νa,b > 0).

Next, we attempt to estimate the contribution to EFG from on-site orbitals νonc in the
experimental νc. νc for all the systems exhibit the large temperature dependence and first-order-
like jump at TS despite the small temperature change in lattice constants from room temperature
to TS and the jump at TS, both of which are less than 1 %. There are two possibilities for this
large temperature dependence: one is the case that the the dominant contribution to EFG is
νonα and the temperature dependence is ascribed to the change in νonα , and the other is the case
that the temperature dependence of νlatα is magnified by the large anti-shielding factor (1−γ∞).
We show the three different analyses (A), (B) and (C) in what follows.

For the first analysis (A), we consider that the temperature dependence of να comes only
from νonα but there is a constant contribution from (1 − γ∞)νlatα assuming the temperature-
independency as we performed in Sec. 7.3. Figure G.10 shows the temperature dependence
of νc, the band calculation results νbandc at 300 K, and temperature-independent constant
(1−γ∞)νlatc evaluated from the ν−Kspin plot, which is discussed later, for BaFe2As2, SrFe2As2,
and CaFe2As2. The data of να for SrFe2As2 and CaFe2As2 are taken from Refs. [316; 317],
respectively. As for CaFe2As2, Kspin is deduced from Kc − χc plot using the magnetic suscepti-
bility in Ref. [318]. For simplicity, νa,b, ν

band
a,b , (1− γ∞)νlata,b are not shown. We can confirm that

the band calculation results are systematically consistent with the experimentally obtained να if
we consider the negative sign of νc for BaFe2As2. As shortly introduced in Sec. 7.3, Majumder
et al. reported recently that the temperature dependence of να scales with that of Kα in some
pnictides like BaFe2As2, LiFeAs, PrCoAsO and in the other itinerant magnets MnSi, NaCo2O4,
and so on [289]. To explain the linearity of να and Kα in MnSi, a theory based on SCR approach
was already developed [288]. A contribution to νonα in terms of quadrupolar charge susceptibility,
which can be influenced by spin-fluctuations through the mode-mode coupling between charge
and spin density fluctuations, was calculated and for which a linear relation between νon and
Kspin was found. Therefore, one can easily evaluate the magnitude of (1−γ∞)νlatα by extrapolat-
ing the linear portion of να versus Kspin plot (as an implicit function of T ) to Kspin

α = 0. From
these plots, we obtained (1− γ∞) of +2.71185, −11.34411, −24.41588 for BaFe2As2, SrFe2As2,
and CaFe2As2 respectively and show them in Fig. G.10(a) by broken lines. From the Eq. 7.2
with fixed parameter of the total occupation number N = 1.5, the temperature dependence of
nα as in Fig. G.10(b) can be deduced. For all of the systems, clear splitting between na and nb
of the similar order ∼ 0.4 below TS can be seen, although we cannot determine which is which.
Another characteristic result is that the difference between na,b and nc becomes larger in order
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of Ba-, Sr-, and CaFe2As2 keeping the relation na,b < nc.

For the second analysis (B), we try to reproduce the temperature dependence of να above
TS only by (1 − γ∞)νlatα , and regard νonα as a temperature-independent contribution at least
above TS. By using simulated νlatα as described in the previous Appendix section, one can
reproduce the temperature dependence of να not only for above TS but also for below TS with
a magnifying parameter (1 − γ∞) = −26, -26, -30 for Ba-, Sr-, Ca-122 systems, respectively as
shown in G.11(a)-(f). However, the jump of να at the structural transition can not be explained
only by the lattice contribution, indicating substantial change in the balance of the occupation
number of each As-4p orbital. Figures G.11(g) and G.11(h) shows the temperature dependence
of νonα = να − (1− γ∞)νlatα . νonα ’s do not show any remarkable temperature dependence in each
state as expected except for the moment when the sample shows the phase transition at TS
since the temperature dependence is totally ascribed to (1− γ∞)νlatα . From the Eq. 7.2, we can
deduce the temperature dependence of nα as in Fig. G.12(a). The temperature dependence of
nα seems somewhat material-independent, and clear splitting of na and nb is confirmed again for
all systems. The order of splitting is comparable to the previous result of analysis (A). However,
the difference between na,b and nc is quite large and material-independent.

In general metals with the small charge transfer, Sternheimer anti-shielding effect can be
regarded as small enough [140]. Therefore, as the third analysis (C), we consider (1 − γ∞)νlatα

to be negligible. This is the direct opposite case to the previous case of analysis (B). In this
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Figure G.10: The results of analysis (A): (a) The temperature dependence of experimental νc
adopted from Refs. [36; 316; 317], the band calculation results νbandc at 300 K, and temperature-
independent constant (1−γ∞)νlatc evaluated from the νc−Kspin

c plot for BaFe2As2, SrFe2As2, and
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Figure G.11: The results of analysis (B): Comparison of the temperature dependence of the
experimental (a)-(c) νa,b adopted from Refs. [36; 316; 317] with (1− γ∞)νlata,b and (d)-(f) νc with

(1− γ∞)νlatc for BaFe2As2, SrFe2As2, and CaFe2As2, respectively. (g) The temperature depen-
dence of νona,b evaluated by subtracting (1 − γ∞)νlata,b from να. (h) The temperature dependence

of νonc evaluated by subtracting (1− γ∞)νlatc from να.
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Figure G.12: The results of analyses (B) and (C): The temperature dependence of nα obtained
(a) from the analysis (B) and (b) from the analysis (C) for BaFe2As2, SrFe2As2, and CaFe2As2.

case, nα can be directly calculated from να = νonα as shown in Fig. G.12(b). The resultant nα
shows somewhat larger material dependence than the results of the analyses (A) and (B). The
order of the split width of na and nb below TS is almost the same as the result of (A) and (B).
However, there are large increase in nc from Ba- to Sr- and CaFe2As2 and the relation na,b > nc
turns into na,b < nc for Sr- and CaFe2As2.

From these three different analyses, the magnitude of the difference between na and nb can
be considered to be common and it does not depend on the analyses. This indicates that the
orbital polarization of px and py at As site is undoubtedly realized below TS.
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H In-Plane Anisotropy above Structural Transition in
BaFe2(As1−xPx)2 Revealed by 75As- and 31P-NMR

In this section, we present the results of the in-plane field angle dependence and temperature
dependence of 75As- and 31P-NMR spectra above the structural transition temperature TS ∼ 121
K for a single crystalline BaFe2(As0.96P0.04)2. An in-plane anisotropy of the centerline widths
for 75As spectrum increases gradually with cooling, indicative of the development of an in-plane
anisotropy of electric field gradient (EFG) due to the population imbalance between As-4px and
4py orbitals. Similar but more subtle in-plane anisotropy was found in 31P-NMR spectra. In
addition, we observed the pronounced frequency dependence of the spin-lattice relaxation rate
1/T1 in 75As-NMR spectrum above TS. This indicates that the spin fluctuations are highly in-
plane anisotropic even above the structural transition as well as As-4px/py orbital polarization.
We point out that these in-plane anisotropies above TS implies the strong interrelation between
orbital polarization and spin fluctuations.

H.1 Motivation

Recently, the so-called “electronic nematic state”, in which the electronic state spontaneously
breaks the four-fold lattice symmetry and shows the in-plane anisotropic physical properties, has
been observed above TS by resistivity [133], optical conductivity [135; 260], ARPES [136; 138],
x-ray linear dichroism [262] and torque magnetometry [132] in BaFe2As2 family. The questions
that what kind of degree of freedom is broken in the nematic state and whether their properties
are static or dynamic are under dispute. Although the relationship between the nematic state
and the orbital order or spin nematic state has been frequently debated, few microscopic and
quantitative experimental information have been reported so far. However, the local in-plane
anisotropy originating from the nematic state would be smeared out if bulk-sensitive measure-
ments are performed since the nematic state forms the twinned domain structure. In contrast, an
NMR measurement can potentially detect the local in-plane anisotropy since it gives microscopic
information around a nucleus by using a specific nuclear site as a local probe. Here, we show
experimental results of an NMR study of the underdoped single crystalline BaFe2(As0.96P0.04)2.

H.2 Experimental Details

We used the same single crystalline BaFe2(As0.96P0.04)2 as the one used in Chap. 7. The
flat NMR coil shown in Fig. 3.5 is adopted for the purpose of measuring in-plane field angle
dependence of NMR spectrum and spin dynamics. The coil was mounted on the one-axis
goniometer equipped on the probe IV (see Table 3.2). The probe was inserted into the cryostat
with split-type magnet (Wang NMR, see Table 3.1). This allows us to align the external magnetic
field to any desired direction with respect to the crystal by combining vertical rotation of the
goniometer and horizontal rotation of the probe (Fig. H.13). The field direction was thus
accurately controlled to be parallel to the ab-plane within ±1◦. A methodology of precise
alignment of the external field parallel to FeAs plane is introduced in the next Appendix I.
75As and 31P-NMR spectra corresponding to the transition m = 1/2 ↔ −1/2 were obtained by
fast-Fourier-transform of spin-echo signals in the fixed magnetic field µ0H = 6 T.

H.3 In-Plane Field Angle Dependence of 75As- and 31P-NMR Spectrum

75As-NMR spectrum shows three resonance lines: one sharp central peak corresponding to the
transition m = 1/2 ↔ −1/2 and two broad satellite peaks corresponding to the transition
±3/2 ↔ ±1/2 as we saw in Chapter 7. In this study, we concentrate on the sharp central
line because of its higher intensity than that of satellites. When the external field is applied
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Figure H.13: An outline sketch of two-axes rotation. Horizontal rotation (blue arrows) in the
transverse field generated by a split-type magnet is made by manual rotation of the probe and
vertical rotation (red arrows) is made by one axis goniometer equipped on the NMR probe IV.

perpendicular to the c-axis, i.e. θ = 90◦, where θ denotes the polar angle of the field with
respect to the crystal c-axis, and assuming that the principal axes of the EFG and Knight shift
tensors corresponds to the orthorhombic basis (ao, bo, co), the in-plane field angle ϕ-dependent
resonance frequency of 75As nuclei can be expressed using Eq. (2.31) in the following form:

75f(ϕ) =f0

(
1 +

75Ka +
75Kb

2
+

75Ka − 75Kb

2
cos 2ϕ

)
+

ν2c
f0(1 + 75K iso)

[
3

16
− η

8
cos 2ϕ− η2

48
(8− 9 cos2 2ϕ)

]
≃f0

(
1 +

75Ka +
75Kb

2
+

3ν2c
16f0

)
+

(
f0

75Ka − 75Kb

2
− ην2c

8f0

)
cos 2ϕ. (H.46)

Here, since the contribution of Kiso and η2 is small enough at least for above TS, these terms
are neglected for simplicity. On the other hand, ϕ-dependent resonance frequency of 31P nuclei
can be expressed using Eq. (2.29) as follows:

31f(ϕ) = f0

(
1 +

31Ka +
31Kb

2
+

31Ka − 31Kb

2
cos 2ϕ

)
. (H.47)

FWHMs of 75As-NMR spectrum measured at 200 K shows oscillatory behavior as a function
of ϕ (Fig. H.14). As seen in Eqs. (H.46) and (H.47), oscillating term may arise from the in-
plane anisotropy in Knight shift and/or EFG for As case. In case there are twinned domains
having in-plane symmetry axes that are rotated by 90◦ relative to one another, corresponding
to η ̸= 0 and/or 75Ka ̸=75 Kb, ϕ dependence of FWHM should exhibit sharp minima such as the
one observed in the hidden ordered phase in URu2Si2 [319]. We fitted the oscillatory behavior
of FWHM with the linear combination of twofold and fourfold oscillations: A| cos 2(ϕ − ϕ0)| +
B cos 4(ϕ − ϕ0) + C, based on the model of Ref. [319]. Here, A and B is the amplitude of
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Figure H.14: In-plane field angle dependence of FWHM of 75As (upper panel) and 31P (lower
panel) NMR spectra. Red curves are fittings of the equation shown in each figure to the data.
Obtained fitting parameters are also shown in each case.

twofold and fourfold oscillating term, respectively, C is the constant, ϕ indicates relative angle
of in-plane field rotation, and ϕ0 represents the angle corresponds to H ∥ [100]o. Sharp minima
were not clearly observed but only fourfold oscillating term was detected from the fitting to the
above equation. This fourfold oscillating term is possibly due to the combination of hyperfine
coupling having dipolar anisotropy with crystalline disorder and/or P-dopant as is the case for
URu2Si2 [319]. With considering the NMR results of Chap. 7, we regard the direction which
shows broad minima as H ∥ [110]o. In-plane field directions parallel to [100]o and [110]o are thus
determined.

Temperature dependence of 75As-NMR spectrum for H ∥ [100]o and H ∥ [110]o is shown
in Fig. H.15(a) and (b). While the peak frequency shows the same temperature dependence
for both field orientations, spectral shape as well as intensity and linewidth exhibit difference.
To see the temperature evolution of the spectral shape, we show the normalized NMR spectra
as a function of the relative frequency measured from the peak frequency δfpeak (Fig. H.15(c)
and (d)). Each spectrum has the small additional peaks in the tail of the main peak. As
discussed in Chap. 7, the small peaks in Fig. H.15(c) are the contribution from the As1 sites

having one P dopant among their four nearest neighbors: As
[010]o
1 and As

[100]o
1 . In Fig. H.15(d),

there is another small peak which was not discussed in Chap. 7. This peak is the contribution

from the As1 sites having one P dopant in their next nearest neighbors: As
[110]o
1 and As

[11̄0]o
1 .

Although the peak frequency of As0 has a relatively large temperature dependence, the 75As-

NMR spectral shape and the distance between As
[100]o
1 and As0 (As

[110]o
1 and As0) for H ∥ [100]o

(for H ∥ [110]o) show almost no qualitative changes, indicating that these small peaks have their
origin in As1 sites in BaFe2(As1−xPx)2 and are not the contribution from impurities.

Figure H.16(a) represents temperature dependence of Knight shift of 75As, 75K derived from
Eq. (3.7) using the value of νc determined by the previous experiment in Chap. 7. The values
and temperature dependence of 75K for H ∥ [100]o and H ∥ [110]o are almost identical. On the
other hand, the temperature dependence of FWHM of center line ∆75f center for these two field
directions are undoubtedly different. The difference increases weakly on cooling from the room
temperature and shows an upturn below ∼ 160 K. This behavior is in qualitative agreement
with the temperature dependence of the difference in ∆ν/|ν| (Fig. 7.5), indicating a significant
contribution of in-plane anisotropy in EFG (η ̸= 0) to the center linewidth. However, as seen
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Figure H.17: (a) The plot for separating the contributions to the central linewidth of 75As from
the in-plane anisotropy in Knight shift and in EFG. Note that the intercept of the line of 250 K
is set to 0, since if we fit the data of µ0H = 6 T and 15 T with a line, the intercept becomes the
negative value but the sign change of K2 is unlikely. (b) Temperature dependence of in-plane
anisotropy in Knight shift K2 = |75Ka − 75Kb| estimated from the intercept of the plot in the
figure (a). (c)Temperature dependence of in-plane EFG anisotropy η estimated from the slope
of the lines in the figure (a) together with η estimated from satellite lines in Chap. 7.

in Eq. (H.46), the difference between the two field directions is contributed both from η and
in-plane anisotropy in Knight shift 75K2 ≡ |75Ka − 75Kb|. There are two ways to estimate
η and 75K2 separately: one is to measure the field dependence of the line width since these
two contributions have different field dependence [320] and the other is to measure the in-plane
anisotropy using 31P nuclei because 31P is sensitive only to magnetism and does not detect the
EFG.

First, we check by the first method. Assuming that each of the domains with twofold
symmetry occupy a half of the crystal, we performed the fits to the sharp part of the center
line for H ∥ [100]o with two Lorentzian functions, each having a linewidth fixed to the value
measured for [110]o, likewise the fitting used in Chap. 7. Difference of frequency between these
two domains is defined as δf . As shown in Eq. H.46, δf contains two contributions from in-plane
anisotropy in Knight shift, K2, and in EFG, η. δf can be described as follows:

δf

f0
=

75f(0◦)− 75f(90◦)

f0
= (75Ka − 75Kb)−

ην2c
4f20

, (H.48)

where f0 ≡ 75γµ0H/2π. From Eq. (H.48), the linear relationship between δf/f0 and f−2
0 is

expected. If this relation is satisfied, the intercepts of the lines connecting the estimated values
for µ0H = 6 T and µ0H = 15 T shown in Fig. H.17(a) give the value of K2. In addition, the
value of η can be calculated from the slope of the lines. The derived K2 and η are exhibited in
Figs. H.17(b) and (c), respectively. Figure H.17(b) indicates there is a finite K2 already above
TS and TN. This suggests that not only the orbital degree of freedom but also the spin degree
of freedom becomes in-plane anisotropic microscopically above TS, which is consistent with the
results of torque magnetometry measurement [132]. Although the qualitative behavior of K2

might be reliable, we cannot conclude whether the appearance of K2 is the transition or the
crossover. Furthermore, the value of K2 is strongly affected the value for µ0H = 15 T, and thus
we cannot discuss from which temperature K2 appears. In-plane EFG anisotropy η estimated
from the slope is plotted in Fig. H.17(c) with the one estimated from satellite lines in Chap. 7.
Although the value of η in the lower temperatures differs between the two different estimation,
qualitatively similar behavior can be seen. Both of them shows an upturn below 150-160 K,
indicating the close relationship between As-4p orbital polarization and Fe-3d orbital ordering
reported from ARPES experiments.
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TS for H ∥ [100]o and H ∥ [110]o.

Next, we show the in-plane anisotropy in 31P-NMR spectrum. Figures H.18(a) and (b) show
temperature evolution of 31P-NMR spectra taken for H ∥ [100]o and H ∥ [110]o, respectively.
Unlike the center line of 75As-NMR spectra in Fig. H.15, no additional peaks are found in
31P-NMR spectra. Knight shifts of 31P, 31K derived from Eq. (3.6) for the two field directions
exhibit almost identical temperature dependence as observed in 75K. However, the temperature
change is significantly smaller than that of 75K, implying the the smallness of the hyperfine
coupling constant of P compared to As. On the other hand, the temperature dependence of
FWHM of center line ∆75f center for these two field directions are different at any temperatures.
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The origin of this anisotropy is unclear but we might have to consider the contribution from the
fourfold oscillation term observed in the in-plane field angle dependence of the FWHM of center
line for 75As (Fig. H.14). The anisotropy in FWHM is plotted against temperature as shown
in Fig. ??. There is an only slight enhancement below ∼ 150 K, which might be corresponding
to the appearance of 75K2. However, possibly due to its smallness of the hyperfine coupling
constant of P nuclei, it is difficult to conclude the existence of in-plane anisotropy in 31K.

H.4 Short Summary

To summarize, the linewidth of centerline of 75As-NMR spectrum is broadened for the field
along [100]o, while it remains narrow in the field along [110]o. From its field dependence, the
in-plane anisotropy in Knight shift, K2, and in EFG, η, are estimated independently. K2 is
developed on cooling, providing the microscopic evidence of the appearance of twofold symmetry
in susceptibility. This result is consistent with the torque magnetometry experiments [132].
Temperature dependence of η estimated from the field dependence of center line is qualitatively
consistent with the one estimated from satellite broadenings in Chap. 7. It is clarified from
microscopic point of view that the nematicity appears in both spin and orbital degrees of freedom
even above TS in BaFe2(As1−xPx)2.
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I Methodology for Controlling External Field Direction with
Respect to Sample

If one need to measure the in-plane (parallel to ab-plane) field angle dependence precisely, the
knowledge of the relation between the in-plane field angle and the angle which can be controlled
by the goniometer or the rotator, which always satisfy H ⊥ c will be useful.

Here, we define all the angles and coordinates as shown in Fig. I.20. The red axes (x, y, z)
indicates the coordinate based on the NMR probe and the goniometer. y-axis is defined as
the longitudinal direction of the probe and z-axis is the rotational axis of the goniometer. We
define θ as the angle of external field with respect to x-axis. Next, we define arbitrary crystal
orientation with c-axis tilted by the angle α from z-axis. The angle β denotes the azimuthal
angle of c-axis in the (x, y, z)-coordinate, corresponding to the rotation angle controlled by the
goniometer. a-axis is fixed along the line of intersection of ab-plane and xy-plane. The angle ϕ
represents the angle of external field with respect to a-axis, corresponding to the in-plane field
angle.

Note that the horizontal rotation of the probe directly controls θ in xz-plane without changing
any other angles. The vertical rotation by the goniometer is directly related to β. This rotation
does not change α but changes θ and ϕ. The goal of this section is to obtain the relation between
β, θ, and ϕ.

First, we assume the arbitrary point m on the ab circle (black line). Let us express the

a
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x y
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H

α

βϕ

θ

Probe

Vertical rotation

by Goniometer
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o

m

Figure I.20: Definition of the angles and coordinates in the two-axes rotation system. The
red axes (x, y, z) denotes the coordinate based on the NMR probe and the goniometer. y-axis
corresponds to the longitudinal direction of the probe and z-axis corresponds to the rotational
axis of the goniometer. The black axes (a, b, c) denotes the crystal coordinate. The angles (α, β)
are polar and azimuthal angles of c-axis in the (x, y, z)-coordinate, respectively. The angles
(θ, ϕ) are the field direction with respect to x- and a-axes, respectively.
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location of the point m in the (x, y, z)-coordinate. A normal unit vector to the ab-plane (parallel
to c-axis) is described as: nxny

nz

 =

sinα cosβ
sinα sinβ

cosα

 . (I.49)

Defining an angle ϕm ≡ ∠aom, cα ≡ cosα and sα ≡ sinα, the coordinate of the point m can
be expressed as the point rotated around c-axis by ϕm from the point a = (cos(β − 90◦, sin(β −
90◦), 0):xmym
zm

=

 n2x(1− cϕm) + cϕm nxny(1− cϕm)− nzsϕm nznx(1− cϕm) + nysϕm

nxny(1− cϕm) + nzsϕm n2y(1− cϕm) + cϕm nynz(1− cϕm)− nxsϕm

nznx(1− cϕm)− nysϕm nynz(1− cϕm) + nxsϕm n2z(1− cϕm) + cϕm

cβ−90◦

sβ−90◦

0



=

 s2αc
2
β(1−cϕm)+cϕm s2αsβcβ(1−cϕm)−cαsϕm sαcαcβ(1−cϕm)+sαsβsϕm

s2αsβcβ(1−cϕm)+cαsϕm s2αs
2
β(1−cϕm)+cϕm sαcαsβ(1−cϕm)−sαcβsϕm

sαcαcβ(1−cϕm)−sαsβsϕm sαcαsβ(1−cϕm)+sαcβsϕm c2α(1−cϕm)+cϕm

 sβ
−cβ
0



=

 [s2αc
2
β(1− cϕm) + cϕm ]sβ + [s2αsβcβ(1− cϕm)− cαsϕm ](−cβ)

[s2αsβcβ(1− cϕm) + cαsϕm ]sβ + [s2αs
2
β(1− cϕm) + cϕm ](−cβ)

[sαcαcβ(1− cϕm)− sαsβsϕm ]sβ + [sαcαsβ(1− cϕm) + sαcβsϕm ](−cβ)



=

sβcϕm + cαcβsϕm

cαsβsϕm − cβcϕm

−sαsϕm

 . (I.50)

If ym = 0, the line mo is parallel to the desired field direction and ϕm = ϕ. Then one can relate
ϕ to α and β:

ym = 0 ⇔ cαsβsϕ − cβcϕ = 0 ⇔ cαsβsϕ = cβcϕ ⇒ tanϕ =
cβ
cαsβ

. (I.51)

Furthermore,

cosϕ =
cαsβ√
c2αs

2
β + c2β

, sinϕ =
cβ√

c2αs
2
β + c2β

. (I.52)

Now, the coordinate of the point H at the intersection of the line of the external field and the
ab circle can be described as:

xHyH
zH

 =


sβ

cαsβ√
c2αs

2
β+c2β

+ cαcβ
cβ√

c2αs
2
β+c2β

0
−sα

cβ√
c2αs

2
β+c2β

 =


cα√

c2αs
2
β+c2β

0
−sαcβ√
c2αs

2
β+c2β

 . (I.53)

Finally, one relates θ to α and β:

θ = arctan

(
zH
xH

)
= arctan

(
−sαcβ
cα

)
, (or tan θ = − tanα cosβ). (I.54)

Next, we consider the actual correspondence relation between the goniometer and the hori-
zontal rotator in the experiments. First, we define B and Θ as the offset values of the goniometer
and rotator, respectively. The relation between β and θ which keeps the applied field parallel
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to ab plane can be obtained by three sets of experimentally obtained β and θ: (β1, θ1), (β2, θ2),
(β3, θ3), in which the fields are indeed aligned into the ab plane. For simplicity, let us consider
the case of (β1, θ1), (β1 + 90◦, θ2), (β1 + 180◦, θ3). By assigning these values to Eq. I.54, we
obtain three sets of equations with three unknowns, α, B, Θ as follows:

tan(θ1 −Θ) = − tanα cos(β1 −B) (I.55)

tan(θ2 −Θ) = − tanα cos(β1 + 90◦ −B) = tanα sin(β1 −B) (I.56)

tan(θ3 −Θ) = − tanα cos(β1 + 180◦ −B) = tanα cos(β1 −B). (I.57)

This system of equations can be solved as follows:

Θ =
θ1 + θ3

2
(I.58)

B = β1 + arctan

tan
(
θ2 − θ1+θ3

2

)
tan

(
θ1 − θ1+θ3

2

)
 (I.59)

α = arctan

[√
tan2

(
θ1 −

θ1 + θ3
2

)
+ tan2

(
θ2 −

θ1 + θ3
2

)]
. (I.60)

By substituting the above formulas into the equation

tan(θ −Θ) = − tanα cos(β −B), (I.61)

we obtain the desired relation between θ and β.
As an example, we show our experimental results in Fig. I.21. Our goniometer has 1,000

scales per a quarter-rotation (90◦). We chose the goniometer scales as β1 = 400, β2 = 1400,
and β3 = 2400. For each β, proper value of θ to align the field parallel to the plane was found
by recording relative change of the resonance frequency as a function of θ as shown in Fig.
I.21(a)-(c). We derived each peak value of θ, i.e. θ1, θ2, and θ3, by fitting the data to Gaussian
curves. The obtained three sets of (β, θ) are: (β1, θ1) = (400, 309.0), (β2, θ2) = (1400, 308.7),
(β3, θ3) = (2400, 328.3). These allow us to derive the three unknowns, the offset of rotator Θ,
the offset of goniometer B, and the tilt angle α as follows:

Θ = 318.65◦, B = 909.936(= 81.89◦), α = 13.73◦. (I.62)

By using Eq. I.54 and the above values we can deduce the relation between θ and β, which keeps
the applied field always in-plane, shown by red curves in Fig. I.21(d). To check the accuracy of
this curve, we take another set of (β, θ) (Fig. I.21)(e). The obtained point (β4, θ4) = (543, 307.4)
is actually on the curve as shown in Fig. I.21(d) by a blue square. This ensures the accuracy of
this method for adjusting magnetic field direction into the plane.
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Figure I.21: (a)-(c),(e) Control of the field direction into the plane by adjusting θ for each
fixed β values. (d) The red curve indicates the relation between θ and β which keeps the
field always in-plane. The red squares represents (β1, θ1), (β2, θ2), (β3, θ3) obtained by the
measurements of Figs. (a), (b), and (c), respectively. The blue points denotes (β4, θ4) obtained
by the measurement of Fig. (e) performed in order to confirm the accuracy of the red curve
determined from the measurements of Figs. (a)-(c).

155



Bibliography

[1] H. K. Onnes, Commun. Phys. Lab. Univ. Leiden 12, 120 (1911)

[2] J. Bardeen, L. N. Cooper, and R. Schrieffer, Phys. Rev. 108, 1175 (1957)

[3] F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, W. Franz, and H. Scäfer, Phys.
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C. Baines, and C. Bernhard, Nat. Mat. 8, 310 (2009)

[45] A. S. Sefat, R. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and D. Mandrus, Phys. Rev.
Lett. 101, 117004 (2008)

[46] C. Wang, S. Jiang, Q. Tao, Z. Ren, Y. Li, L. Li, C. Feng, J. Dai, G. Cao, and Z.-A. Xu,
Europhys. Lett. 86, 47002 (2009)

[47] S. Jiang, H. Xing, G. Xuan, C. Wang, Z. Ren, C. Feng, J. Dai, Z. Xu, and G. Cao, J.
Phys. Condens. Matter 21, 382203 (2009)

[48] T. Shibauchi, A. Carrington, and Y. Matsuda, arXiv:1304.6387

[49] J. D. Wright, M. J. Pitcher, W. Trevelyan-Thomas, T. Lancaster, P. J. Baker, F. L. Pratt,
S. J. Clarke, and S. J. Blundell, Phys. Rev. B 88, 060401(R) (2013)

[50] A. F. Wang, X. G. Luo, Y. J. Yan, J. J. Ying, Z. J. Xiang, G. J. Ye, P. Cheng, Z. Y. Li,
W. J. Hu, and X. H. Chen, Phys. Rev. B 85, 224521 (2012)

[51] N. Katayama, S. Ji, D. Louca, S. Lee, M. Fujita, T. J. Sato, J. Wen, Z. Xu, G. Gu, G. Xu,
Z. Lin, M. Enoki, S. Chang, K. Yamada, and J. M. Tranquada, J. Phys. Soc. Jpn. 79,
113702 (2010)

[52] M. Bendele, A. Ichsanow, Yu. Pashkevich, L. Keller, Th. Strässle, A. Gusev, E. Pom-
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B. Büchner, Z. Shermadini, K. Sedlak, A. Amato, R. Moessner, I. Eremin, and H.-H.
Klauss, arXiv:1210.6881

167



[235] J. D. Wright, T. Lancaster, I. Franke, A. J. Steele, J. S. Möller, M. J. Pitcher, A. J. Corkett,
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[297] C. Berthier, D. Jérome, and P. Molinie, J. Phys. C: Solid State Phys. 11, 797 (1978)

[298] S. P. Chockalingam, C. J. Arguello, E. P. Rosenthal, L. Zhao, C. Guitiérrez, J. H. Kang,
W. C. Chung, R. M. Fernandes, S. Jia, A. J. Millis, R. J. Cava, and A. N. Pasupathy,
arXiv:1307.2282(2013)

170



[299] I. Zeljkovic, Z. Xu, J. Wen, G. Gu, R. S. Markiewicz, and J. E. Hoffman, Science 337, 320
(2012)

[300] T. Wu, et al., preprint
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