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Abstract

Superconductivity of iron-based superconductor LaFeAsO can be induced by suppressing

the antiferromagnetic phase through F doping. On the other hand, LaFePO itself is a

superconductor, and F doping cannot significantly change Tc. The difference between

the electronic behaviors in LaFeAsO and LaFePO can be realized from the difference

in their Fermi surface topologies. In particular, around Γ point, a 3-dimenional Fermi

surface with dZ2 orbital character appears at in LaFePO, while there is a cylindrical

Fermi surface with the dX2−Y 2 orbital character in LaFeAsO. In our previous study

in RFeP1−xAsxO0.9F0.1 (R = La, Pr, Nd), a maximum Tc ∼ 28 K as well as T -linear

behavior in resistivity and strong temperature dependent RH are observed at x = 0.6 in

R = La. Similar behaviors at x = 0.6 are also able to be observed in R = Pr and Nd in

spite of the difference in lattice size. It suggests that these behaviors are driven by the

change of electronic states due to P/As substitution, and such change corresponds to

the exchange of the energy levels of the dZ2 and dX2−Y 2 bands. We call this exchange

as band crossover.

In this study, the effect of the band crossover has been further investigated by study-

ing the electronic properties of polycrystalline LaFeP1−xAsxO1−yFy with y = 0 and 0.05.

For y = 0, a new superconducting dome (SC1 dome) with a maximum Tc of 12 K is

observed around x = 0 – 0.3. This is separated from another SC dome (SC1 dome) with

Tc ∼10 K at x = 0.6 – 0.8 by an antiferromagnetic region around x = 0.3 – 0.6 (AFM2

phase) which is detected by NMR measurements. These behaviors construct a two-dome
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structure in the corresponding phase diagram. As y increases, the two SC domes merge

together, changing to a double-peak structure at y = 0.05, and a single dome at y = 0.1.

The evolution of the electronic behaviors shows that SC2 dome expands as y increases,

and merges with SC1 dome. The expansion of SC2 dome is due to the spin fluctuation

coming from the suppression of AFM2 phase when y increases. Strong temperature

dependence of Hall coefficient is observed at x = 0.3 – 0.8 for y = 0, and at x = 0.6 –

0.8 for y = 0.05 and 0.1. This indicates the reconstruction of Fermi surface due to the

band crossover and the presence of two different Fermi surface states in this system.

In addition, the magnetic properties of AFM2 phase for y = 0 is different from

the antiferromagnetic phase in LaFeAsO (AFM1 phase). It is revealed by NMR that

AFM2 phase has a long-ranged order but the magnetic moment is smaller than AFM1

phase. Furthermore, the magnetic transition is rather smooth without any structural

transitions. The density of states revealed by NMR and specific heat decreases with

increasing x, and it particularly decreases faster around the emergence of AFM2 phase,

suggesting that the shrinkage of the dZ2 band is essential for the formation of AFM2

phase.
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Chapter 1

Introduction

1.1 Background

1.1.1 Basic Facts of Iron-based Superconductors

In 2008, a Japanese research group, Hosono group in Tokyo Institute of Technology,

discovered a new superconductor, LaFeAsO1−xFx, with critical temperature Tc of about

26 K [1]. Physicists were surprised with such high Tc in a compound including a magnetic

Fe atom, and a lot of related research was thus started. Over these several years, many

kinds of related compounds were discovered, such as RFeAsO (R = rare earth metals)

[2, 3, 4, 5, 6, 7], AFe2As2 (A = alkaline earth metals, Eu) [8, 9, 10, 11], LiFeAs [12],

FeSe [13], etc. The highest Tc among these compounds are about 55 K. Since all of

them contain Fe in their chemical formulae, this family of superconductors is named as

iron-based superconductors.
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CHAPTER 1. INTRODUCTION

1.1.2 Physical Properties of Iron-based Superconductors

1111-type Systems

RFePnO-type iron-based superconductors (Pn = As, P) are often categorized as 1111-

type because of their ratio of the elements in their chemical formulae (1:1:1:1). Their

crystal structure is a tetragonal layered structure, with the space group P4/nmm at

room temperature, as illustrated in Fig. 1.1. The superconducting layer is the quasi-2D

layer consisting of Fe atoms bonding with As atoms, while the charge-reservoir layer is

the R-O layer. The maximum Tc can be achieved to about 55 K in this family.

O

R

Pn

Fe

Figure 1.1: The crystal structure of RFePnO.

For Pn = As, the (undoped) parent compounds are spin-density-wave (SDW) metals

with the transition temperature TN ∼140 K. The magnetic behavior below TN can be

observed via different techniques like neutron scattering [14]. There is a structural

transition from tetragonal to orthorhombic at the temperature Ts slightly higher than

TN , namely ∼160 K. Using temperature dependent X-ray diffraction, a Bragg peak

(220) observed at T > Ts splits into two peaks when it is measured at T < Ts, indicating

the structural transition [15]. Moreover, this transition gives a characteristic kink in

temperature dependence of resistivity as illustrated in Fig. 1.2, and shows two jumps
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around 140 K < T < 160 K in specific heat measurement as shown in Fig. 1.3, which

correspond to TN and T s, respectively [16].

Figure 1.2: The temperature dependence of resistivity of RFeAsO (R = La, Ce, Pr, Nd,
Sm and Gd) [17].

Figure 1.3: The temperature dependence of specific heat of LaFeAsO [16].

Upon the introduction of additional electrons, like substituting O to F, the SDW

state is suppressed and superconductivity (SC) is induced. The details about the effect

of doping will be described in Section 1.1.3. Similar phenomenon can also be observed

in hole doped system like substituting R to Sr in R1−xSrxFeAsO, with Tc ∼ 25 K for R

= La [18].

Apart from cation substitution, SC can also be induced by oxygen deficiency. Oxygen

deficient samples RFeAsO1−δ have been prepared by high-pressure synthesis [19]. By
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increasing the value of δ to ∼0.05, the systems experience the phase transition from

SDW to SC, which is similar to the case in cation substitution. Tc can also be achieved

to about 55 K.

Applying pressure to the parent compound can also induce SC. For example, applying

12 GPa to LaFeAsO can induce SC with Tc of 21 K [20]. Since the lattice size is reduced

by pressure, it suggests the close correlation between structural parameters and SC,

which will be discussed in more details in Section 1.4.

Figure 1.4: The pressure dependence of Tc of RFeAsO1−xFx (R = La, Ce, Nd, Sm). The
inset is the pressure dependence of Tc of FeSe0.88 and FeSe0.55Te0.55 [21].

On the other hand, the pressure effect on F-doped 1111 systems is more complicated.

The pressure dependence of Tc of RFeAsO1−xFx (R = La, Ce, Nd, Sm) is illustrated

in Fig. 1.4. In most of the cases, the Tc of RFeAsO1−xFx decreases when the pressure

increases [3, 22], but the Tc of LaFeAsO1−xFx first increases and then decreases with

increasing pressure, and it peaks at∼5 GPa [23]. This unique behavior in LaFeAsO1−xFx

compared to other F-doped 1111 systems suggests the electronic structure of LaFeAsO

is essentially different from other 1111 systems.

In the case of Pn = P, the parent compound is superconducting except CeFePO. Tc

found in LaFePO is ∼5 K [24] and that in (Pr/Nd/Sm)FePO is ∼3 K [25, 26], while
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CeFePO is a heavy-fermion compound [27].

A similar system AeFeAs(F/H) (Ae = Ca, Sr and Eu) has also been reported [28, 29].

This system has the same crystal structure as RFeAsO, and the parent compounds are

also SDW. Upon the substitution of Fe by Co, Ni [30, 31, 32] or Ae by R [29, 33], SC

can be induced.

It is worth to note that most of the studies in 1111 systems are performed with

polycrystalline samples since the growth of single crystals is difficult, especially the

doped samples. Although some groups have reported some successful growth of single

crystals [34, 35], the further investigations for these samples are still difficult due to

either small size or poor quality.

122-type Systems

122-type systems correspond to AFe2As2-type iron-based superconductors. Similar to

1111 systems, they are named because of their chemical ratio (1:2:2). At room temper-

ature, their crystal structure is also a tetragonal layered structure, but the space group

is I4/mmm. The difference of the crystal structure compared to 1111 systems can be

visualized in Fig. 1.5. In particular, the charge-reservoir layer in 122 systems is replaced

by A.

Fe

As A

Figure 1.5: The crystal structure of AFe2As2.
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The parent compound of 122 systems is also a SDW metal with TN ∼ 150 K, and

structural transition from tetragonal to orthorhombic above TN . It will also undergo

phase transition from SDW to SC, similar to 1111 systems, if it is doped.

There are three kinds of doping that can induce SC: hole doping, electron doping

and isovalent doping. In the following, BaFe2As2 (Ba122) will be taken as an example to

discuss the effect of doping in 122-type systems. For the ease of the following discussion,

the phase diagrams of K-doped, Co-doped and P doped Ba122 are summarized in Fig.

1.6.

AFM

AFM

T

0

T
N

~ 140 K

BaFe
2
As

2

T
c
max ~ 38 K

T
c
max ~ 30 K

T
c
max ~ 24 K

Figure 1.6: The phase diagrams of Ba1−xKxFe2As2 [8], Ba(Fe1−xCox)2As2 [39] and
BaFe2(As1−xPx)2 [40].

Hole doping can be achieved by substituting Ba by K in Ba122. K doping introduces

one hole carriers to Ba1−xKxFe2As2, giving the maximum Tc ∼ 38 K around x = 0.4 [8].

The SC gap is found to be nodeless via angle-resolved photoemission spectroscopy [36].
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SC remains up to x = 1.0 (KFe2As2, K122) with Tc ∼ 4 K [37]. However, the SC gap in

K122 is found to be nodal [38], indicating the difference of their electronic states.

In the case of electron doping, Co doped Ba(Fe1−xCox)2As2 is the most commonly

studied system due to the ease of the production of the corresponding single crystals.

Upon Co doping, an extra electron is introduced to the system. Only few % of Co doping

is enough to suppress SDW state, and SC is observable, for instance, with Tc ∼24 K at

x = 0.06 for [39]. SC disappears at further doping (x ∼0.3). Note that the substitution

of Co for Fe in the superconducting Fe-As layer does not hinder the appearance of SC,

which is different from cuprates.

Isovalent doping can be demonstrated by P doped BaFe2(As1−xPx)2. Since P has the

same valence as As, no additional carriers are introduced to the system by P doping, but

the size of the lattice decreases due to the smaller atomic radius of P atoms, resulting in

chemical pressure. Chemical pressure is named because it has a similar effect to applying

physical pressure to the system which will shrink the lattice size. After the introduction

of P atoms, SDW is again suppressed and SC occurs around x = 0.3 with Tc ∼ 30 K [40].

SC persists until x > 0.7. When the amount of P content increases (0.2 ≤ x ≤ 0.7), the

behavior of resistivity changes from non-Fermi-liquid type to Fermi-liquid type, which

points out the existence of spin fluctuations near the boundary of the phase transition

known as quantum critical point (QCP).

By summarizing the electronic behaviors induced by the three kinds of doping in

Ba122, a few similarities can be found in their properties. Each doping shows a similar

trend that SC appears after the suppression of SDW, forming a SC dome across the phase

diagram. Moreover, around the QCP, there is a small region for the coexistence of SDW

and SC. Such behaviors point out that the close relationship between antiferromagnetism

(AFM) and SC is common in various doped Ba122. It also suggests that the spin

fluctuation originating from AFM near QCP is a possible candidate the pairing force of

Cooper pairs.
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In 122 systems, SC can also be induced by applying external pressure. After the

suppression of SDW, Ba122 and Sr122 show SC with Tc ∼30 K at pressure of 4 GPa,

while Ca122 shows SC with Tc ∼12 K at pressure of 0.5 GPa [41, 42, 43]. Applying

higher pressure, Ba122 (∼27 GPa) and Sr122 (∼1 GPa) experience structural change

known as collapsed tetragonal phase, which shows decrease in length of c-axis [44, 45].

AxFe2−ySe2 A similar system AxFe2−ySe2 (A = K, Rb, Cs, Tl) with the same crys-

tal structure as 122 systems has also been widely studied [46]. However, the physical

properties of this system are very different from other 122 systems. It is an intrinsi-

cally heavily electronic doped system, so hole Fermi surface is not able to be detected

by ARPES [47, 48]. A strong AFM behavior with the highest TN (> 500 K) among

iron-based superconductors is also observed in this system.

Furthermore, its electronic behaviors can be altered by adjusting the amount of iron

vacancy. Figure 1.7 shows the phase diagram of KxFe2−ySe2 with various amount of iron

vacancy [49]. All samples show magnetic transition from paramagnetic to AFM at ∼530

K. At the region of iron vacancy from 1.93 – 2.00, the AFM phase is rather metallic and

coexists with SC of Tc ∼30 K. In the data of temperature dependence of resistivity and

magnetic susceptibility as shown in Fig. 1.8, a hump in the resistivity data can be found

around 200 K. In other regions, only AFM insulator can be observed.
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Figure 1.7: The phase diagrams of KxFe2−ySe2 with various amount of iron vacancy
[49].

Figure 1.8: The temperature dependence of resistivity and magnetic susceptibility of
KxFe2−ySe2 [49].
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The iron vacancy has been identified by neutron scattering as the origin of AFM,

giving a
√

5×
√

5 modulation in the magnetic unit cell [50]. The coexistence of AFM and

SC can be realized as phase separation. Through scanning tunneling microscopy (STM),

nanoscale phase separation between AFM and SC has been detected [51]. As illustrated

in the corresponding STM image (Fig. 1.9), two kinds of phases can be clearly observed.

In particular, one is the AFM insulating phase, while the other is the paramagnetic

metallic/SC phase without iron vacancy.

SC

AFM

Figure 1.9: The STM image of KxFe2−ySe2 [51].

Applying very high pressure (> 10 GPa), SC in AxFe2−ySe2 is once suppressed and

reappears with higher Tc ∼ 48 K [52], as shown in the pressure dependent phase diagram

in Fig. 1.10. This behavior once again demonstrates the uniqueness of AxFe2−ySe2.

Figure 1.10: The pressure dependent phase diagram of AxFe2−ySe2 [52].
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Others

111-type systems AFePn (A = Li, Na; Pn = As, P) is called 111-type iron-based

superconductor. Their crystal structure is also tetragonal with space group of P4/nmm

at room temperature, as shown in Fig. 1.11. Unlike 1111- and 122-type systems, the

parent compound itself is superconducting. For example, Tc of LiFeAs is around 17 K,

while that of LiFeP is around 5 K [12, 53].

Fe A

Pn

Figure 1.11: The crystal structure of AFePn.

11-type systems The type of iron-based superconductors has the simplest chemi-

cal composition: α-FeSe, with tetragonal crystal structure at room temperature (space

group: P4/nmm). The corresponding crystal structure is illustrated in Fig. 1.12. The

parent compound itself is superconducting with Tc ∼ 8 K [13]. By applying high pres-

sure at 7 – 9 GPa, Tc can be increased up to ∼37 K [41] (See the inset in Fig. 1.4). Tc

can also be increased up to ∼15 K through substitution of Se by Te or S [21].
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Fe

Se

Figure 1.12: The crystal structure of FeSe.

Multilayer systems In this class of iron-based superconductors, the charge-reservoir

layer is more complicated than the other systems, which composes two or three Fe-As

layers and perovskite oxide layers in a unit cell. For example, SC with Tc = 38 K can

be found in Ca10(Pt4As8)(Fe2−xPtxAs2)5 [54].

A similar system (Ca4Al2O6)Fe2(As1−xPx)2 shows a special behavior that nodeless

SC around x = 0 and nodal SC at x = 1 are separated by an AFM phase [55], as

illustrated in the corresponding phase diagram in Fig. 1.13.

Figure 1.13: The phase diagram of (Ca4Al2O6)Fe2(As1−xPx)2 [55].
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1.1.3 Doping Dependence of 1111-type Systems and Their Physical

Properties

The effect of doping in iron-based superconductors has been one of the focuses in the

research of iron-based superconductors since their discovery, because doping not only

induces SC, but also causes different kinds of physical properties for various cases. Such

abundant behaviors stimulate the understanding of SC in iron-based superconductors,

establishing the importance of studying the effect of doping. In this section, the effect

of doping in 1111-type systems and the corresponding behaviors will be discussed.

F-doped 1111-type Systems

The substitution of O by F in 1111-type systems introduces additional electrons as

well as shrinkage of lattice size, resulting in the change of the electronic structure. As

mentioned in Section 1.1.2, SC can be induced upon F doping after the suppression of

SDW.

Figure 1.14: The phase diagram of LaFeAsO1−xFx [56].

Taking La1111 [56] as an example, the phase diagram of LaFeAsO1−xFx is illustrated

in Fig. 1.14. When F concentration x increases, TN of the SDW state starts to decrease

gradually. When x increases to ∼ 0.4, the SDW state suddenly disappears and SC is

developed. This situation is different from the case of 122 systems that SDW and SC
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Figure 1.15: The phase diagrams of (Left) CeFeAsO1−xFx [4] and (Right)
SmFeAsO1−xFx [57].

coexist in a certain range of doping when SC is emerging. Similar behaviors can be found

in other kinds of 1111 systems, like Ce1111 [4] 1 and Sm1111 [57], as shown in their phase

diagrams in Fig. 1.15. Such a sharp phase transition is uniquely found in 1111 systems

among various kinds of iron-based superconductors. There are some studies arguing that

there is coexistence of SDW and SC in the boundary of the phase transition [57, 58],

but the evidence is not very convincing.

On the other hand, the effect of F doping in LaFePO1−xFx shows a different story

from what we have seen in LaFeAsO1−xFx. The phase diagram of LaFePO1−xFx is shown

in Fig. 1.16. Across various F concentratiosn from 0 to 0.08, the value of Tc does not

change significantly, suggesting that the SC in LaFePO is not sensitive to introduction

of charge carriers and/or structural changes [59].

It is important to note that the maximum F concentration is about 0.2 in all the

studies of F-doped samples due to the low solubility of F− ions in 1111 systems. This

difficulty with synthesizing heavily F-doped samples hinders the further understanding

1In CeFeAsO1−xFx, the Ce magnetic order coexists with the Fe magnetic order in the SDW state at
T ∼ 4 K [4]. This feature is uniquely found in Ce1111.
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Figure 1.16: The phase diagram of LaFePO1−xFx [59].

of the electronic doping dependence of 1111 systems.

H-doped 1111-type Systems

To overcome the problem about the solubility of F− ions, electron doping has been intro-

duced by using another element: H− ions. Using high-pressure synthesis, polycrystalline

RFeAsO1−xHx (R = La, Ce, Sm, Gd) has been successfully synthesized with x up to

∼0.6 [60, 61, 62]. The phase diagram of RFeAsO1−xHx (R = La, Ce, Sm, Gd) is shown

in Fig. 1.17. At x < 0.2, the results are similar to the behaviors observed in F-doped

samples. When the value of x becomes larger than 0.2, for R = Ce, Sm and Gd, the

value of Tc does not change significantly up to x ∼ 0.4 and the SC disappears around x

= 0.5.

For R = La, however, Tc drops around x = 0.2, forming a two-dome structure in

the phase diagram. This surprising result opens up the question about the origin of the

two-dome structure. One of the clues appears on the value of the exponent n, which

represents the temperature dependence of resistivity at the normal state by the following

equation:

ρ(T ) = ρ0 +ATn, (1.1)
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Figure 1.17: The phase diagram of RFeAsO1−xHx (R = La, Ce, Sm, Gd) [63].

where ρ0 is the residual resistivity and A is the slope of ρ(T ). By fitting the resistivity

data from Tc to 150 K, the value of n is found to be ∼2 at x < 0.2 (SC1 dome) but ∼1 at

x > 0.2 (SC2 dome). According to the Fermi liquid theory, the value of n in conventional

metals, which are described as a Fermi liquid without strong electron interactions, should

be 2 [64]. This result thus indicates that the transport behavior of the samples in SC1

dome is Fermi liquid while that in SC2 dome is non-Fermi liquid. That is, the electronic

structure of these two regions is different from each other.

Figure 1.18: The ratio of the intra-orbital spin susceptibilities originating from the
dX2−Y 2 and dXZ/Y X bands for various H doping level for La1111 (top) and Sm1111.
(bottom) [66].
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Theoretical studies suggest that the nature of the d-bands and the condition of

Fermi surface nesting change due to H doping [65, 66, 67, 68, 69]. For example, the

spin fluctuation in SC1 dome is originated by dXZ/Y X band while that in SC2 dome is

originated by dX2−Y 2 band, as shown in Fig. 1.18. Comparing with the different value of

n in the 2 domes, it suggests that the non-Fermi liquid behavior in transport properties

is mainly contributed by the dX2−Y 2 band.

Moreover, the wavevector of Fermi surface nesting changes from (0,π)/(π,0) in SC1

dome to (π,∼ π/3)/(∼ π/3,π) in SC2 dome, as illustrated in Fig. 1.19. Such differences

consequently affect the SC of the two regions through the different configuration of spin

and/or orbital fluctuations [68, 69], resulting in the characteristic two-dome structure.

Nevertheless, the question whether the SC is mainly induced by spin or orbital fluctua-

tions still remains unclear.

Figure 1.19: The Fermi surface of LaFeAsO1−xHx for (Left) x = 0 and (Right) x = 0.4
[67].

More interestingly, when the amount of x further increases to∼0.5 in LaFeAsO1−xHx,

reemergence of an AFM phase is observed [70, 71], as shown in the extended phase

diagram of LaFeAsO1−xHx in Fig. 1.20. Using NMR, neutron diffraction and µSR

technique, it is revealed that the magnetic structure and the magnetic moment of the

AFM phase in the overdoped region (AF2 phase) show differences from the AFM phase

in the undoped region (AF1 phase), as shown in the inset of Fig. 1.20. This picture
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suggests that the SC at x > 0.2 (SC2 dome) stems from AF2 phase, i.e. this AFM

phase acts as another “parent compound” for the SC in SC2 dome. Since the magnetic

behavior of AF2 phase is different from that of AF1 phase, the mechanism of SC in

SC2 dome induced by the suppression of AF2 phase should be different from the SC in

SC1 dome. The crossover of these two kinds of SC mechanism eventually results in the

two-dome structure in the phase diagram of LaFeAsO1−xHx.

Figure 1.20: The extended phase diagram of LaFeAsO1−xHx [71].

Effect of P/As Substitution in 1111-type Systems

P/As substitution2 in 1111-type systems causes no additional carrier introduction due

to the same valence of P3− and As3− ions, but the smaller ionic size of P3− ions causes

shrinkage of lattice size. This effect is analogous to the effect of applying external

pressure to the systems. Hence it is sometimes called chemical pressure. In the following

section, the behaviors of some P/As substituted 1111 systems will be discussed.

LaFeAs1−xPxO Polycrystalline LaFeAs1−xPxO with x = 0 – 0.5 has been first syn-

thesized by C. Wang et al. (Z. A. Xu group in Zhejiang University, China) [72]. The

behaviors of the doping dependence are summarized in Fig. 1.21. Increasing P content

2The randomness effect is believed not to be strong since P/As substitution does not disorder the
systems seriously.
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suppresses the SDW state and SC is observed around x = 0.3 with maximum Tc ∼ 10 K.

The further NMR study of this system shows another AFM phase at x ∼ 0.5 with TN ∼

15 K [73]. The nature of this AFM phase is seemingly different from the SDW state in

the parent compound, because the magnitude of the internal field Hint(T ) in the SDW

state follows the mean-field-type dependence, i.e. Hint(T ) ∝ (TN − T )0.5, while Hint(T )

of this AFM phase increases linearly with T . It suggests that the AFM phase around x

= 0.5 may be a short-ranger order like spin glass.

Figure 1.21: The phase diagram of LaFeAs1−xPxO [73].

SmFeAs1−xPxO, SmFeAs1−xPxO1−y and SmFeAs1−yPyO1−xHx The doping de-

pendence of polycrystalline SmFeAs1−xPxO with x = 0 – 0.8 has been studied by the

same group in Zhejiang University [74], and the temperature dependence of resistivity

of the samples is shown in Fig. 1.22. A sharp drop in resistivity with onset Tc = 4.1 K

is only observed at x = 0.565, indicating that the window for SC in SmFeAs1−xPxO is

very narrow.

Single crystals of SmFeAs1−xPxO1−y with x = 0.4 – 0.6 and y ∼ 0.15 have also been

synthesized by high-pressure synthesis with NaCl/KCl flux [75]. The oxygen deficiency

induces SC in SmFeAs0.5P0.5O0.85 with Tc = 23.4 K.
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Figure 1.22: The temperature dependence of resistivity of SmFeAs1−xPxO [74].

Figure 1.23: (Left) The x-dependence of Tc of SmFeAs1−yPyO1−xHx (y = 0, 0.23,
0.45 and 0.53). (Right) The x-dependence of pnictogen height hPn and angle α of
SmFeAs1−yPyO1−xHx. [76]
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On the other hand, P and H co-doped SmFeAs1−yPyO1−xHx with x = 0 – 0.5 and

y = 0 – 0.53 has been investigated by Hosono group [76]. The x-dependence of the

samples with different amount of P doping is shown in the left panel of Fig. 1.23. When

P is slightly doped, Tc generally decreases and the SC dome becomes smaller. In the

heavily P-doped samples (y > 0.4), a two-dome structure, which has been observed in

LaFeAsO1−xHx, is revealed. It is argued that the change of the value of Tc is related to

the change of structural parameters due to P doping. In the right panel of Fig. 1.23,

which shows the x-dependence of the structural parameters, it suggests that the decrease

in Tc is associated with the decrease in pnictogen height hPn and the increase in angle

α 3.

CeFeAs1−xPxO and CeFeAs1−xPxO0.95F0.05 Since CeFePO is not SC but a heavy-

fermion compound, the phase diagram of CeFeAs1−xPxO (x= 0 – 1) shows a complicated

evolution of the electronic behaviors due to P/As substitution [27, 77], as illustrated in

Fig. 1.24. When the amount of P increases, the SDW state is suppressed with the manner

similar to F doping. At x ∼ 0.3, the AFM order of Fe moments, the ferromagnetic (FM)

order of Ce moments and SC with maximum Tc ∼ 4 K coexist, forming a quantum

critical point. Such complex behavior is thought to be a phase separation. When x

exceeds 0.4, only the FM order of Ce moments is observed, and the FM state persists

up to x > 0.9.

Similar behaviors can also be found in the phase diagram of CeFeAs1−xPxO0.95F0.05

[78], as shown in Fig. 1.25. At x < 0.4, SC with maximum Tc ∼ 20 K coexists with the

AFM order of Ce moments with TN ∼ 5 K. At x ∼ 0.5, the AFM order disappears and

the FM order arises which also coexists with SC. When the P content further increases,

SC is suppressed and the FM state persists up to x = 1. Together with the behaviors

observed in CeFeAs1−xPxO, we can conclude that these behaviors uniquely found in

3The definitions of hPn and α, and the discussions about the study of their relation to Tc can be
referred to Section 1.4
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P/As substituted Ce1111 are mainly due to the presence of the Ce moments.

Figure 1.24: The phase diagram of CeFeAs1−xPxO [77].

Figure 1.25: The phase diagram of CeFeAs1−xPxO0.95F0.05 [78].

PrFe0.9Co0.1As1−xPxO The behaviors of P and Co co-doped PrFe0.9Co0.1As1−xPxO

have been studied by S. Sharma et al. [79]. The doping dependence of the SC properties

is shown in Fig. 1.26. Tc shows a slight increase and then a decrease when x increases.

This behavior is reminiscent of the effect of applying external pressure, proving that the

chemical pressure induced by P doping has a similar effect as external pressure.
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Figure 1.26: The doping dependence of the SC properties of PrFe0.9Co0.1As1−xPxO [79].

RFeP1−xAsxO0.9F0.1 In the previous work of our group, we have studied P/As substi-

tution effect in RFeP1−xAsxO0.9F0.1 (R = La, Pr, Nd) [80, 81, 82]. Their x-dependence

of Tc and the exponent n in ρ(T ) = ρ0 +ATn [Equation (1.1)] is plotted in Fig. 1.27.
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Figure 1.27: The x-dependence of (a) Tc and (b) the exponent n of RFeP1−xAsxO0.9F0.1

(R = La, Pr, Nd) [82].

For R = La, a maximum Tc ∼ 28 K is observed at x = 0.6 together with T -linearly

dependent resistivity, while the T 2 behavior of resistivity is found at x ∼ 0. It indicates

that Tc is maximum when the sample is non-Fermi liquid, while the P-rich compounds

are rather Fermi liquid. According to spin fluctuation theory, spin fluctuations near a
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quantum critical point of an AFM phase induce non-Fermi-liquid behaviors4, such as

the T -linear behavior of resistivity for 2-dimenional AFM interactions [83]. Moreover,

the enhancement of spin fluctuations around x = 0.6 is observed by the NMR technique

[85]. Therefore, this implies that the increase in Tc correlates to the enhancement of

spin fluctuations around x = 0.6.
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Figure 1.28: The temperature dependence of Hall coefficient RH of RFeP1−xAsxO0.9F0.1

(R = La, Nd, Pr) [82].

4Note that orbital fluctuations are also possible to induce non-Fermi-liquid behaviors [84].
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For R = Nd and Pr, the T -linear behavior of resistivity is also found around x = 0.6,

but Tc just increases almost linearly with increasing x. Together with the data for the

case of La, it is obvious that Tc increases with decreasing n from x = 0 to 0.6, suggesting

that SC in the P-rich samples is related to spin fluctuations. However, the relationship

between Tc and n at x > 0.6 (or the As-rich samples) is not clear.

On the hand, temperature dependence of Hall coefficient RH of RFeP1−xAsxO0.9F0.1

provides more information about their electronic behaviors. The corresponding data is

shown in Fig. 1.28. For all systems, the temperature dependence of RH is the strongest at

x = 0.6. Since Hall coefficient RH is sensitive to the change of electronic states, it implies

that there is a dramatic change in the electronic states driven by P/As substitution.

Further discussions about this change will be continued in Section 1.2 and 1.3.

1.2 Band Structure Calculations in LaFeAsO and LaFePO

To understand the origin of the difference in their electronic properties between RFeAsO

and RFePO, we shall look at their band structure and Fermi surface. Here we focus on

the discussions in LaFeAsO and LaFePO for similarity5. Before we start, it should be

reminded that iron-based superconductors are known as multiband systems. Their band

structure near Fermi level consists of five Fe d-orbitals (hybridizated with As p-orbitals),

so the Fermi surface will contain different kinds of orbital characters.

Figure 1.29 shows the band structures of LaFeAsO and LaFePO calculated by K.

Kuroki et al. [86]. The total shape of their band structure is very similar, but there is

a great difference. In LaFeAsO, the Fermi level from (π,π,0) to (π,π,π) is dominated by

dX2−Y 2 band. Meanwhile in LaFePO, the Fermi level around (π,π,π) is dominated by

dZ2 band but no band touches the Fermi level around (π,π,0).

Consequently, the Fermi surfaces of LaFeAsO and LaFePO can be mapped and illus-

5The difference in the band structure of LaFeAsO and LaFePO is similar to the other 1111 systems.
[86]
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Figure 1.29: The band structures of (Left) LaFeAsO and (Right) LaFePO [86].

trated in Figs. 1.30 and 1.31, respectively. In LaFeAsO, the Fermi surface around Γ is

a 2-dimensional tube along z-direction by virtue of the nature of dX2−Y 2 band. At the

unfolded Brillouin zone mapping (kz = 0), there is a hole Fermi pocket around (π,π).

It is called γ pocket for convenience. On the other hand, the Fermi surface of LaFePO

around Γ is a 3-dimensional pocket which is consistent with the domination of the dZ2

band. More importantly, the γ pocket is absence around (π,π) at kz = 0 mapping.
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Figure 1.30: The Fermi surface of LaFeAsO [86, 87].
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Figure 1.31: The Fermi surface of LaFePO [86, 87].
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The difference in the orbital character near Fermi surface, or the occurrence of the γ

pocket is believed to cause different electronic properties of LaFeAsO and LaFePO, such

as Fermi surface nesting. The predicted Fermi surface nesting in LaFeAsO and LaFePO

are illustrated in Fig. 1.32. With the presence of the γ pocket in LaFeAsO, electron

Fermi pockets and hole Fermi pockets interact with the nesting vector (π,0) or (0,π),

and this nesting can induce fully gapped s±-wave SC. In the case of LaFePO, however,

the nesting condition is different due to the absence of the γ pocket. For instance, there

is electron-electron Fermi pocket nesting. This nesting instead induces nodal s±-wave

SC.

LaFeAsO LaFePO

Figure 1.32: The Fermi surface nesting of (Left) LaFeAsO and (Right) LaFePO [86].

1.3 Band Crossover in RFeP1−xAsxO0.9F0.1

In Section 1.2, it has been introduced that there is the difference between the band struc-

tures and Fermi surfaces of LaFeAsO and LaFePO, or generally RFeAsO and RFePO.

Such difference naturally comes up a question: what will it happen if As is gradually sub-

stituted by P or vice versa? Many related experimental studies have been introduced in

the last section (Section 1.1.3), but no detailed theoretical studies have been published.

Nevertheless, our previous study has extended the idea from K. Kuroki et al. with our

experimental data to interpret the effect of P/As substitution in RFeP1−xAsxO0.9F0.1.

As discussed above, the Fermi surface topology of LaFeAsO and LaFePO is different
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from each other, especially from the viewpoint of the presence of the γ pocket, due to

the different band structures in the dX2−Y 2 and dZ2 bands. This feature can simply

apply to other 1111 systems using the similar calculations [86]. When we consider the

corresponding band structures as shown in Fig. 1.29, the energy level of the dX2−Y 2 band

is above the energy level of the dZ2 band above (π,π,z) with z = 0 – π in LaFeAsO, while

the energy of dX2−Y 2 band is below the dZ2 band in LaFePO. If As is substituted by P,

it is natural to expect that the energy of the dX2−Y 2 and dZ2 bands will interchange,

and as a result the γ pocket will shrink in size and finally vanish. We call this effect as

band crossover. According to our experimental results in Ref. [82], the T -linear behavior

of resistivity as well as the strong enhancement of Hall coefficient at low temperatures

suggest that there is a change in the electronic states across P/As substitution, specif-

ically, around As-content x = 0.6. We argue that these findings suggest that the band

crossover happens around x = 0.6, and the change of the electronic states, due to the

interchange of the two bands and the corresponding new Fermi surface topology, induces

the anomalous behaviors in the transport properties.

In other words, RFeP1−xAsxO0.9F0.1 exists two kinds of electronic states across P/As

substitution. In the P-rich compounds, the band structure and Fermi surface look like

those of RFePO, in which the Fermi surface around (π,π) is controlled by the dZ2 band

and the γ pocket is absent. In the As-rich compounds, the band structure and Fermi

surface look like those of RFeAsO, in which the Fermi surface is dominated by the

dX2−Y 2 band and the γ pocket is visible.

This interpretation can be supported by the plot of Tc against the exponent n as

shown in Fig. 1.33. This plot is inspired by S. Ishida et al. [88] who have plotted Tc

against n for Fe-As superconductors to express their general trend for the relationship

between Tc and n. The data of oxygen deficient RFeAsO1−y and (Ba,K)Fe2As2 form the

right line in the figure. On the other hand, the data of RFeP1−xAsxO0.9F0.1 (x ≤ 0.6)

as well as P doped 122 systems form another line at the left hand side. This suggests
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Figure 1.33: The plot of Tc against the exponent n of various iron-based superconductors
[82].

there are two kinds of electronic states corresponding to the two kinds of the relationship

between Tc and n. Moreover, for the samples of RFeP1−xAsxO0.9F0.1 with x > 0.6, their

data exist in between the two lines while the samples of x = 1.0 for R = Pr and Nd lie

on the right line6. It indicates the change of the electronic states from the RFePO-like

state to the RFeAsO-like state across P/As substitution, which is consistent with our

interpretation.

In summary, we propose that the band crossover can generally be found in P/As

substituted 1111 systems. However, the evidence to support the picture about the band

crossover and the two electronic states in P/As substituted 1111 systems is rather weak.

Further investigations are necessary to confirm the reliability of this picture.

6The data of the sample of x = 1.0 for R = La do not lie on the right line, but the data for x > 0.6
approach the data for LaFeAsO1−y with increasing x.
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1.4 Relation Between Structural Parameters and Tc in Iron-

based Superconductors

In Fig. 1.33 from Section 1.3, we can see a general relation between Tc and the expo-

nent n among Fe-As superconductors and Fe-P superconductors. Nevertheless, more

general relations to Tc for iron-based superconductors can be found in their structural

parameters.

Figure 1.34: The plot of Tc against angle α of various iron-based superconductors [19].

Figure 1.34 shows the plot of Tc against angle α [19], which is defined as the angle

between Fe-As/P-Fe bonds in Fe-As/P tetrahedral layers as illustrated in the inset. This

plot indicates that iron-based superconductors approach to maximum Tc when the value

of α reaches 109.5◦, i.e. the Fe-As/P layers become perfect tetrahedra. It indeed suggests

that there is a close relationship between Tc and the crystal structure. However, this

plot cannot apply to some iron-based superconductors like LiFeAs with Tc = 17 K and

α = 102.8◦, LiFeP with Tc = 5 K and α = 108.6◦ etc.

Another structural parameter is also proposed to be related to Tc: pnictogen height,

or sometimes called anion height, which is defined as the distance between the Fe atoms

and the As/P atoms inside the Fe-As/P layers as illustrated in Fig. 1.35. Figure 1.36 is
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the plot of Tc against pnictogen height [89]. It shows that Tc reaches maximum when the

value of pnictogen height is around 1.38 Å, and most of iron-based superconductors can

be applied to this plot except some highly disordered systems like LaFe0.89Co0.11AsO.

In particular, it explains why Tc of Fe-As superconductors is generally higher than that

of Fe-P superconductors. It is because the pnictogen height of Fe-As superconductors is

typically greater and near 1.38 Å.

As/P

Fe

hPn

Figure 1.35: The schematic diagram of pnictogen height.

Figure 1.36: The plot of Tc against pnictogen height of various iron-based superconduc-
tors [89].
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On the other hand, H. Kinouchi et al. have also plotted pnictogen height against

Fe-Fe atoms distance to express the relationship between the structural parameters,

nodeless/nodal SC and AFM [55], as illustrated in Fig. 1.37. It points out that the

systems with the pnictogen height lower than ∼1.3 Å are nodal SC, those with the

pnictogen height higher that ∼1.4 Å are nodeless SC, while those with the pnictogen

height between 1.3 Å and 1.4 Å are AFM.

Figure 1.37: The plot of pnictogen height against Fe-Fe atoms distance of various iron-
based superconductors [55].

Using the information that Tc can be characterized by the structural parameters,

some corresponding theoretical studies have been performed to understand how the

structural parameters modify the electronic properties of iron-based superconductors.

For instance, K. Kuroki et al. have calculated the evolution of band structure and Fermi

surface by varying the value of pnictogen height in 1111 systems [86], and the result

is summarized in Fig. 1.38. It is found that low pnictogen height results in Fe-P type

Fermi surface and nodal s±-wave, while high pnictogen height results in Fe-As type Fermi

surface and nodeless s±-wave (as discussed in Section 1.2). It suggests that the value of
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pnictogen height controls the band structure and the corresponding gap symmetry, and

nodeless s±-wave induces high Tc in 1111 systems.

Figure 1.38: The schematic Tc phase diagram of 1111-type iron-based superconductors
[86].

On the other hand, K. Suzuki et al., also from K. Kuroki’s group, have tried to

modify the value of α to understand the two-dome structure in LaFeAsO1−xHx [68]. It

is realized that the two-dome structure can be revealed with a higher value of α, while

the single-dome behavior in SmFeAsO1−xHx can be revealed with a lower value of α.

In short, these findings provide a solid evidence that Tc, or the SC mechanism, is

highly related to the structural parameters in iron-based superconductors. One should

look up their relationship when studying iron-based superconductors.

1.5 Objectives

Due to proximity to SDW state, spin fluctuation is a possible candidate for the pair-

ing force of Cooper pairs in SC for iron-based superconductors [90]. For example, it

can be realized in the unified phase diagram of Ba122 (Fig. 1.6) which shows that the

suppression of SDW state in their parent compounds can induce SC. However, orbital

fluctuation is also proposed to be a possible candidate for the pairing glue [84]. There

is still no consensus about the SC mechanism of iron-based superconductors.

Therefore, studying the phase diagrams of different types of iron-based superconduc-
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tors provides a simple way to investigate the variations in the behaviors of iron-based

superconductors upon doping, especially the relationship among SC, AFM and the cor-

responding Fermi surface nesting. 1111-type systems have a great potential to be studied

because their phase diagrams are very complicated. A good example is LaFeAs(O,H)

which two SC domes in the phase diagram, and the reappearance of the AFM phase

in the overdoped region have been observed [62, 70]. The origin of these interesting

behaviors has been argued in relation to spin or orbital fluctuations [65, 67, 68, 69, 70].

SC

SC

SC

SC

AFM

AFM

LaFeAs(O,F)

F content

LaFe
(P,As

)O

As co
ntent

LaFe
(P,As

)O0.9F0.1LaFeP(O,F)

SC

Figure 1.39: The phase diagram for summarizing the previous studies of
LaFeP1−xAsxO1−yFy with x = 0 – 1 and y = 0 – 0.1 [56, 59, 73, 82].

Figure 1.39 summarizes the electronic behaviors of LaFeP1−xAsxO1−yFy with x = 0

– 1 and y = 0 – 0.1 [56, 59, 73, 82]. In our previous study of LaFeP1−xAsxO0.9F0.1 [82],

it has been found that Tc is maximum at x = 0.6, associated with T -linear behavior of

resistivity and strong temperature dependence of Hall coefficient. This result suggests:

1. Spin fluctuation is strong at x = 0.6;

2. There are two kinds of electronic states across P/As substitution and the band

crossover occurs around x = 0.6.
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This finding has risen up some questions to be addressed. For example, what is the origin

of the spin fluctuation at x = 0.6 as the fact that it is not proximity to the SDW state in

the parent compound? Moreover, the band-crossover scenario is not very convincing for

the existing data, and it cannot apply to the phase diagram of LaFeAs1−xPxO7 reported

by C. Wang et al. [72].

To solve the above problems, LaFeP1−xAsxO1−yFy with y < 0.1, namely 0 and 0.05,

is chosen to be studied. Since the SDW state of LaFeAsO1−yFy exists at 0 ≤ x ≤ 0.4,

lower values of y (i.e. lower F concentration) is nearer the SDW state than y = 0.1.

Hence the interplay between AFM and SC, like the effect of spin fluctuations to SC,

across P/As substitution is expected to be more easily observed.

On the other hand, the study for the series for y = 0 across P/As substitution

provides a complete phase diagram to fully compare the behaviors in the series for y

= 0. Together with the data of the series for y = 0.05, the evolution of the electronic

states in LaFeP1−xAsxO1−yFy can be revealed through the construction of a x and y

dependent phase diagram. The validity of the band-crossover scenario can thus be tested

using this phase diagram.

7In the beginning of this study, the AFM phase around x = 0.5 observed by S. Kitagawa et al. [73]
had not yet been reported.
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Experimental Methodology

2.1 Synthesis Environment

The processes of weighing and mixing the raw materials, as well as assembling the sam-

ples after synthesis were performed in a dry and Ar-filled glove box with the concentration

of oxygen less than 10 ppm.

2.2 Synthesis of Precursors LaAs and LaP

The raw materials La powder (3N), As grains (6N) and P powder (5N) were used to

synthesize LaAs and LaP by solid-state reaction method.

Since the commercial La powder was stored in paraffin oil, removal of the oil was

necessary before the synthesis. The mixture of La powder and paraffin oil was first

mixed with hexane in a breaker. The breaker was then set into an ultrasonic cleaner

and then cleaned for 10 minutes. After the cleaning finished, hexane was exchanged

immediately. The cleaning and the exchange of hexane would repeat for 3 – 4 times in

order to completely remove the oil. Finally, the mixture was filtered by a filter paper,

and the cleaned La powder was dried by putting into the pass box of the glove box and
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Figure 2.1: The annealing profiles of (Left) LaAs and (Right) LaP.

pumping to vacuum for about 3 hours. The dried La powder was stored in the glove

box in order to prevent its oxidation.

La powder and As grains or P powder were mixed inside a quartz tube (with an inner

diameter of 11 mm and an outer diameter of 13 mm) according to the stoichiometric

ratio (1:1). The quartz tube was then pumped to high vacuum (∼ 10−6 Torr) using a

diffusion pump. The evacuated tube was sealed and annealed in a box furnace. LaAs was

annealed at 500 ◦C for 15 hours and then 900 ◦C for 15 hours, while LaP was annealed

at 400 ◦C for 15 hr and then 850 ◦C for 15 hours. The details of their annealing profiles

could be referred in Fig. 2.1. It is worth to note that in order to prevent the breaking

of the quartz tubes during annealing, the length of the tubes should be around 16 – 18

cm, while the weight of As (P) inside one tube should be less than 1.0 (0.4) g.

After annealing, the product was grounded to powder in the glove box for further

use.

2.3 Synthesis of Polycrystalline LaFeP1−xAsxO1−yFy

Polycrystalline LaFeP1−xAsxO1−yFy was synthesized by solid-state reaction method.

The precursors LaAs, LaP, Fe2O3 (4N), Fe (5N) and LaF3 (3N) were used for the synthe-

sis. They were weighed with the stoichiometric ratio according to the following chemical
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equation:

x(3− y)

3
LaAs+

(1− x)(3− y)

3
LaP+

1− y − δ
3

Fe2O3+
1 + 2y + 2δ

3
Fe+

y

3
LaF3

+
xy

3
As+

y(1− x)

3
P

−→ LaFeP1−xAsxO1−y−δFy

The value of nominal x and y determined the ratio of P to As and O to F, respectively.

δ indicated the oxygen deficiency. Because the precursors might partly be oxidized, the

ratio of O to F might not be the same as the stoichiometric ratio. In order to increase

the chance of successful F doping, δ was set to be 0.1. The total weight of the precursors

should be around 1.0 – 1.2 g.

The precursors were then grounded for around 30 minutes. The powder mixture

were put into a mount and pressed into a pellet with a diameter of 10 mm using an

oil hydraulic press unit with pressure of 20 MPa. Finally, the pellet was sealed in an

evacuated quartz tube (the same size as the one used in Section 2.2) under high vacuum.

The sample was annealed at 1100 ◦C for 40 hours. The annealing profile was illustrated

in Fig. 2.2 for further details.
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Figure 2.2: The annealing profile of LaFeP1−xAsxO1−yFy.
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2.4 Measurements

2.4.1 Crystal Structural Analysis

Conventional powder X-ray diffraction was conducted by Rigaku MiniFlex and RINT-

2000 with a source of Cu Kα radiation at room temperature. The lattice constants of the

samples were determined by the least-square fitting of the corresponding Bragg peaks.

To obtain the structural information of the samples with higher accuracy, their

diffraction patterns were obtained by using high-resolution synchrotron powder X-ray

diffraction with the X-ray beam energy of 15 keV at BL-8A of Photo Factory (PF) in

KEK, Tsukuba, Japan. The powder sample was inserted into a glass capillary tube with

a diameter of 0.2 mm and a wall thickness of 0.01 mm. Temperature control of the

samples was achieved by a He-flow cryostat. Different structural parameters of the cor-

responding diffraction patterns, including atomic positions, were determined by Rietveld

analysis via the software RIETAN-FP [91].

2.4.2 Energy-dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) was applied to measure the elemental com-

position of the samples. One surface of an arbitrary-sized sample was first polished to

be reasonably flat. The sample was then stuck on the sample holder with a flat surface

using a carbon tape. The sample holder was evacuated in the chamber of a scanning

electron microscope (SEM) in order to perform the measurements of EDX spectra. The

EDX spectra from around 5 different points on each sample were obtained and the data

were averaged to increase the accuracy.

2.4.3 Magnetic Susceptibility

Temperature dependent magnetic susceptibility of the samples was measured by a Quan-

tum Design Magnetic Property Measurement System (MPMS, Model: MPMS-7). The
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measurements were performed under zero-field cooling or field cooling with magnetic

field of 10 Oe.

2.4.4 Electrical Resistivity

Electrical resistance of the samples was measured by a standard 4-point-probe method.

The samples were first polished by a sandpaper to make them become roughly 1×1×5

mm3 in shape. Gold wires were connected on the samples as electrodes with silver paint,

in which the configuration was shown in Fig. 2.3. The whole setup was set in a long rod

connected to the measurement system (computer-controlled current supplier and voltage

meter). The rod was then put into a He tank to measure temperature dependence of

the electrical resistance from room temperature down to 4.2 K. The current was usually

set to 10 mA to keep the high accuracy of the data. Finally, the electrical resistivity ρ

was calculated by the following equation:

ρ = R
A

l
, (2.1)

where R is the electrical resistance, A is the cross-section area of the samples and l is

the length between the electrodes for voltage measurements.

Figure 2.3: The connection of the electrodes in four-point-probe method.
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2.4.5 Hall Effect

Hall effect measurements were conducted by inserting the samples in MPMS which

controlled temperature and magnetic field. The electrodes were connected to the samples

by a 4-point-probe method. Before the connection, the samples were polished by a

sandpaper to be roughly 1.5×1.5×0.25 mm3 in shape. The configuration of a sample

was illustrated in Fig. 2.4. During the measurements, 10 mA of current was usually

applied to the samples. After being stabilized in the selected temperatures ranged from

room temperature to 5 K, the samples were scanned by magnetic field from -7 T to 7

T with the width of 0.5 T at each temperature. Since the value of Hall resistance was

very small, 10 measurements were performed in each step of the field scan in order to

increase the accuracy.

Figure 2.4: The connection of the electrodes for Hall measurements.

The reason why the field scan included negative fields will be given in the follow-

ing. The resistance R(H) obtained under the applied field H is not always equal to

the Hall resistance Rxy(H) since it may include the in-plane resistance Rxx(H) due to

imperfectness of the connection of the electrodes. That is,

R(H) = Rxx(H) +Rxy(H). (2.2)
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If the field is applied in an opposite direction, i.e. −H, R(−H) becomes

R(−H) = Rxx(H)−Rxy(H), (2.3)

since Rxx(H) = Rxx(−H) and Rxy(H) = −Rxy(−H) according to Lorentz force.

Hence, Rxy(H) can be obtained from

Rxy(H) =
R(H)−R(−H)

2
. (2.4)

Hall resistivity ρxy(H) is given by

ρxy(H) = Rxy(H)
Wd

l
, (2.5)

where W is the width of the samples, d is the thickness of the samples and l is the length

between the electrodes for voltage measurements. Note that d should be small enough

to obtain the good accuracy of the data.

Hall coefficient RH is thus calculated by fitting the field dependence of ρxy(H) with

the following equation:

ρxy(H) = RHH + βH3, (2.6)

where β is a constant. The H3 term corresponds to the non-linear behavior in high field

as well as the multiband effect.
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2.4.6 Specific Heat

Specific Heat measurements were performed by using a Quantum Design Physical Prop-

erty Measurement System (PPMS) in Nozue Group in Graduate School of Science, Osaka

University. The sample holder for specific heat measurements with grease was first mea-

sured to obtain the temperature dependence of background specific heat. The surface

of the samples was polished by a sandpaper to be reasonably flat and roughly smaller

than 3×3 mm2 in shape. The thickness of the samples was then adjusted by polishing

so that the weight of the samples was adjusted to be about 10 mg. The thickness would

be typically around 0.5 mm. Finally, the polished samples were mounted on the sample

holder and the sample holder was inserted into the chamber of the PPMS to measure

the temperature dependence of total specific heat. The specific heat of the samples was

obtained by extracting the background specific heat from the total specific heat.

The specific heat C at low temperature could be described as

C/T = γ + βT 2, (2.7)

where γ represents the electronic contribution and β represents the phonon contribution.

The values of γ and β could be determined by fitting the temperature dependence

of C below 10 K.
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Results

3.1 Crystal Structure

Figure 3.1 shows the X-ray diffraction (XRD) spectra of LaFeP1−xAsxO (y = 0) and

LaFeP1−xAsxO0.95F0.05 (y = 0.05) at room temperature. All the bragg peaks observed

in the diffraction patterns of all samples are able to be assigned within the tetragonal

P4/nmm symmetry. Although there is a minor impurity peak due to LaOF observed in

some samples for y = 0.05, the portion of the main phase La1111 is still high, indicating

La1111 is the majority of the samples.

The corresponding lattice constants a and c, pnictogen height hPn as well as angle

α are calculated by Rietveld analysis 1. The data is plotted in Figs. 3.2 and 3.3. Here

hPn is defined as the vertical distance between As atoms and Fe atoms in Fe-As layers,

and α is the angle of the tetrahedral in Fe-As layers. Both series of y = 0 and 0.05 show

a linear increase in a, c and hPn with increasing As content x, while α decreases with

increasing x. Since the size of As atoms is larger than that of P atoms, the increase is

consistent with the Vegard’s law [92], indicating that the As/P solution compounds are

successfully prepared.

1The lattice constants are also calculated by the least-square fitting of the corresponding Bragg peaks,
and the results are the same as Rietveld analysis.
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Figure 3.1: The X-ray diffraction spectra of LaFeP1−xAsxO1−yFy (y = 0, 0.05).

59



CHAPTER 3. RESULTS

0 0.2 0.4 0.6 0.8 1

3.9

4.0

4.1

8.4

8.6

8.8

9.0

a
 (

Å
)

a axis

c axis

(a)

x (As content)

(b) LaFeP1-xAsxO0.95F0.05

c
 (

Å
)a axis

c axis

3.9

4.0

4.1

8.4

8.6

8.8

9.0

a
 (

Å
)

c
 (

Å
)

LaFeP1-xAsxO
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Furthermore, the actual amount of F doping is also estimated by the Vegard’s law.

Comparing the data for nominal F concentration y = 0 - 0.1 (See Fig. 3.2 and Ref. [82],

the lattice constants a and c continuously decrease with increasing y. In the previous

report for y = 0.1 [82], we have roughly estimated the actual F concentration of ∼0.03 –

0.04 in the samples for y = 0.1 [82]. Assuming that the lattice constants depend linearly

on the actual F concentration according to the Vegard’s law, the actual F concentration

is about 0.01 in the samples for y = 0.05. For the ease of further discussions, the nominal

y will be used to represent the level of F doping.

As discussed in Section 1.1.2, AFM phase in iron-based superconductors is usually

associated with structural transition. To investigate whether there is structural tran-

sition in LaFeP0.6As0.4O, which is found to be AFM with TN ∼ 35K 2, temperature

dependence of the corresponding diffraction spectra were obtained. Figure 3.4 shows

the spectra at the Bragg peak (220) at different temperatures. No peak splitting and

broadening is observed down to 20 K, indicating that there is no structural transition

above 20 K.
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Figure 3.4: The XRD spectra of LaFeP0.6As0.4O at the Bragg peak (220) at different
temperatures.

2More details can be found in Section 4.1.
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3.2 Elemental Composition

The Elemental composition of LaFeP1−xAsxO and LaFeP1−xAsxO0.95F0.05 with x ∼ 0.3

– 0.6 is obtained by the corresponding EDX spectra. Figure 3.5 shows a typical EDX

spectrum of LaFeP1−xAsxO0.95F0.05 (x = 0.6). The corresponding elements are able to

be detected. In particular, the atomic ratio of As:P is calculated to confirm the existence

of P/As substitution. The As content determined by EDX is compared with the nominal

x, and the data are plotted in Fig. 3.6. Obviously the EDX determined value is very

close to the nominal value, indicating the P/As substitution is successfully carried out.

Note that the actual F concentration cannot be estimated by EDX measurements

because there are peaks for La and Fe near the energy of the F peak in the EDX spectrum.

The amount of F content is based on the analysis from XRD measurements.
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Figure 3.5: The typical EDX spectrum of LaFeP0.4As0.6O0.95F0.05.
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3.3 Magnetic Susceptibility and Electrical Resistivity

The temperature dependence of magnetic susceptibility for y = 0 and 0.05 is shown in

Fig. 3.7. All the samples of y = 0.05 show a sharp drop due to Meissner effect, indicating

the presence of SC phase transition. The SC volume fraction is approximately > 70%.

The samples of y = 0 with x = 0 – 0.25, 0.7 and 0.8 also show SC phase transition,

but the SC volume fraction of the samples of x = 0.7 and 0.8 is much smaller. This is

probably due to proximity of the SDW phase in x = 1.0. The samples of x = 0.3 – 0.6,

0.9 and 1.0 show no SC phase transition, indicating these samples are not SC.

The SC properties have been further investigated by electrical resistivity measure-

ments. Figure 3.8 shows the temperature dependence of electrical resistivity for y = 0.

The sudden drop of resistivity due to SC phase transition can be observed at x = 0 –

0.25, 0.7 and 0.8, which is consistent with the results of magnetic susceptibility mea-

surements. The kink due to SDW phase transition is observed at x = 0.9 and 1.0 at

temperature T ∼ 130 K, which is consistent with the previous study [1]. Note that there

is a strong upturn at T < 60 K at x = 0.8. It suggests that there is structural transition

around T = 60 K, which is similar to the kink observed at x = 0.9 and 1.0. At x =

0.3 – 0.6, the behavior is rather metallic but not SC, which is again consistent with the

results of magnetic susceptibility measurements. Nevertheless, the sample of x = 0.5

shows an upturn at low T (< 50K), which may be related to the recently reported AFM

phase around x = 0.5 via 31P-NMR technique [73]. Our collaborator, Kitaoka group in

Graduate School of Engineering Science, Osaka University, has further studied in this

region using 31P-NMR technique [93]. AFM ordering with the maximum TN ∼35 K at

x = 0.4 is detected. More details about this AFM order will be discussed in Section 4.1.
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Figure 3.7: The temperature dependence of magnetic susceptibility of (a) LaFeP1−xAsxO
and (b) LaFeP1−xAsxO0.95F0.05.
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The temperature dependence of resistivity for y = 0.05 is shown in Fig. 3.9. All

samples show SC phase transition at low temperatures and a typical metallic behavior

in the normal state. Moreover, no anomalies are able to be found in the normal state.
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Figure 3.9: The temperature dependence of resistivity of LaFeP1−xAsxO0.95F0.05.

Here it is noted that the behaviors of resistivity obtained in this polycrystalline

study should be dominated by the ab-plane resistivity ρab since it has been reported

that the ratio of the c-axis resistivity ρc to ρab is 20 – 200 in single crystalline 1111

samples revealed by upper critical field measurements [34, 94] as well as direct resistivity

measurements [95]. However, it cannot be excluded that there is a possibility the ratio

of the anisotropic resistivity may change during P/As substitution.

Tc and TN of the samples are determined by T reaching zero resistivity and where

the kink locates, respectively. The data for y = 0 is summarized in Fig. 3.10(a). It

clearly shows that there are two SC domes and two AFM phases in the phase diagram.

The values of Tc at x = 0.6 – 0.8 (SC1 dome) are consistent with the previous study [72].
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The other SC dome at x = 0 – 0.3 (SC2 dome) is first found in the present study. The

maximum Tc of SC2 dome is slightly higher (∼12 K) than that of SC1 dome. Between

the two SC domes, an AFM order (AFM2 phase) is observed, with TN ranged from ∼15

K to 35 K. Another AFM phase (AFM1 phase) is also observed above x = 0.8 through

the resistivity data and the NMR data [73]. Here the AFM order is accompanied with a

structural phase transition as evidenced by the kink in the resistivity data. The values

of TN , between ∼50 K – 140 K, in AFM1 phase are much higher than that in AFM2

phase.

Figure 3.10(b) shows the x-dependence of Tc for y = 0.05. A local minimum of Tc(x)

is found around x = 0.6, giving a double-peak structure. The data of y = 0.1 [82] is also

plotted in Fig. 3.10(c) for comparison. There is only a single peak at x = 0.6. These

results suggest that the two SC domes found at y = 0 merge with each other when y

increases.
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(a)

(b)

(c)

(d)

Figure 3.10: The x dependence of (a) critical temperature Tc, Neel temperature TN of
LaFeP1−xAsxO, (b) Tc of LaFeP1−xAsxO0.95F0.05, (c) Tc of LaFeP1−xAsxO0.9F0.1, and
(d) the exponent n in ρ(T ) = ρ0 +ATn of LaFeP1−xAsxO1−yFy, respectively. The open
circles are the data by C. Wang et al. [72] and S. Kitagawa et al. [73].
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To understand the Fermi-liquid behavior of the samples, the temperature dependence

of resistivity is extracted from the resistivity data ρ(T ). It can be achieved by fitting the

data using ρ(T ) = ρ0 + ATn [Equation (1.1)] to obtain the value of n of each sample.

The fitting has been performed above Tc and below 100 K to avoid the strong phonon

contribution at high temperatures.

The data of n for y = 0 – 0.1 with various values of x is illustrated in Fig. 3.10(d).

For y = 0, n changes gradually from 2 to 1 when x increases to 0.7. Note that the data

of x = 0.5, 0.8 – 1.0 are not suitable for fitting because of the upturn at low T . Roughly

speaking, the value of n is close to 2 in SC2 dome while that is ∼1 in SC1 dome. It

suggests that the behavior of ρ(T ) near SC2 dome is described by Fermi liquid while that

near SC1 dome is non-Fermi liquid. Since the sample of x = 0.7 is near the boundary

of SDW phase, the gradual decrease in n with increasing x suggests the existence of

a QCP around x = 0.7. This point of view is consistent with the previous theoretical

prediction [96], which has predicted the suppression of SDW and the occurrence of the

QCP due to P doping in LaFe(As,P)O. Meanwhile, the value of n approaches 1 around

x = 0.6, and 2 at x = 0 and 1.0 for both series of y = 0.05 and 0.1. It indicates that both

systems exhibit non-Fermi-liquid behavior around x = 0.6, while Fermi-liquid behavior

is observed around x = 0 and 1.0.

Comparing the data of Tc and the exponent n in Fig. 3.10, it is clear that the

enhancement of Tc in the low-x region (around the location of SC2 dome) is associated

with the decrease in n from 2, which indicates that the system changes from Fermi liquid

to non-Fermi liquid. This change of n is correlated to the increase in spin fluctuations,

which has been observed by NMR experiments [85, 93]. Therefore, the SC in low-x

region is more likely to be induced by spin fluctuations, which is consistent with our

previous study in Ref. [82].

In contrast, the relationship between n and Tc is more complicated in the larger x

(As-rich) region. For y = 0, SC disappears and AFM ordering arises even though the
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value of n keeps decreasing at 0.3 ≤ x ≤ 0.6. At x = 0.7, the value of n approaches to

1 but Tc is lower than the one found in x ∼ 0.2. For y = 0.05, Tc is suppressed at x =

0.5 – 0.7 regardless of the decrease in n. From x = 0.8 to 1.0, Tc increases again but the

value of n also increases. Hence it is concluded that there is no clear correlation between

n and Tc in larger x (As-rich) region.

3.4 Hall Effect

Because the measurements of resistivity have shown some complicated behaviors, espe-

cially the non-Fermi-liquid metallic behavior in AFM2 phase, Hall coefficient RH of this

system is desired due to its sensitivity to the change of electronic states. In order to

obtain RH of each sample, the field dependence of Hall resistivity ρxy has been measured

at different temperatures. All the data for y = 0 and 0.05 are plotted in Figs. 3.11 –

3.27.
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Figure 3.11: The field dependence of Hall resistivity ρxy of LaFePO.
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Figure 3.12: The field dependence of Hall resistivity ρxy of LaFeP0.8As0.2O.
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Figure 3.13: The field dependence of Hall resistivity ρxy of LaFeP0.7As0.3O.
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Figure 3.14: The field dependence of Hall resistivity ρxy of LaFeP0.6As0.4O.
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Figure 3.15: The field dependence of Hall resistivity ρxy of LaFeP0.4As0.6O.
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Figure 3.16: The field dependence of Hall resistivity ρxy of LaFeP0.3As0.7O.
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Figure 3.17: The field dependence of Hall resistivity ρxy of LaFeP0.2As0.8O.
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Figure 3.18: The field dependence of Hall resistivity ρxy of LaFeAsO.
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Figure 3.19: The field dependence of Hall resistivity ρxy of LaFePO0.95F0.05.
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Figure 3.20: The field dependence of Hall resistivity ρxy of LaFeP0.8As0.2O0.95F0.05.
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Figure 3.21: The field dependence of Hall resistivity ρxy of LaFeP0.6As0.4O0.95F0.05.
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Figure 3.22: The field dependence of Hall resistivity ρxy of LaFeP0.4As0.6O0.95F0.05.
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Figure 3.23: The field dependence of Hall resistivity ρxy of LaFeP0.3As0.7O0.95F0.05.
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Figure 3.24: The field dependence of Hall resistivity ρxy of LaFeP0.25As0.75O0.95F0.05.
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Figure 3.25: The field dependence of Hall resistivity ρxy of LaFeP0.2As0.8O0.95F0.05.
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Figure 3.26: The field dependence of Hall resistivity ρxy of LaFeP0.1As0.9O0.95F0.05.
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Figure 3.27: The field dependence of Hall resistivity ρxy of LaFeAsO0.95F0.05.
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For single-carrier materials, it is clear that ρxy is proportional to H for sufficiently low

field. Iron-based superconductors, however, are known as multiband materials. There

will be different kinds of contribution to conduction carriers from different bands. Since

the carriers are either electrons or holes, the field dependence of ρxy can be approximately

described by a two-band model [97], which gives

ρxy =
1

|e|
nhµ

2
h − neµ2e + (µhµe)

2(nh − ne)H2

(nhµh + neµe)2 + (µhµe)2(nh − ne)2H2
H, (3.1)

where nh (ne) are the number densities of holes (electrons), µh = |e|τh/mh (µe = |e|τe/me

are the motilities of holes (electrons), τh (τe) are the relaxation rates of holes (electrons)

and mh (me) are the effective masses of holes (electrons). Therefore, multiband materials

like iron-based superconductors may induce non-linear behaviors in field dependence of

ρxy if the charge density and/or the mobility of electrons and holes are comparable, like

the H3 term included in the fitting equation (2.6).

In this study, most of the data in the normal state show negative values and mostly

linear dependence with the applied field, suggesting that the majority of the charge

carriers are electrons. In the SC state, ρxy is so low to be measured accurately, so that

it usually shows rather no field dependence and gives low values in RH in the later

calculations. Sometimes ρxy in the SC state is increasing with the applied field when

the applied field exceeds a certain value. It may be because the field exceeds the critical

field so that SC is suppressed.

On the hand, the field dependence of ρxy shows essentially non-linear behaviors when

T is just above Tc. It may be due to carrier density fluctuations near Tc.

Temperature dependence of RH for y = 0, 0.05 and 0.1 [82] is illustrated in Fig. 3.28.

The data of y = 0.1 is shown for comparison. All the values of RH in the normal state

are negative as expected.
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Figure 3.28: The temperature dependence of the Hall coefficient RH of (a)
LaFeP1−xAsxO, (b) LaFeP1−xAsxO0.95F0.05 and (c) LaFeP1−xAsxO0.9F0.1. The dashed
curve in (a) is the fitting of the data for x = 0.4 as an example, by using the equation
RH = -α0/(T+Θ).
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For y = 0, a large drop of RH is observed in LaFeAsO (x = 1) around 140 K. This

indicates the appearance of SDW which is consistent with the ρ(T ) data and the previous

studies [72, 98]. For the samples in SC1 dome (x = 0.7, 0.8), RH shows very strong

temperature dependence such that |RH | is strongly enhanced at low temperatures and

has a sudden drop at Tc. Surprisingly, in the non-SC region (x = 0.3 – 0.6), their RH also

shows a similar T dependence to that in SC1 state, while the temperature dependence

of RH is much weaker for the samples of x = 0.2 and rather temperature-independent

for x = 0.

For y = 0.05, the temperature dependence of RH is gradually enhanced from x =

0 – 0.7 instead of the rapid enhancement from x = 0.2 to 0.8 in the samples of y = 0.

When x increases to around 0.8, the temperature dependence of RH becomes larger and

comparable to the results of x = 0.3 – 0.8 in the samples of y = 0. Compared with y

= 0, the change of the temperature dependence of RH is relatively mild for y = 0.05.

More precisely, the temperature dependence of RH is gradually enhanced from x = 0.6

to 0.8 for y = 0.05. At x = 1.0 (LaFeAsO0.95F0.05), the temperature dependence of RH

becomes as small as the low-x region, which is consistent with the previous study [99].

For y = 0.1, however, the temperature dependence of RH is rather weak compared

to the series of y = 0 and 0.05, as shown in Fig. 3.28(c). Nevertheless, the evolution of

the temperature dependence among various values of x is able to be observed, and it

shows that the temperature dependence is the strongest at x = 0.6.

To visualize these complex behaviors of RH in various values of y, the doping depen-

dence of RH at 50 K for all y is plotted in Fig. 3.29. When the temperature dependence

of RH is stronger, |RH | at low temperatures, namely 50 K, will become larger. Hence the

temperature dependence of RH of each sample can be simply compared by looking at

the value of |RH | at 50 K. Here the data at 50 K are chosen because 50 K is sufficiently

low to show the enhancement of |RH | and reasonably above Tc to avoid the effect of

carrier density fluctuations near the SC transition. Briefly summarizing the data, the
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doping dependence of each y series, as described above, is well reproduced. Moreover,

the strength of the temperature dependence of RH is able to be compared among sam-

ples. For instance, the value of |RH | at 50 K has a peak at x = 0.6 for y = 0 and 0.1,

while that is maximum around x = 0.8 – 0.9 for y = 0.05.
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Figure 3.29: The x dependence of the Hall coefficient RH of LaFeP1−xAsxO1−yFy.
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3.5 Specific Heat for y = 0

To further understand the electronic behavior of the samples for y = 0, especially the

emergence of AFM2 phase, the specific heat C has been measured. Temperature depen-

dence of C (or C/T ) of the samples for y = 0 is shown in Figs. 3.30 – 3.34.
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Figure 3.30: The temperature dependence of specific heat C/T of LaFeP0.8As0.2O.
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Figure 3.31: The temperature dependence of specific heat C/T of LaFeP1−xAsxO (x =
0.3, 0.4, 0.5 and 0.6).
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Figure 3.32: The temperature dependence of specific heat C/T of LaFeP0.3As0.7O.
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Figure 3.33: The temperature dependence of specific heat C/T of LaFeP0.2As0.8O. The
arrows indicate the jump due to magnetic/structural transition.
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Figure 3.34: The temperature dependence of specific heat C of LaFeAsO. The arrows
indicate the jump due to magnetic/structural transition.

In the sample of x = 1.0 (Fig. 3.34), a jump around T = 135 K is observed, indicating

the magnetic transition from paramagnetic to SDW state which is consistent with the

previous results [72, 98]. At T slightly above the magnetic transition (∼145 K), there is

a very small hump probably due to the structural transition.

A similar behavior can be found in temperature dependence of C at x = 0.8. Two

small peaks are found around T = 43 K and 50 K, indicating the structural and mag-

netic transition temperature. This finding confirms that the upturn in resistivity at low

temperatures is due to the emergence of the SDW state.

In the SC samples (x = 0.2 and 0.7), a jump corresponding the SC transition is ob-

served. The jump can be more clearly visualized by plotting the temperature dependence

of the coefficient of electron contribution γ, which is obtained from C/T subtracted by

βT 2 according to Equation (2.7), as shown in Fig. 3.35. The value of Tc indicated by the

jump of both samples is consistent with the results from the measurements of magnetic

susceptibility and resistivity.

The samples in AFM2 phase (x = 0.4 – 0.6), however, do not show any anomalies
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Figure 3.35: The temperature dependence of coefficient of electron contribution γ of
LaFeP0.8As0.2O and LaFeP0.3As0.7O.

in the temperature dependence. It suggests that there are no structural and magnetic

transitions down to 2 K, while the magnetic transition has been observed in NMR

measurements.

To realize the doping dependence of the electronic behaviors, the value of γ of each

sample is obtained by fitting the data using Equation (2.7). The fitting of the data below

10 K for each sample is shown in Figs. 3.36 – 3.39. All the data can be well fitted by the

linear fitting for the T 2 term, showing a good agreement with the predicted behavior of

C/T at low temperatures.

It is worth noting that slight upturns at ∼3 K for x = 0.3, and at ∼4 K for x = 0.8

are visible in the corresponding plot of C/T against T 2 (see Figs. 3.37 and 3.39). It may

indicate the SC transition in these samples.

87



CHAPTER 3. RESULTS

0 20 40 60 80 100
0

10

20

30

40

C
/T

 (
m

J/
m

o
l 

K
2
)

T
2
 (K

2
)

x=0.2
x=0.7

LaFeP1-xAsxO

Figure 3.36: The T 2 dependence of specific heat C/T of LaFeP1−xAsxO with x = 0.2
and 0.7.
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Figure 3.37: The T 2 dependence of specific heat C/T of LaFeP0.7As0.3O with x = 0.3.
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Figure 3.38: The T 2 dependence of specific heat C/T of LaFeP1−xAsxO with x = 0.4,
0.5, 0.6 and 1.0.
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Figure 3.39: The T 2 dependence of specific heat C/T of LaFeP0.2As0.8O.
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The doping dependence of the value of γ is then plotted in Fig. 3.40. Note that

the data for the sample of x = 0 is adapted from our previous study of LaFePO [59].

Generally speaking, the value of γ decreases with increasing x. The decrease in γ is the

most vigorous from x ∼ 0 to 0.3. The further discussion about this behavior will be

given in Section 4.1.1.
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Figure 3.40: The x dependence of electronic specific heat coefficient γ of LaFeP1−xAsxO.
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Discussions

4.1 The Behaviors of AFM2 Phase (x = 0.3 – 0.6) Found

in y = 0

The appearance of AFM2 phase and SC2 dome in LaFeP1−xAsxO (y = 0) is unexpected

and hard to explain by the existing theories. In this section, the experimental data for

AFM2 phase will be discussed to understand the electronic properties of AFM2 phase.

4.1.1 Experimental Results of NMR

Figures 4.1 and 4.2 show the 31P-NMR data for the series of y = 0 obtained by S.

Kitagawa et al. [73] and H. Mukuda et al. [93], respectively. In particular, S. Kitagawa

et al. have measured my samples of x = 0.5 and 0.6, while H. Mukuda et al. have

measured the samples of x = 0.3 – 0.6 to identify the magnetic properties of AFM2

phase. For the samples of x = 0.5 and 0.6, a similar peak broadening is found below

15 K in both studies, indicating the presence of the magnetic order below 15 K. For the

samples of 0.3 and 0.4, the peak broadening is found below ∼15K at x = 0.3 while that

is found below ∼35 K at x = 0.4.

In the study of S. Kitagawa et al., they have argued that the magnetic order in
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Figure 4.1: The NMR spectra of LaFeP1−xAsxO obtained by S. Kitagawa et al. [73].
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Figure 4.2: The NMR spectra of LaFeP1−xAsxO obtained by H. Mukuda et al. [93].

AFM2 phase is probably a short-ranged order. However, as shown in Fig. 4.2, the 31P-

NMR spectrum of the sample of x = 0.4 at the lowest temperature (4.2 K) exhibits a

rectangular-like spectral shape. It indicates the sample is a randomly-oriented powder of

commensurate AFM ordered compounds [55]. In other words, the study of H. Mukuda

et al. suggests that the magnetic order in AFM2 phase is actually a long-ranged order.

They have also suggested that the difference between AFM1 phase and AFM2 phase

can be due to the wider bandwidth and larger itinerancy associated with the shorter

Fe-As/P bond length in AFM2 phase.
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Density of States at Fermi Level

On the other hand, the density of states at the Fermi level D(EF ) for the series of y =

0 can be estimated from the Knight shift of the corresponding 31P-NMR spectra. It can

be revealed based on the fact that the Knight shift consists of a temperature-dependent

spin shift Ks(T ) and a temperature-independent chemical shift Kchem, as well as the

following relation:

Ks(T ) ∝ AhfD(EF ), (4.1)

where Ahf is the hyperfine coupling constant1. Basically the change of D(EF ) across

P/As substitution can be estimated from the change of Ks.

The corresponding x dependence of Ks(T → 0) extrapolating to 0 K is shown in

Fig. 4.3. The value of Ks(T → 0) is generally decreasing with increasing x. It has been

pointed out that the large value at x = 0 is by virtue of the sharp peak of the density of

states of the dZ2 band at Fermi level. Moreover, the great decrease in Ks(T → 0) at x ∼

0.2 – 0.3 reflects the shrinkage of the dZ2 band at Fermi level, i.e. the dZ2 band does

not contribute to D(EF ). Since the shrinkage of the dZ2 band is near AFM2 phase, it

suggests that this band may not be favorable for the emergence of AFM2 phase.

1 - x 

Figure 4.3: The x dependence of Tc, TN and Ks(T → 0) of LaFeP1−xAsxO and
LaFePO1−yFy [93].

Meanwhile, D(EF ) can also be estimated by the electronic specific heat coefficient γ

1Because Ahf depends on the coupling constant between Fe spin and P nucleus, it is possible to vary
with x, but the value should be significantly small.
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because

γ ∝ D(EF ) (4.2)

according to the Sommerfeld model [100].

As illustrated in Fig. 3.40, the x dependence shows a similar trend as obtained in

the data for Ks(T → 0) in Fig. 4.3 that the density of states decreases with increasing

x 2. In particular, the great decrease around x = 0.2 – 0.3 is roughly reproduced in the

specific heat measurements, confirming the picture about the shrinkage of the dZ2 band.

4.1.2 Discussion on Hall Effect

In Section 3.4, we have discussed that the strong enhancement of |RH | at low tempera-

tures is found in the samples of x = 0.3 – 0.6, i.e. within AFM2 phase (See Figs. 3.28

and 3.29). This kind of novel behaviors can be interpreted as follows. Since the AFM

order may create a charge gap at some part of Fermi surface, it may decrease the number

of charge carriers and thus enhance |RH | at low temperatures. Another fact is that the

temperature dependence of RH of these samples can be roughly fitted with the following

equation derived from the spin fluctuation theory [101, 102]:

RH =
−α0

T + Θ
, (4.3)

as shown in the dashed line in Fig. 3.28. Here α0 and Θ are some constants. This relation

suggests that the strong temperature dependence of |RH | is related to the presence of

the backflow due to strong electron-electron scattering arising from spin fluctuations,

which is consistent with the observation of low-energy spin fluctuations above TN in

these samples via 31P-NMR measurements [73, 93]. Therefore, the enhancement of |RH |

at x = 0.3 – 0.6 may be correlated to the AFM order in AFM2 phase.

2It is hard to compare the exact variation for each data point in the both measurements since there
are some extrinsic factors like impurities to contribute some errors to the measurements. However, a
qualitative comparison is valid.
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Moreover, since the behaviors of RH depends on the shape of Fermi surface, the ori-

gin of AFM2 phase is highly related to the reconstruction of the Fermi surface topology

during P/As substitution. Although there are no theoretical studies about the Fermi sur-

face topology in LaFeP1−xAsxO, a theoretical calculation for (Ca4Al2O6)Fe2(As1−xPx)2

has shown that the AFM phase around x = 0.5 – 0.9 appears because the topology of

the Fermi surface reconstructs due to P/As substitution and gives a very good nesting

for AFM ordering [103]. It suggests a possibility that the appearance of AFM2 phase

is also due to a very good Fermi surface nesting when the Fermi surface changes during

P/As substitution. In particular, the change of the Fermi surface in LaFeP1−xAsxO

occurs through the crossover of the dX2−Y 2 and dZ2 bands.

Before ending this section, it should be noted that this interpretation about the

enhancement of |RH | cannot be adopted in the cases for y = 0.05 and 0.1 [82]. Although

a similar enhancement of |RH | is observed around x = 0.6 – 0.8, the electronic state is

far from the AFM order. This problem will be further discussed in Section 4.2.

4.1.3 Structural and Magnetic Transitions

In iron-based superconductors, the SDW transition is usually associated with the struc-

tural transition from tetragonal to orthorhombic with the transition temperature slightly

above TN . During the transition, there are some signatures to identify its presence. For

example,

• Anomalies can be found in temperature dependent resistivity.

• A peak splitting, at the (220) Bragg peak for instance, can be observed in the

corresponding XRD spectrum.

• A jump can be detected in temperature dependent specific heat.

Therefore, the detection of the above behaviors can help us to identify the presence of

the structural transition and the corresponding transition temperature.
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In our present data, however, it is not likely to show any structural transitions in

AFM2 phase. For the resistivity data (see Fig. 3.8), the samples of x = 0.3, 0.4 and

0.6 shows metallic behaviors without any trace of anomalies. The sample of x = 0.5

shows a slight upturn at low temperatures. It may point out the influence due to the

structural/magnetic transition, but it is too weak to give a solid conclusion.

In the temperature dependent XRD measurement, we have shown in Fig. 3.4 that

there is no peak splitting in the Bragg peak (220) down to 20 K for the sample of x =

0.4. Moreover, there is no observation about the jump around TN reported by NMR for

the samples of x = 0.3 – 0.6 in the specific heat measurements (See Section 3.5). These

results strongly suggest that there is no structural transition in AFM2 phase.

On the other hand, the lack of the jump in specific heat measurements also implies

that the magnetic transition is not observable in specific heat. It may be related to the

small magnetic moment of AFM2 phase (∼0.18µB) [93]. If we look back to the NMR

data as shown in Fig. 4.2, the peak broadening develops rather slowly with decreasing

temperatures. Hence these results suggest that the magnetic transition may be smooth

across TN . Nevertheless, we cannot exclude the possibility that some extrinsic factors

like impurities contribute to background to screen out the jump due to the magnetic, or

even structural transition.

4.2 Phase Diagram of LaFeP1−xAsxO1−yFy (y = 0 – 0.1):

Effect of Band Crossover

The evolution of the electronic behaviors of LaFeP1−xAsxO1−yFy (y = 0 – 0.1) is sum-

marized in the corresponding phase diagram, as illustrated in Fig. 4.4. At y = 0, the

two SC domes (SC1 and SC2 domes) are separated by AFM2 phase. At y = 0.05, AFM1

and AFM2 phases disappear, and the two peaks are found in the SC dome. When y =

0.1, a single-dome structure is revealed.
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Figure 4.4: The phase diagram of LaFeP1−xAsxO1−yFy [56, 59, 72, 73, 82].

The existence of the two-dome structure at y = 0 and the two-peak structure at y =

0.05 suggests that there are two kinds of electronic states in P/As substituted La1111.

The further evidence can be provided in the corresponding Hall effect measurements, as

shown in Fig. 3.29. For y = 0, the strong temperature dependence of Hall coefficient RH

is found around x = 0.3 – 0.8, while such behavior can be found around x = 0.6 – 0.8 for

y = 0.05. As discussed in Section 4.1.2, the behavior of RH for y = 0 may be related to

AFM2 phase, but it cannot explain the behaviors of RH for other y. On the other hand,

if we compare to the data for y = 0.1, these behaviors of RH are reminiscent of the band

crossover of the dX2−Y 2 and dZ2 bands as discussed in Section 1.3. Following the same

discussion, the strong temperature dependence of RH suggests that the reconstruction
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of the Fermi surface due to the interchange of the energy of the dX2−Y 2 and dZ2 bands

happens around x = 0.3 – 0.8 for y = 0 and around x = 0.6 – 0.8 for y = 0.05. Therefore,

it indicates that there are two kinds of electronic states corresponding to two types of

Fermi surface topology at the low-x region and the high-x region in P/As substituted

La1111, and the crossover of these two electronic states causes the enhancement of |RH |.

4.2.1 Relationship between SC and AFM

The evolution from the two-dome structure at y = 0 to the single-dome structure at y

= 0.1 can be viewed as the expansion of SC2 dome with increasing y, and the expansion

is due to the suppression of AFM2 phase through F doping. The spin fluctuation origi-

nating from AFM2 phase contributes to the development of SC at x ∼ 0.4 in the series

of y = 0.05, resulting in the expansion of the SC region. In the series of y = 0.1, the

As-content for the maximum strength of spin fluctuations and the maximum value of Tc

is shifted to x = 0.6. Hence it suggests that SC2 dome further expands and merges with

SC1 dome, resulting in a single dome.

The spin fluctuations at x ∼ 0.4 in the series of y = 0.05 and at x ∼ 0.6 in the

series of y = 0.1 have actually been detected by NMR technique [85]. It proves that

the enhancement of Tc is correlated to the increase in spin fluctuations. The further

discussion about the relationship between Tc and spin fluctuations can be continued by

looking at the x dependence of Tc and the exponent n, as shown in Fig. 3.10. In SC2

dome (or in the lower x region), the enhancement of Tc is commonly associated with the

decrease in the exponent n from 2. This implies that Tc increases with the development

of spin fluctuations. Therefore, the SC in low-x region is more likely to be induced by

spin fluctuations. In contrast, there is no clear correlation between Tc and the exponent

n in larger x (As-rich) region, implying that it is hard to conclude whether the SC in

high-x region is induced by spin fluctuations.

However, the above conclusions seem to contradict with the pairing mechanism pro-
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posed by spin fluctuation theory [86]. If we adopt the band crossover picture, the SC

mechanism should be controlled by the contribution of dz2 band to Fermi surface in the

low-x region. Moreover, the 2D Fermi surface dominated by dx2−y2 band in the high-x

region should be involved in the SC mechanism. However, in the framework of spin

fluctuations, the 3D Fermi surface given from the dz2 band does not contribute to the

pairing force for SC, while the 2D Fermi surface in the high-x region is more likely to

provide the pairing force for SC through spin fluctuations.

This suggests that the existing spin fluctuation theory based on Fermi surface nesting

may not be enough to explain the SC mechanism in this system. Some modifications

are necessary. In particular, the data for the density of states in Section 4.1.1 have

suggested that the contribution of dz2 band to the density of states decreases rapidly

upon As doping for y = 0. As Tc increases from x = 0 to 0.2, it is possible that

some contributions to pairing force from other bands arise when the energy of dz2 band

is leaving away from Fermi level. Of course we cannot exclude the possibility that

other pairing mechanisms like orbital fluctuations are more suitable to explain the SC

mechanism in this system.

Before leaving this section, it is worth mentioning that the exponent n approaches

∼1 around x = 0.6 in all y series, as shown in Fig. 3.10(d). Since the band crossover

in the region of 0.3 ≤ x ≤ 0.8 for y = 0 and at x ∼ 0.6 – 0.8 for y = 0.05 and 0.1 is

suggested by the Hall effect measurements, this behavior in n is possible to be one of

the clues to indicate the band crossover. However, there is no theoretical model that

connects T -linear behaviors of resistivity and the band crossover. This, together with

the SC mechanism in high-x region, is a remaining puzzle.

4.2.2 Relationship between Tc and Structural Parameters

To study the relationship between Tc and pnictogen height hPn in LaFeP1−xAsxO1−yFy,

the corresponding data are plotted in Fig. 4.5 associated with the general trend con-
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tributed by Y. Mizuguchi et al. [89].
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Figure 4.5: The plot of Tc and pnictogen height hPn [72, 82, 89, 104, 105]. The
pink curve expresses the general trend for iron-based superconductors, which is con-
structed by Y. Mizuguchi et al. The purple, red and blue dots represent the data from
LaFeP1−xAsxO1−yFy for y = 0, 0.05 and 0.1, respectively, and the value of x increases
when the curve goes from left to right.

For y = 0.1 (the blue dots), the general trend is not followed at x = 0.6. For y

= 0.05 (the red dots), a similar behavior can be observed, in which Tc decreases with

increasing hPn from x = 0.4 to 0.7. For y = 0, the general trend is not followed for

x > 0.2, especially by the virtue of the presence of AFM2 phase. Here we shall realize

that the general trend is just a rough fitting and, more importantly, there are nearly

no data to show the relationship between Tc and hPn around hPn = 1.2 – 1.3 Å. The

disagreement between the general trend and our results suggests that this trend is not

detailed enough to describe the relationship between Tc and hPn around hPn = 1.2 –

1.3 Å. More precisely, the relationship is not monotonic in this region and more complex
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relationship should be applied instead.

The plot of pnictogen height against Fe-Fe atoms distance in Fig. 1.37 can also

support the above argument. It is indicated in this plot that LaFePO changes from

nodal SC to AFM when P is substituted by As. It fails to explain the complex electronic

properties of LaFeP1−xAsxO observed in this study. As a result, we argue that the

relationship between nodal SC, AFM and structural parameters is not as simple as the

one indicated in the plot. A more complex picture is required to fully describe their

relationship.

4.3 Comparison with other 1111 systems

In the previous section, we have addressed the picture of two electronic states in

LaFeP1−xAsxO1−yFy, and we have concluded that this picture is valid for y = 0 – 0.1. It

is natural to ask whether this picture is applicable to other similar 1111 systems. In this

section some comparisons will be made to find out the possibility to apply this picture

to other systems.

4.3.1 Comparison with SmFeP1−xAsxO

The electronic behaviors in SmFeP1−xAsxO [26, 74] show some similarities compared

with LaFeP1−xAsxO. In order to compare the electronic behaviors of both systems,

the phase diagram of SmFeP1−xAsxO based on the resistivity data from Fig. 1.22 [74],

together with the phase diagram of LaFeP1−xAsxO, are plotted in Fig. 4.6.

It is obvious that both systems are AFM in the high-x region, but the AFM phase

in SmFeP1−xAsxO persists down to x ∼ 0.5. Moreover, there are two SC regions in the

both systems but the SC domes in SmFeP1−xAsxO are much smaller. According to the

resistivity data, the samples in the region around x = 0.2 – 0.4 (the green area in Fig.

4.6) show metallic behavior with any anomalies. It is reminiscent of the behaviors of
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Figure 4.6: The phase diagrams of (a) LaFeP1−xAsxO and (b) SmFeP1−xAsxO [74].

resistivity in AFM2 phase of LaFeP1−xAsxO. Moreover, that region also lies between

the two SC regions in the phase diagram. Therefore, it is reasonable to expect that

the samples in that region may show similar behaviors as AFM2 phase, i.e. some AFM

ordering of Fe moments. It is also possible that the SC near x = 0 may persist in a

large value of x, for example, 0.1. If it is actually observed in some future studies, it

provides evidence that the feature of two SC domes separated by an AFM phase may

be universal in P/As substituted 1111 systems, and once again proves the validity of the

picture for two electronic states.

However, it should be reminded that AFM ordering of Sm moments with TN ∼ 5 K

is observed in SmFePO [26]. The behaviors of the samples in the green region may show

differences with AFM2 phase even though AFM ordering of Fe moments really exists.
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4.3.2 Comparison with LaFeAsO1−yHy

As discussed in Section 1.1.3, LaFeAsO1−yHy shows the two-dome structure in the cor-

responding phase diagram (see Fig. 1.20) [62, 71]. This feature is originated from the

different spin/orbital fluctuations in the two SC domes due to the different topology of

Fermi surface. Furthermore, the discovery of the AFM phase in heavily H-doped region

has led to the conclusion that the two-dome structure is by virtue of the crossover of the

two parent compounds.

On the other hand, it is revealed in this study that the behaviors of P/As substituted

La1111 are correlated to the different two electronic states corresponding to LaFePO and

LaFeAsO, respectively. Here we point out that the idea of the existence of two parent

compounds in H-doped La1111 is similar to the idea of two electronic states in P/As

substituted La1111. First, the term “two parent compounds” actually means the two

different systems with two different kinds of electronic states, and the two states change

from one to another through the substitution of an element (O/H and P/As). Second,

the substitution of the corresponding element will cause the change of band structure

and thus Fermi surface as well as the corresponding nesting in both H-doped La1111

and P/As substituted La1111. The reconstruction of Fermi surface during the crossover

of the two states causes some anomalous behaviors, as we see the two-dome structure

in LaFeAsO1−yHy and the complicated phase diagram in LaFeP1−xAsxO. Therefore,

the picture of the two electronic states is also suitable to apply to the case of H-doped

La1111. Of course the origin of the crossover of the two states is different in these two

systems. More precisely, the crossover in H-doped La1111 comes from the switch of

orbital characters during the enlargement of the electron pockets and the shrinkage of

the hole pockets due to H doping, while the crossover in P/As substituted La1111 comes

from the appearance of γ hole pocket when the amount of As content increases.

Finally, some comments will be made for the phase diagram of LaFeP1−xAsxO1−y(F/H)y,

as plotted in Fig. 4.7 according to the all existing data.
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Figure 4.7: The phase diagram of LaFeP1−xAsxO1−y(F/H)y [56, 59, 71, 72, 73, 82].

We shall first discuss the possible behaviors in heavily H-doped LaFePO1−yHy. Due

to the huge amount of electron doping, it is natural to forecast that the electron pockets

enlarge and the hole pockets decrease in size. Hence the Fermi surface nesting will

change. In particular, the electron-hole nesting will not be favorable due to the huge

difference in the size of the electron and hole pockets. As a result, the electronic behaviors

in the heavily H-doped region may not be as same as the behaviors in the low-y region.

We next discuss the possible behaviors in LaFeP1−xAsxO1−yHy for y > 0.1. For

simplicity, the three regions located in the phase diagram (the orange areas) will be

discussed. Region I lies on the region when SC1(H) and SC2(H) domes crossover. P/As

substitution in this region may give us some interesting behaviors since the system will

face two kinds of crossover effect around x = 0.6. Yet what the behaviors we will actually

see are hard to forecast.
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Region II lies on SC2(H) dome and the region of heavily H-doped LaFePO1−yHy.

Since the electronic states of both As-end and P-end compounds are different from the

low H-doped region, the effect of P/As substitution would be quite different from the

samples for y = 0.1.

Region III is at AF2 phase in LaFeAsO1−yHy. The suppression of AFM in AF2 phase

is expected due to the introduction of P, and hopefully SC will be induced. The behaviors

in low-x region highly depend on the electronic state of heavily H-doped LaFePO1−yHy,

so these behaviors may not be the same as the behaviors in LaFeP1−xAsxO.
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Conclusions

5.1 Observations in LaFeP1−xAsxO

In this study, the polycrystalline samples of LaFeP1−xAsxO for x 0 – 1 have successfully

been synthesized. In particular, the samples of x = 0.1 – 0.3 had not been studied in

the previous reports [24, 72]. The new SC dome (SC2 dome) has been found at x = 0 –

0.3. Together with SC1 dome at x ∼ 0.7, a two-dome structure in the phase diagram is

revealed.

More interestingly, apart from the AFM phase near LaFeAsO (AFM1 phase at x =

0.8 – 0.1), another AFM phase has been observed at x = 0.3 – 0.6 (AFM2 phase) via

31P-NMR measurements. The maximum TN is ∼35 K. The magnetic order is a long-

ranged order, but the magnetic moment is smaller than AFM1 phase. The measurements

of XRD, resistivity and specific heat show no structural transition associated with the

magnetic transition.

The magnetic transition is also not observed in specific heat measurements. Together

with the NMR data, the results suggest that the magnetic transition is rather smooth.

The density of states obtained from both the NMR and specific heat measurements

shows a good agreement that it generally decreases with increasing x, and it particularly
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drops sharper around x = 0.2 – 0.3. It suggests that the shrinkage of the dZ2 band is

important for the emergence of AFM2 phase.

Strong temperature dependence of RH is observed in AFM2 phase. It suggests that

the reconstruction of Fermi surface during P/As substitution is related to the formation

of the AFM order in AFM2 phase, and the AFM order opens a charge gap at some parts

of the Fermi surface.

5.2 Presence of Two Electronic States and Effect of Band

Crossover in LaFeP1−xAsxO1−yFy

The polycrystalline samples of LaFeP1−xAsxO0.95F0.05 (y = 0.05) for x = 0 – 1 have

also been synthesized to study the presence of two electronic states in P/As substi-

tuted La1111 system. A two-peak structure in the phase diagram is revealed. Together

with the samples for y = 0 and 0.1 [82], the evolution of the electronic behaviors of

LaFeP1−xAsxO1−yFy is revealed. Essentially, AFM2 phase in the series of y = 0 is sup-

pressed by F doping, and the corresponding spin fluctuation causes SC2 dome to expand

and merge with SC1 dome with increasing y. Consequently, it results in a double-peak

structure for y = 0.05 and a single SC dome for y = 0.1.

Strong temperature dependence of RH is observed at x = 0.3 – 0.8 for y = 0, and

at x ∼ 0.6 – 0.8 for y = 0.05 and 0.1. These results suggest that the reconstruction of

Fermi surface takes place at these regions. According to the band calculation [86], it has

been understood that the band structures of LaFePO and LaFeAsO are different from

each other. The most obvious difference is that the Fermi surface at (π,π) is mainly

controlled by dZ2 band in LaFePO, while that is mainly controlled by dX2−Y 2 band in

LaFeAsO. As a result, the hole Fermi surface γ pocket is absent in LaFePO while it

is visible in LaFeAsO. Hence during P/As substitution, these two bands interchange,

and the crossover from LaFePO-type Fermi surface to LaFeAsO-type Fermi surface, or
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called band crossover, is naturally the origin of the strong temperature dependence of

RH . We believe that it indicates the presence of the two different kinds of electronic

states across P/As substitution, and the band crossover are important factors to induce

anomalous behaviors, such as the emergence of AFM2 phase, the two-dome structure,

etc., in LaFeP1−xAsxO1−yFy.

Moreover, the SC mechanism in low-x region is found to be correlated to spin fluctu-

ations while that in high-x region is not conclusive. This result seems not to agree well

with the existing spin fluctuation theory. It is possible that there are other bands which

contribute to the pairing force for SC when the energy of dz2 band is rapidly decreasing

upon As doping.

On the other hand, the relationship between Tc and structural parameters around

band crossover does not follow the prediction from the previous studies. It suggests that

these studies are not precise enough to describe the correct relationship between Tc and

structural parameters around band crossover. In particular, the relationship between Tc

and pnictogen height hPn is not monotonic.

The electronic behaviors of SmFeP1−xAsxO and LaFeAsO1−yHy are also compared.

In SmFeP1−xAsxO, it is possible to see a similar electronic behavior as LaFeP1−xAsxO. It

can prove that the feature of two SC domes separated by an AFM phase may be universal

in P/As substituted 1111 systems. In LaFeAsO1−yHy, we argue that the picture for two

electronic states is also applicable to this system since it is believed that there are two

kinds of parent compounds inducing two different SC states, and the crossover of the

two SC states gives an anomaly (a Tc valley).

In summary, the phase diagram of LaFeP1−xAsxO1−yFy can be well described by

the presence of two kinds of electronic states. We also argue that the picture for two

electronic states is valid not only for LaFeP1−xAsxO1−yFy, but also other 1111 systems

to describe the electronic behaviors in their phase diagrams.
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5.3 Future Works

The further observations for AFM2 phase in LaFeP1−xAsxO are essential to understand

the relationship between AFM2 phase and SC. Magnetic probe experiments like µSR and

neutron scattering are highly recommended to be performed for further investigations.

The understanding of Fermi surface topology in AFM2 phase is also important to reveal

the origin of its electronic state. The related experimental and theoretical investigations

are also recommended.

As discussed in Section 4.3.1, SmFeP1−xAsxO is possible to have a similar behavior

as LaFeP1−xAsxO. It is worth to further investigate the electronic behaviors at x ∼

0 – 0.5, especially the magnetic properties around x = 0.2 – 0.4 by some magnetic

probes like NMR. It is also worth to synthesize PrFeP1−xAsxO and NdFeP1−xAsxO,

which had not been studied before, to investigate the x dependence of their electronic

properties. Hopefully they may show similar behaviors as LaFeP1−xAsxO, and further

prove the validity of the presence of two kinds of electronic states in P/As substituted

1111 systems.

High pressure synthesis can also be applied to synthesize polycrystalline

LaFeP1−xAsxO1−yHy and LaFeP1−xAsxO single crystals. It may be very difficult, but

if the synthesis is successful, the effect of P/As substitution at heavily electron-doped

region can be studied and more precise measurements on the electronic properties of

LaFeP1−xAsxO, such as angle-resolved photoemission spectroscopy (ARPES), can be

performed to reveal the details of the band crossover.
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