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Abstract

The iron-based superconductors show unconventional superconductivity with high super-
conducting transition temperature (7). Several experimental studies have suggested that T
is strongly correlated with the local structural parameters around Fe site such as pnictogen -
Fe - pnictogen bond angle and pnictogen height from Fe layer. However, it is not clear yet
what electronic parameter is modified by these structural parameters. On the other hand, some
theories suggest that the antiferromagnetic (AFM) fluctuation plays an important role for the
appearance of superconductivity in the iron-based superconductors, but there is no direct ex-
perimental evidence that T, is correlated with the strength of antiferromagnetic fluctuation.
Therefore, in order to clarify the mechanism of superconductivity in this system, it is necessary
to find a microscopic parameter that scales with T, comparing various physical properties of
various iron pnictides with different Tt.

In this work, I focus on RFeP;_,As,.Og9F¢.1, where R are La, Pr, and Nd. First advantage
of this system is that P and As are isovalent elements and thus a carrier number is kept con-
stant in principle. The change in physical properties with x is considered to be induced by a
structural change due to chemical pressure. The second advantage is that I can cover a wide
range of T, from ~ 3 to ~ 50 K by changing . This helps us to find a physical quantity that
scales with T,.. The third advantage is that the strength of antiferromagnetic fluctuation can
be controlled by varying z. RFeAsO is an antiferromagnetic metal. With F doping, the mag-
netic order is suppressed and the superconductivity appears above F concentration of ~ 0.08.
Therefore, the end material in the present study, RFeAsOggFg.1 shows superconductivity, but
has large antiferromagnetic fluctuation. In contrast, the other end material RFeP (O, F) are su-
perconducting at lower temperature and shows a paramagnetic metallic behavior in the normal
state. Therefore, the antiferromagnetic fluctuation is expected to be controllable by changing z

in RFeP1_,As,Og9Fg.1. In the present study, I have investigated the transport properties and



angle resolved photoemission spectroscopy (ARPES) in RFeP;_,As;O¢9Fp1 with various T,
lattice constants and presumably antiferromagnetic fluctuation strength to find a relationship
among T¢, crystal structure and electronic properties in iron pnictides.

First, I have studied the transport properties of the polycrystalline samples and single crys-
tals, and searched the parameters correlating to T.. The present results have revealed that there
are two distinct regions of x. In the low z region (z < 0.6 - 0.8), T¢ linearly increases from ~
3 to ~ 30 K with decreasing the power n in p = pg + AT™ from 2 at x = 0 to 1 around =z =
0.6 - 0.8. This strongly suggests that some bosonic fluctuation such as antiferromagnetic one is
a primary factor to enhance T,. The universal T - n relation holds for all the R systems with
x < 0.6 - 0.8. In addition to the T-linear resistivity, Ry, po, and A are strongly enhanced near
x = 0.6 - 0.8, suggesting some critical change of the electronic state. In the high z region (x
> 0.6 - 0.8), on the other hand, T, becomes strongly R-dependent and further increases with
x, but shows no clear correlation with n. The compounds with = > 0.6 - 0.8 seem to approach
another universal T¢ - n relation which holds for RFeAsO;_,. The presence of two distinct 7Tt
- n relations could be the evidence that there are two T¢-rising mechanisms and related two
different Fermi surface states in RFePq_,As,OgoF¢.1.

Next, I have investigated the ARPES using single crystals of NdFeP;_,As,O¢9Fg.1 with z
= 0.4, 0.8 and 1.0 in order to clarify x-dependent changes of band structures and Fermi surfaces
(FSs). The ARPES results indicate the existence of three hole and two electron FSs in z = 0.4,
and two hole and two electron F'Ss in z = 0.8 and 1.0 samples. The orbital characters of these
FSs have been assigned by the measurements of polarization dependence of incident light. The
d, hole FS exists around I' point at x = 0.4. The d,, band sinks down with increasing x, and
the top of this band touches Er around I' point in the x = 0.8 sample. With further increasing z,
the hole FS with d,, character disappears at x = 1.0. The T, n and other transport properties
distinctly change around = = 0.6 - 0.8. The clear difference of F'Ss below and above z = 0.6
- 0.8 may be related with the change of transport properties, and support the scenario of two

T,-rising mechanisms and two different Fermi surface states in this system.
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Chapter 1

Introduction

1.1 Fundamental facts of iron-based superconductors

1.1.1 Discovery of iron pnictide superconductors

The first iron-based superconductor LaFePO having T, = 4 K was discovered by Kamihara
et al. in Tokyo Institute of Technology in 2006 [1]. Two years later, LaFeAs(O, F) (1. =
26 K) was also reported by them [2] and studies on iron-based superconductors have been
activated in all the world. 7. immediately increased to 55 K by substituting La with Sm
whose ionic radius is smaller than that of La [3]. Additionally, new iron-based superconductors
having different crystal structures were also discovered, such as AeFeaAss (122-type), FeSe (11-
type) and so on. Iron-based superconductors have the second highest T; following cuprates.
Both of them are unconventional superconductors and do not follow the BCS theory, which
explains the generation mechanism of Cooper pair mediated by electron-phonon coupling. Some
common features between iron-based superconductors and cuprates are confirmed, such as (i)
they have 2-dimensional layered structure constructed of conduction and insulation layers, (i
i) superconductivity emerges by suppression of the AFM order of mother compounds, and so
on. On the other hand, there is a difference that the mother compounds of cuprates are Mott-

insulators and those of iron-based superconductors are AFM metals.

1.1.2 1111-type iron pnictides

1111-type iron pnictides RFePnO (R = rare earth and Pn = P, As) is one of representative

iron-based superconductors. They are called 1111 system from the compositional ratio of R :
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Fe: Pn: O=1:1:1: 1. The crystal structure of RFePnO is ZrCuSiAs-type (tetragonal,

P4/nmm) and illustrated in Figure 1.1 RFePnO has the layered structure constructed of FePn

Figure 1.1: Crystal structure of RFePnO.

conduction layers and RO insulation layers. Therefore, physical properties of RFePnQO, such as
electrical resistivity and the critical magnetic field, show strong 2-dimensionality. SmFeAs(O,
F) [3] and (Gd, Th)FeAsO [4] in this system shows superconductivity at 7. ~ 55 K, which is the
highest in all iron-based superconductors. Almost all experimental studies on this system are
performed by using polycrystalline samples because of the difficulty to grow large single crystals.
Then clarification of physical properties of 1111 system is not advanced compared with other
systems, such as 122 and 11 ones.

The emerging process of superconductivity is different between the cases of RFeAsO and
RFePO. In the case of RFeAsO, the structural phase transition from a tetragonal lattice to an
orthorhombic one and the magnetic phase transition to a spin density wave (SDW) -type AFM
order occurs at Ty and Ty ~ 150K. Superconductivity emerges by electron doping to FeAs-
layers, which is often accomplished by substituting O with F. The electronic phase diagrams of
LaFeAsO;_,F, and CeFeAsO;_,F, are shown in Figure 1.2 [5, 6]. The AFM order is gradually
suppressed and the superconducting state is enhanced for O/F substitution in both cases of
LaFeAsO;_,F, and CeFeAsO;_,F,. The maximum 7 reaches 26 K (R = La) - 55 K (R = Sm)
in the case of O/F substitution and the F concentration is about 10 - 15%.

Not only O/F substitution, but also O/H substitution, O deficiency and Fe/Co substitution

are electron doping ways. The O/H substitution limit is much higher than the O/F substitu-
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Figure 1.2: Electronic phse diagrams of LaFeAsO;_,F, and CeFeAsO;_,F, [5, 6].
tion one. The electronic phase diagrams of LaFeAsO;_,H, is shown in Figure 1.3 [7]. Two

superconducting domes are coupled and a new AFM order emerges at  ~ 0.6. The new AFM

order seems to be caused by the nesting between electron FSs. O deficiency causes similar effect

to O/F substitution [8]. Fe/Co substitution also shows superconductivity, but the Tt is much

lower than that of O/F substitution [9].

This may be caused by the substitution in the FeAs

conduction layers. On the other hand, RFePO does not have the above structural and magnetic

transitions [1]. Superconductivity emerges without carrier doping and T is 2 - 5 K. Exception-

ally, CeFePO shows heavy fermion-like behavior [10].

Temperature (K)

140 +_ | T T | T ]
L] . ® Tc
LaFeAsO, F
120 ™ e T, —
il LaFeAsO, H, O TeR A
100 I A TeNMR u
60 -
40 = o (@) O Ao 3
'. 9 A
20 e O .
[
0 1 | ] 1 o ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 1.3: Electronic phase diagram of LaFeAsO;_,H, [7].
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1.1.3 122-type iron pnictides

122-type iron pnictides AeFeaAsy (Ae = Ca, Sr, Ba of alkaline-earth metals or Eu) are also
one of representative iron-based superconductors and called 122 system from the compositional
ratio of Ae : Fe : As =1 : 2 : 2. The crystal structure of AeFesAss is ThCreSio-type

(tetragonal, I4/mmm) and illustrated in Figure 1.4. AeFeyAss also shows the structural and

Figure 1.4: Crystal structure of AeFegAss.

the AFM transitions at low temperatures. Ty and Tx changes from ~ 200 K (Ae = Sr) to ~
140 K (Ae = Ba) [11, 12]. Superconductivity emerges by substituting each element, such as Ae
— Na or K (hole doping), Fe — Co or Ni (electron doping) and As — P (chemical pressure
inducing). Large single crystals are obtained by using a self flux method in this system. Then

experimental studies on 122 system is the most advanced in all iron pnictide superconductors.

Hole-doped system

Hole doping is mainly accomplished by substituting Ae with alkali metal A = Na, K, and
so on. The electronic phase diagram of Ba;_,K,FesAss is shown in Figure 1.5 [13]. Supercon-
ductivity emerges in the wide region of x = 0.2 - 1.0. T reaches 38 K at x = 0.4, which is the

highest in 122 systems exept for a non-bulk superconductor Ca;_, R, FeaAsy [14].

10
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0.0 0.2 04 06 08 10
x in Ba, K Fe As
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Figure 1.5: Electronic phase diagram of Ba;_,K,FesAss [13].

Electron-doped system

Electron doping is mainly accomplished by substituting Fe with transition metal TM = Co,
Ni, and so on. The electronic phase diagram of Ba(Fe;_,Co,)2Ass is shown in Figure 1.6 [15].

The T, of Ba(Fe;_,Co,)2Ass is lower than that of Ba;_,K,FesAss and BaFey(As;—_,P,)2. This

seems to be caused by the disorder to 3d electron of Fe.

Figure 1.6: Electronic phase diagram of Ba(Fe;_,Co,)2Ass [15].

11
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Pressure-induced system

Chemical pressure inducing is accomplished by substituting As with P. The temperature
dependence of the electrical resistivity and the electronic phase diagram of BaFey(As;_,Py)o

are presented in Figure 1.7 [16]. The maximum 7, reaches 30 K at z = 0.33. Temperature

bt
[

B~

14

=k
w
)

hpa(A) @-axis (A)

=
- 12 : 8
= _03 (b) 1.4
L —o— & J
- - 035 2
g
S o0rs
=] 200
R
< <
200 ~100

L 1 1 L
0 100 200 300

Figure 1.7: Temperature dependence of electrical resistivity (Left) and electronic phase diagram
(Right) of BaFes(As;_,Py)a [16].

dependence of electrical resistivity shows the T-linear behavior and | Ry is enhanced at z = 0.33.
These behaviors suggest that  ~ 0.3 is the quantum critical point (QCP) which shows non-
Fermi liquid-like behaviors. T, disappears and temperature dependence of electrical resistivity
shows ~ T2 behavior at « ~ 0.7. Not only chemical pressure but also physical pressure promotes

superconductivity. Tt reaches 30 K under 4 GPa in the case of BaFeaAss [17].

1.1.4 111-type iron pnictides

111-type iron pnictides are composed of AFePn (A = Li, Na and Pn = P, As). The crystal
structure of AFePn is PbCIF-type (tetragonal / P4/nmm) and illustrated in Figure 1.8 [18].
They have to be taken in inert gas to avoid reaction with air. LiFeAs and LiFeP are stoichiometric
superconductors and T. is 18 K and 5 K, respectively [19, 20]. Temperature dependence of
electrical resistivity of both LiFeAs and LiFeP shows ~ T2 behavior [21].

12
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Figure 1.8: Crystal structure of AFePn [18]

1.1.5 42622-type iron pnictides

Representative 42622-type iron pnictides are Sr4VoOgFeaAss (T, = 37 K) [22], SryScoOgFea Py
(Tc. = 17 K) [23] and CayAlyOgFeaPny (Pn = As, P) (T, = 28 K and 17 K) [24], which are
stoichiometric superconductors. The crystal structure of SryScoOgFeaPy (tetragonal, P4/nmm)

is illustrated in Figure 1.9. T, = 17 K of SrsScoOgFesPs and CayAlsOgFesPs is the highest in

FezP g, gg%

Q
JJ J‘) \)\)

S1,5¢,0{ o J8°J30

| ift-qdb ja—j’
L"v e

Figure 1.9: Crystal structure of SryScoOgFeaPo [23].

pure iron phosphide superconductors.
P/As substitution effect is studied in CasAloOgFea Png [25]. The electronic phase diagram of

CayAlyOgFea(Asy—_,Py)2 is shown in Figure 1.10. Interestingly, a new AFM order is discovered

13
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Figure 1.10: Electronic phase diagram of CasAlyOgFeq(As;—,P,)2 [25].

at © = 0.5 - 0.95 by the NMR measurement. The AFM order may be an essential one between

nodal and nodeless superconducting states for many iron pnictide superconductors.

1.2 Theoretical studies on iron pnictide superconductors

1.2.1 Band structure and Fermi surfaces of 1111-type iron pnictides

The electronic states of LaFeAsO and LaFePO are predicted by band calculation [26]. As
a result, five 3d electron bands per 1 Fe locate in the vicinity of Fermi level (Er). Calculated
band structures of LaFeAsO and LaFePO are shown in Figure 1.11. The unit cell is defined
as that for 2 Fe atoms. In both cases of LaFeAsO and LaFePO, two hole bands (around I'
- Z) and two electron bands (around M - A) having d,, and d,. orbital characters cross Ey.
Additionally, the 2-dimensional hole band having d,, orbital character also crosses Er around
I' - Z in LaFeAsO. On the other hand, the 3-dimensional band having d,» orbital character
also crosses Er around Z in LaFePO. This difference is not caused by the lattice constant a
or ¢ but the local crystal structural parameters of Pn around Fe. Calculated 3-dimensional
Fermi surfaces (FSs) of LaFeAsO and LaFePO are illustrated in Figure 1.12. The unit cell is
defined as that for 2 Fe atoms. 2-dimensional cylindrical FSs are predicted in both of LaFeAsO
and LaFePO, which reflect strong 2-dimensionality of 1111 system. Three cylindrical hole FSs

around I" - Z and two cylindrical electron FSs around M - A are observed in LaFeAsO. On the

14
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LaFeAsO

3
Z(As) = 0.9
d = 1.3]

Energy(eV)
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Figure 1.11: Calculated band structures of LaFeAsO (above) and LaFePO (below) [26]. The
unit cell is defined as that for 2 Fe atoms.

LaFeAsO LaFePO

Figure 1.12: Calculated 3-dimensional F'Ss of LaFeAsO and LaFePO [26]. The unit cell is defined
as that for 2 Fe atoms.
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other hand, two cylindrical hole FSs around I' - Z, two cylindrical electron FSs around M -
A and one closed hole FS around Z are observed in LaFePO. 2-dimensionality of LaFeAsO is
stronger than that of LaFePO. This tendency of F'Ss warping in iron phosphides confirmed in

comparison between BaFesAsy and BaFesPs.

1.2.2 Spin fluctuation theory

The Cooper pair formation mechanism in iron based superconductors is not electron-phonon
coupling because of the high T.. Then the other superconducting mechanism mediated by spin
fluctuation is discussed. s+ superconducting gap state, whose sign is different between hole
and electron FSs, is suggested by Kuroki et al [27]. 2-dimensional FSs of 1111 system and
superconducting gap state are shown in Figure 1.13. The unit cell is defined as that for 1 Fe

atom. In the case of RFeAsO, the FSs are shown in Figure 1.13 (Left). Nesting vectors are

fully gapped swave nodal s=wave
L/ \\._—';' N

Figure 1.13: 2-dimensional FSs of 1111 system and nesting vectors between FSs [27]. The unit
cell is defined as that for 1 Fe atom.

mediated to the direction of (7, 0) and (0, 7). In the case of RFePO, the FSs are shown in
Figure 1.13 (Center and Right). Nesting vectors are mediated to the direction of (7, 0) and (,

).

1.3 Experimental studies on iron pnictide superconductors

1.3.1 Correlations between crystal structural parameters and 7,

The mechanism to determine T, of iron based superconductor is not clear yet. Phenomeno-
logically, the correlation between Pn-Fe-Pn bond angle « and T is suggested by Lee et al [28].
a dependence of T¢. (so-called ‘Lee-plot’) is presented in Figure 1.14. This plot suggests that

16
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Figure 1.14: Pn-Fe-Pn bond angle o dependence of T¢. [28].

T, reaches the maximum value when « approaches 109.47°, namely when FeAs; approaches
regular tetrahedra. Tt increases from LaFeAsO to SmFeAsO and decreases from SmFeAsO to
DyFeAsO in 1111 system. The bond angle « is regarded as the most important parameter by
many researchers because of the clear correlation. However, iron phosphides, such as LiFeP, do
not follow this plot. As a result, Lee-plot looks correct only in the special case that targets for
comparison are iron arsenides and have the same crystal structure.

The other parameter to determine 7T, was suggested by Kuroki et al. They suggest the
pnictogen height from Fe-layer hp, is the key parameter to change F'Ss, nesting condition and
superconducting gap structure. hp, dependence of T is presented in Figure 1.15. In this plot,
iron arsenides with large hp, have higher T, than iron phosphides with small hp,. This hp,

plot is appropriate to expain the difference between FeAs and FeP systems in the same system.

1.3.2 Superconducting gap structure of various iron pnictide superconduc-

tors

According to the suggestion by Kuroki et al., the local crystal structural parameter of Pn
around Fe can be a key parameter to determine 7, and superconducting gap symmetry. The
local crystal structural parameter is quite different between the cases of Pn = P and As. Then
previous studies on the superconducting gap structure are summarized below in order to compare

those of iron arsenide and iron phosphide superconductors. The supercondcting gap symmetry

17
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Figure 1.15: hp, dependence of T;. [29].

and size are often determined by measurements of magnetic penetration depth (MPD), angle-

resolved photoemission spectroscopy (ARPES) and point-contact Andreev reflection (PCAR).

Magnetic penetration depth

Temperature dependence of MPD gives the information on superconducting gap symmetry.

In the case of nodeless superconductors, the temperature dependence of MPD is described as

ANT) | 7TA A
OB B exp <_]<;BT> (1.1)

where A is superconducting gap size and AN(T") = A(T') - A(0). AX(T") hardly shows temperature
dependence at very low temperatures. On the other hand, in the case of nodal superconductors

with line nodes, it is described as

AXNT)  In2
o) = 4 T (1.2)

Then AX(T') shows T-linear behavior.

Temperature dependence of MPD of 1111-type, 122-type and 111-type iron pnictide super-
conductors are presented in Figures 1.16, 1.17 and 1.18 (Left) [30, 31, 32, 33]. Temperature
dependence of AX(T') of LaFePO, BaFea(Asg 67Po.33)2 and LiFeP shows T-linear behavior at very

low temperatures. Therefore, nodal superconducting gap state arises in these iron phosphide
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Figure 1.18: Temperature dependence of MPD of 111-type iron pnictide superconductors (Left)
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superconductors. On the other hand, AX(T") of SmFeAs(O, F), Bag45K¢55FeaAsy and LiFeAs
hardly shows temperature dependence and it is nearly zero. Then, nodeless superconducting
gap state arises in these iron arsenide superconductors.

The correlation between hp, and AXNT) at T' = 0.2 Tt is presented in Figure 1.18 (Right)
[33]. According to the plot, iron arsenide superconductors with large hp,, have small AXN(T") and
it reflects the nodeless superconducting gap state, except for heavily hole-doped KFesAss. On
the other hand, iron phosphide superconductors with low hp, have large AX(T") and it suggests
the nodal superconducting gap state. hp, = 1.34 Ais the boundary of nodal and nodeless states

in this plot.

Angle-resolved photoemission spectroscopy

Superconducting gap causes the decrease of the density of state (DOS) on the energy distri-
bution curve (EDC) spectrum in ARPES measurements. Superconducting gap size is estimated
by the difference between Fermi level and the edge of EDC spectrum. Superconducting gap
symmetry is determined by the measurement of the superconducting gap size of each position
on the FS. Superconducting gap of NdFeAsOg g5F¢.15 and Bag gKg.4FeaAsy are shown in Figures
1.19 and 1.20 [34, 35]. One nodeless superconducting gap with A = 15 meV on the hole FS is

|A] (meV)

[A[ (meV)

670 20 30 40 50 ~ high
T(K)

180

Figure 1.19: Superconducting gap of Figure 1.20: Superconducting gap of
NdFeAsOg.g5F0.15 [34]. Bag ¢Ko.4FeaAsy [35].

observed in NdFeAsOgg5Fo.15. Two nodeless superconducting gap with A = 12 meV on inner
hole and electron FSs and one nodeless superconducting gap with A = 6 meV on outer hole FS

are observed in BaggKg 4FeoAss.
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On the other hand, superconducting gap structures of pure iron phosphide superconductors,
such as RFePO, LiFeAs and SrsScoOgFesPs, are not observed in ARPES measurements because
of the low T¢ or the difficulty to obtain large single crystals. Instead of pure iron phosphides,
superconducting gap structure of BaFes(As, P)sy is measured by some groups. According to the
ARPES measurement by Feng et al., the superconducting gap on the outer hole FS goes to
zero around Z, namely horizontal line nodes are suggested on the outer hole FS around Z [36].
However, the nodal loop structure on electron FSs is suggested by the angle-resolved thermal
conductivity measurement [37]. Then the location of the superconducting gap node has not

been consented.

Point-contact Andreev reflection

PCAR is also a tool to determine the gap structure. If one incident electron with the
energy E < A is shot from a metal to a superconductor with the superconducting gap energy
A, one Cooper pair is formed in the superconductor and one hole is reflected on the interface
between the metal and the superconductor (Andreev reflection). In principle, the electrical
conductivity is enhanced twice than the normal conductivity. If £ > A, Andreev reflection
does not occur and the electrical conductivity does not change. These behaviors are analyzed
by the Blonder, Tinkham and Klapwijk (BTK) model and the superconducting gap size and
symmetry are calculated. Unlike MPD and ARPES measurements, PCAR can be measured by
using polycrystalline samples.

In the studies on iron-based superconductors, similar results on the superconducting gap
structure to MPD and ARPES measurements are observed in many 1111 and 122 systems. As
the original achievement of PCAR spectroscopy, polycrystalline SryScoOgFeaPy is measured [38].
As a result, a zero-bias conduction peak, which is the evidence of nodal superconducting gap,

is observed in the measurement.

Summary

Almost all experiments of MPD, ARPES and PCAR suggest that nodeless superconduc-
tivity emerges in iron arsenide superconductors and nodal superconductivity emerge in iron
phosphide superconductors. This difference between iron arsenides and iron phosphides seems
to be caused by the difference of local crystal structural parameters of Pn around Fe, such as

hp, and a. In addition to that fact, the existence of the AFM order between nodal and node-
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less superconducting states is also suggested by Mukuda et al. from the NMR measurement of
CayAlyOgFea(Asi—;Py)2 [25]. The AFM order, the nodal and nodeless superconducting states,
which are plotted in the 2-dimensional plane of structural parameters of the nearest-neighbor

Fe-Fe distance ape_pe and hp,, is shown in Figure 1.21.
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Figure 1.21: The AFM order, the nodal and nodeless superconducting states in iron-based
superconductors. They are plotted in the 2-dimensional plane of structural parameters of the
nearest-neighbor Fe-Fe distance ape_re. and hp, [25].

1.3.3 P/As substitution studies on 1111-type iron pnictides

P/As substitution changes the local crystal structural parameters around Fe effectively.

There are several reports on P/As substitution effect in 1111-type iron pnictides.

LaFeP;_,As,O1—yF,

The electronic phase diagram of LaFeP;_;As,O1_,F, (y =0, 0.05, 0.1) is presented in Figure
1.22, where the result of LaFeP;_,As,OgoFo.1 is my data in this thesis. In the case of y = 0,
two superconducting domes (SC1 and SC2) are observed and SC1 dome seems to occur in the

vicinity of QCP. Additionally, a new AFM order (AFM2) between SC1 and SC2 is also detected
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Figure 1.22: Electronic phase diagram of LaFeP;_,As,O1_,F, (y = 0, 0.05, 0.1) [39].

by the NMR measurement. The emergence of the new AFM order in P/As substitution system
is also observed in CayAlaOgFey(As)—,Py)2. In the case of y = 0.05, superconductivity emerges
in all x region. The maximum 7T, is observed at = 0.4 and 1.0, where AFM order exists at y
= 0. Therefore, the correlation between superconductivity and AFM fluctuation is suggested.
In the case of y = 1.0, T¢ increases with = in the region of x = 0 - 0.6 and does not change in

the region of x = 0.6 - 1.0 at y = 0.1.

CeFeAsl,xPxO and CeFeASlfoxOO,gg,Fo.og)

Electronic phase diagrams of CeFeAs; PO and CeFeAs;_.P;0¢.95F0.05 are shown in Fig-
ure 1.23 [40, 41]. As for CeFeAs;_,P,0, in the case of CeFeAsO, structural and magnetic phase
transitions occur at Ty and T ~ 140K and AFM order caused by 4f electron of Ce emerges at
Tn = 4 K. On the other hand, CeFePO is the heavy fermion system. The AFM order caused
by 3d electron of Fe disappears at x = 0.4 and FM order emerges at x = 0.35 - 0.9. The dis-
appearance of structural and magnetic phase transitions is confirmed by the neutron scattering
measurement. Then z = 0.4 is regarded as QCP.

As for CeFeAs_,P.Op.95F0.05, superconductivity emerges at x = 0 - 0.55 and FM order of

Ce emerges at x = 0.45 - 1.0.
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Figure 1.23: Electronic phase diagrams of CeFeAs;_,P,O (Left) and CeFeAs;_,P,0¢.95F0.05
(Right) [40, 41].

SmFeAs,_,P,O

Temperature dependence of electrical resistivity of SmFeAs; ,P,O is shown in Figure 1.24

[42]. Superconductivity emerges at © = 0.565. This behavior is similar to LaFeP( 3Asg 7O.
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Figure 1.24: Temperature dependence of electrical resistivity of SmFeAs;_,P,O [42].

1.3.4 ARPES measurements in 1111 system
LaFePO and LaFeAsO

FS mapping at k., = 0 of LaFePO and LaFeAsO is presented in Figure 1.25 [43, 44]. As
for LaFePO, one large hole F'S and two small hole FSs are observed around I'. The two small

FSs are nearly degenerated. Two electron FSs are observed around M. The positions and the
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Figure 1.25: FS mapping at k, = 0 of LaFePO (Left) and LaFeAsO (Right) [43, 44]

sizes of the two small hole FSs and the two electron FSs are nearly consistent with theoretical
calculation. As for LaFeAsO, one large hole FS, one small hole FS and one pseud-hole FS are
observed around I'. T'wo electron FSs are observed around M. The largest hole F'S is observed in
all ARPES measurements of 1111 system, but the enlargement of the hole FS is quite unlikely
because of the electrical neutrality.

FSs of LaFePO is also observed by the measurement of the de Haas-van Alphen (dHvA)
effect [45]. The FSs of LaFePO determined by the dHvA measurement is shown in Figure 1.26.
Two hole FSs and two electron FSs are detected, but one small 3-dimensional hole FS around
Z is not observed. The large hole FS in the ARPES measurements is not detected. Therefore,

the large hole F'S may be caused by the surface effect.

PrFeAsQOg 7

FS mapping at k, = 0 of PrFeAsQOg 7 is shown in Figure 1.27 [46]. Three hole FSs around
I" and clover-shaped electron FSs around M are reported. The clover-shaped electron FSs are
also reported in heavyly hole-doped KFegAsy. This suggests that the electronic neutrality may
be not obtained in the cleaved surface and the reconstruction of electronic state may occur on

the sample surface.
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Figure 1.26: FSs of LaFePO observed in the dHvA measurement [45].

Figure 1.27: FS mapping at k, = 0 of PrFeAsOq 7 [46].
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NdFeASOO.85F0.15

FS mapping at k, = 0 of NdFeAsOg g5F¢.15 is shown in Figure 1.28 [34]. One large hole F'S
around I' and one electron FS around M are observed. The nodeless superconducting gap with

A = 15 meV is reported on the hole FS.
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Figure 1.28: FS mapping at k, = 0 of NdFeAsOg g5F¢.15 [34].

SmFeAsO

FS mapping at k, = 0 of SmFeAsO is shown in Figure 1.29 [47]. The large hole FS around

I" is also reported and it is ascribed to the surface effect.

Figure 1.29: FS mapping at k, = 0 of SmFeAsO [47].
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Chapter 2

Objective

Recently discovered iron-based superconductors have the second highest T, following cuprates.
They are important substances to clarify the superconducting mechanism with high 7;.. In 1111-
type iron pnictide superconductors RFePnO, T, the structural and magnetic properties are dif-
ferent between R = As and R = P. In the case of RFeAsO, superconductivity emerges together
with the suppression of the structural and magnetic transitions by F doping or F deficiency, and
the maximum 7; reaches ~ 55 K, which is the highest in iron-based superconductors. On the
other hand, no structural and magnetic transitions exist and T¢ is ~ 5 K in the case of RFePO.
Some empirical rules are proposed to explain the difference of T, from the view point of the
local crystal structural parameters around Fe, such as bond angle o and pnictogen height hp,,.
However, it is not clear yet what electronic parameter is modified by these structural parameters.
Although, some theories suggest that the antiferromagnetic fluctuation plays an important role
for the appearance of superconductivity in the iron-based superconductors, there is no direct
experimental evidence that T, is correlated with the strength of antiferromagnetic fluctuation.

In order to find the key parameter to determine the 7. of iron-based superconductors, I
studied P/As substitution effect of 1111-type iron pnictide superconductors by using transport
and ARPES techniques. This P/As substituted 1111 system is appropriate to study the above
relationship because (i) superconductivity emerges in both of RFeAs(O, F) and RFeP (O, F), (i)
T, the local crystal structural parameters around Fe and perhaps strength of antiferromagnetic
fluctuation drastically change with the substitution.

In part II, T present the studies on polycrystalline RFeP;_,As,Op9Fp1 (R = La, Pr, Nd).
The purpose is to study the relationship among crystal structural parameters, T, and transport

properties in various R systems having various T¢, and to find the key parameter for supercon-
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ductivity. The composition dependence of the crystal structural parameters, 1. and transport
properties are discussed and several suggestive results are obtained. As results of the electrical
resistivity measurements, two different superconducting x regions are suggested from x depen-
dence of T, and n, which is defined from p(T") = po + AT™. In the region of x < 0.6 - 0.8, Tt
and n correlate and T, increases by the enhancement of AFM fluctuation. On the other hand,
in the region of > 0.6 - 0.8, no clear relationship between T, and n is observed. Two scaling
lines are also observed in the correlation between T, and n and the different scaling lines may
reflect the different F'Ss and nesting vectors.

In part I, I studied on single-crystalline NdFeP;_,As, (O, F). There are mainly three ob-
jectives to launch this study. First, I would like to establish the single crystal growth method of
1111-type iron pnictide superconductors because it is very difficult to obtain large-sized single
crystals in 1111 system and successful examples are few in the world. Second, the transport
properties including the anisotropy and no grain boundary effect can be measured by using the
single-crystalline samples. The results also tell us whether the polycrystalline results in part II
are intrinsic or not. Third, the band dispersion and the FSs are directly observed by the ARPES
measurement. The third is the most important in this P/As substitution study. I would like to
clarify the difference of the F'S configuration between below and above x = 0.6 - 0.8 where T,

and n show distinct x dependences.
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Studies on Polycrystalline
RFeP;_,.As,Op¢Fy;1 (R = La, Pr, Nd)
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Chapter 3

Experimental methodology

3.1 Synthesis

All processes of weighting and mixing the raw materials in this study were performed in an

Ar-filled glove box. Both concentrations of Oy and H2O in the glove box were kept less than 10

3.1.1 Synthesis of precursors RAs and RP (R = La, Pr, Nd)

R ( = La, Pr, Nd) (3N, KOJUNDO CHEMICAL LABORATORY CO.,LTD (KCL.)), As
(6N, FURUKAWA DENSHI CO.,LTD.) and P (5N, KCL.) were used to synthesize the precursors
of RAs and RP. First, R chips held in spindle oil were cleaned with hexane in order to remove
the oil before the synthesis. This procedure was operated by using an ultrasonic cleaning device
in the sequence of 10 min x 3 times. The mixture of R and hexane was filtered with a filtering
paper. The remnant hexane around R was vaporized in vacuum and the cleaned R chips were
stored in the globe box. Next, R and As (P) were mixed with the stoichiometric ratio of 1 :
1 and sealed in an evacuated silica tube (~ 107% Torr) with the external diameter of 13 mm
and the internal diameter of 11 mm. To prevent the explosion of the silica tube during heating,
the length of sealed silica tubes should be 16 - 18 cm and the weights of As and P should be
less than 1.0 g and 0.4 g, respectively. The R and As (P) in the sealed silica tube were heated
and reacted at 900 °C (850 °C) in an electrical furnace. Temperature conditions for synthesis

of RAs and RP are illustrated in Figures 3.1 and 3.2, respectively.
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Temperature Temperature

900'C 850 C

500 C \
400°C

Sh 15h 8h 15h %h &h 15h 14h 15h

%h
time time
Figure 3.1: The temperature condition for Figure 3.2: The temperature condition for
synthesis of RAs. synthesis of RP.

3.1.2 Synthesis of polycrystalline RFeP;_,As,Og9Fo; (R = La, Pr, Nd)

RAs, RP, Fe;03 (4N, KCL.), Fe (5N, KCL.), FeF5 (2N, RARE METALLIC Co.,LTD.) and

RF3 (5N, KCL.) were used as starting materials to synthesize polycrystalline RFeP;_,As; Qg 9Fo 1.

Each starting material was weighted with a composition of RFeP;_;As,O1_,_sF,. The O defi-

ciency § was introduced to the samples in order to make F substitution easy and subtract excess

O introduced during the synthesis process. The ¢ value (~ 0.1) is not noted in the later chapters

and sections. Many researchers who studies on P/As substituted iron pnictides often define iron

arsenides as main phases and z as P substitution ratio for As site, such as BaFes(As;_,P;)2

and CagAlaOgFes(As;_;Py)2. In my thesis, however, I defined iron phosphides as main phases

and x as As substitution ratio for P site (e.g. P1_,As,) because my experimental results showed

systematic changes with x in the vicinity of iron phosphides.

The chemical reaction formula of RFeP;_,As;O1_,F, in the case of using FeF is

(1—3;—5) (2+y+45)Fe+gFeF2

xRAs+ (1 —z)RP + 5 5

Feg 03 +

— RFePl_xAsxol_y_(;Fy
The chemical reaction formula in the case of using RF3 is

(

- 1— - 1—qy— 142542
z(3 y)RAS+( r)(3 y)RP+( y 5)Fe203+( + 2y + 20)

Y Ty
Fe+Z RF3+— A
3 3 3 3 e—|-3R 3+ 3 S+

— RFePl_mASxol,y,(ng
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Chapter 3 Experimental methodology

In this study, FeFs was used in the cases of R = Pr and Nd, while RF3 was used in the case of
R = La.

Materials of RAs, RP, FesOgs, Fe, FeFs or RF3 were weighted, following the ratio in the
above formula and mixed in an agate mortar for 20 minutes. Then the mixture was pressed into
a pellet (1.0 - 1.5 g) under the pressure of 20 MPa. The pellet was sealed in an evacuated silica
tube and reacted at 1100 °C. The pellet sealed in the evacuated silica tube is shown in Figure
3.3. Temperature conditions for the synthesis of RFeP;_,As,.Og9Fg1 is illustrated in Figure

3.4.

Figure 3.3: The pellet (¢ = 10 mm) sealed in the evacuated silica tube.

1100°C

Temperature

11h 40h

time

Figure 3.4: The temperature condition for the synthesis of RFeP;_,As,Og9F¢.1.

Polycrystalline samples with the following nominal compositions were synthesized.
e LaFeP;_;As;O¢p9Fo1 (z =0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0)

e PrFeP;_,As,009Fp1 (x =0, 0.2, 0.4, 0.6, 0.8, 0.9, 1.0)

e NdFeP;_,As,009F¢1 (x =0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0)

Hereafter, I use the nominal concentrations of F (0.1) and As (x).
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3.2 Measurements

3.2.1 Crystal structural analysis
Powder X-ray diffraction in Laboratory

Powder X-ray diffraction is a standard tool to evaluate lattice parameters and impurity
concentrations of a polycrystalline sample. It was measured by using MiniFlex and RINT-2000
(Rigaku Co.).

First, a piece of a polycrystalline sample was crushed and powdered with an agate mortar.
Then the powder of the sample was stuck on a glass plate and they were set up on the above
machines. Bragg peaks were detected by 6 — 26 scan in the range of 20 = 20 - 100 °. X-ray
source was Cu and K, radiation (A = 1.5406 A) without Ko one was used for analysis. The

lattice constants were obtained by the least squares fitting of the X-ray diffraction profile.

Synchrotron X-ray diffraction

Synchrotron X-ray diffraction using X-ray with strong intensity is able to determine accurate
crystal structural parameters including atomic positions and atomic occupancies. They are
essential information for iron-based superconductors where T, is sensitive to those parameters.
Synchrotron X-ray diffraction was measured at the beam line BL-8A in Photon Factory (PF) in
KEK, Tsukuba, Japan.

A piece of a polycrystalline sample was powdered over 1 hour and then inserted into a glass
capillary tube with the internal diameter of 200 yum. The powder X-ray diffraction measurements
were performed at 300 K by using X-ray with the energy of 15 keV. Crystal structural parameters

were determined by Rietveld analysis [48].

3.2.2 Magnetic susceptibility

Magnetic susceptibility measurement is an appropriate tool to detect T, and superconduct-
ing volume fraction because it is dramatically changed by diamagnetism of superconductivity.
Temperature dependence of magnetic susceptibility was measured by using MPMS-7 (Quantum
Design, Inc.) under the magnetic field of 10 Oe in both conditions of zero field cooling (ZFC)
and field cooling (FC). The x value was defined as the averaged measurement value in three

times.
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3.2.3 Electrical resistivity

Electrical resistivity measurement is also an appropriate tool to detect T, through zero-
resistivity of superconductivity. The detail of temperature dependent resistivity in the normal
state was also studied in this work. It was measured by using conventional four-probe method.
A sample was shaped to about 1 x 1 x 3mm? cuboid by polishing with a sand paper. Au wires
(¢ = 25 pm, The Nilaco Co.) were connected on the sample with DOTITE (FUJIKURA KASEI
CO.,.LTD.) silver paste as electrodes. The configuration of sample and electrodes for electrical

resistivity measurement is shown in Figure 3.5. Cooling temperature for the measurement was

Figure 3.5: The configuration of sample and electrodes for electrical resistivity measurement
(inner: voltage probes, outer: current probes).

controlled in He vessel. Electrical resistivity p was calculated by the equation
S

where R, S and [ are the resistance, the sample cross-section area and the distance between

voltage probes, respectively.

3.2.4 Hall effect

Hall effect measurement is a tool to determine a sign of carriers and carrier density. Hall
effect was measured by using MPMS to control magnetic field. Sample probe holder was specially
designed for four-probe method to detect Hall resistivity. A sample was shaped to about 1.5 X
1.5x0.25mm?®. Current and voltage probes were made with the same method of the measurement

of electrical resistivity. The configuration of sample and electrodes for Hall effect measurement
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is shown in Figure 3.6.

Figure 3.6: The configuration of sample and electrodes for Hall effect measurement (top and
bottom: voltage probes, left and right: current probes).

When the magnetic field H is applied, the resistance R(H) contains not only Hall resistance

R,y (H) but also a part of the normal resistance R,,(H). Then R(H) is written as

R(H) = Ryp(H) + Rauy(H). (3.2)

On the other hand, R(—H) is written as

R(_H) = Rxm(_H)+ny(_H)

= Ruo(H) — Ryy(H). (3.3)

From the above two equations, Hall resistance R,y (H) is written as

Ry (H) = . (3.4)
Hall resistivity p.y is calculated by the equation,
wd
pzy(H) = ny(H) I (3.5)

where W, d and [ are the sample width, the sample thickness and the distance of voltage probes,

respectively. When voltage probes are putted on lateral side, [ = W. Then p,,(H) is written as

Pay(H) = Rey(H)d. (3.6)

36



Chapter 3 Experimental methodology

From above equation, the thickness d should be small to obtain large R, (H) signal. p,,(H)
was fitted with the formula

puy(H) = c1H + co H? (3.7)

and Hall coefficient Ry was determined as the first gradient to the magnetic field, namely
c1 = Ry. (3.8)

The typical measurement current was I = 10 mA and magnetic field was changed from H =-7

T to 7 T. The accurate R(H) value was defined as the average value for 10 times measurements.
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Experimental results

4.1 Crystal structural analysis

4.1.1 Powder X-ray diffraction

Powder diffraction patterns of LaFeP1_,As,Og9F1, PrFeP;_,As,Og9Fo1 and NdFeP_,As,Og9F¢1
measured by MiniFlex or RINT-2000 are shown in Figures 4.1, 4.2 and 4.3.
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Figure 4.1: Powder X-ray diffraction patterns of LaFeP;_,As,;Oq9Fo1.

tensities of Bragg peaks are consistent with the previous reports on 1111 system. As shown in

Figures 4.1, 4.2 and 4.3, almost all the diffraction peaks are indexed assuming the tetragonal

structure with the P4/nmm symmetry. Bragg peaks systematically shift to lower angle with
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Figure 4.3: Powder X-ray diffraction patterns of NdFeP1_,As,Og9Fg.1.
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Chapter 4 Experimental results

increasing x. This suggests that lattice constants a and ¢ increase with = and P/As substitution
in 1111 system is succeeded. A little impurities of RAs and ROF are detected, but they do not

seriously affect magnetic and transport properties.

4.1.2 Synchrotron X-ray diffraction

Powder diffraction patterns measured at BL-8A in PF are analyzed by Rietveld method [48].
They are well fitted with the symmetry of P4/nmm in the tetragonal lattice. The = dependences
of lattice constants (a and c), pnictogen height from Fe-layer (hp,) and Pn-Fe-Pn bond angle
(o) of RFeP;_;As,;009F01 (R = La, Pr, Nd) are plotted in Figure 4.4. Lattice parameters of

......... P
< B S P o -
°< ........... . ..... A -----------------------

........... oA

s e

S g e
e PR ;
< 8 6 e ..-..

o L e . ) A |
e e
) a e

4 Y S ’

&:::::::::::g ...... -

1.4- | I I ! T T T T T |

: 2 ===,=_-A=.=.=.=.‘

o$ 1 3' l MW.:: t ""EE-:::s"‘ Y

N il

< 1'2§==fffiffifft::......... |
. [ } LaFePl_xASxOOQOFQm

Lip , , A PrFeP,_AsOoF) 0 H

o m NdFeP,_,As,0p60F 10

e @ L

gﬁ ; :‘:1:11:3-:::’;‘--,.- ]

s L 22 S |
- i [ ) -.. ..‘;_

T

6 L ;

11 | I : L 1 1 1 1 1

O ’ 0.5 !

As content x

Figure 4.4: x dependence of a, ¢, hp, and a of RFeP;_,As,O09Fp1 (R = La, Pr, Nd).

= 0 and 1.0 are consistent with the previous studies [49] - [53]. @ and ¢ linearly increase with z,
following Vegard’s law. It proves that P/As substitution in RFeP;_,As,O¢9F 1 is successfully

prepared. hp, and «, which are the key parameters for iron-based superconductors, are also
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Chapter 4 Experimental results

linearly changed with z. The 10 % F substitution causes the disappearance of structural and
magnetic transitions in 1111 system. Therefore, above crystal structural parameters do not

change at low temperatures.

4.2 Magnetic susceptibility

Temperature dependences of magnetic susceptibility of LaFeP;_,As,O¢9Fo.1, PrFeP;_,As;Op9Fo1
and NdFeP;_,As,Og9Fo.1 are presented in Figures 4.5, 4.6 and 4.7. Sharp superconducting

transition and bulk superconductivity are observed in most of the samples.
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Figure 4.5: Temperature dependence of magnetic susceptibility of LaFeP;_,As,Og.9Fg.1.

Tc of z = 0 and = = 1.0 are consistent with the previous studies [1, 2, 5, 54, 55]. The
superconducting volume fraction is sufficiently large in most samples. T, and the absolute value
of x are most enhanced at z = 0.6 in the case of R = La. On the other hand, T, gradually

increases with z in Pr and Nd systems.
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Figure 4.7: Temperature dependence of magnetic susceptibility of NdFeP;_,As,OgoFo. 1.
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4.3 Electrical resistivity

Temperature dependences of electrical resistivity of LaFeP;_,As,OgoFg.1, PrFeP_;As,OgoFo.1
and NdFeP;_,As,Op9Fg.1 are presented in Figures 4.8, 4.11 and 4.14. Absolute values of p of
my polycrystalline samples are about ten times larger than that of single crystals in the previous
works [56]. This is caused by a grain boundary effect. However, the temperature dependence
profiles of p is not so different between polycrystalline and single-crystalline samples. Therefore,

it is meaningful to discuss transport properties of polycrystalline samples. The anisotropic factor

1 1
pzﬂﬁz”:(mi>2:(f%>2 (4.1)
HSQ mZb Pab

where HY (HS), mZ, (m}), pab (pc) are in-plane (out-of-plane) upper critical magnetic field,

I of a metal is described as

effective mass and electrical resistivity, respectively. p./pap is ~ 25 when " is ~ 5 as reported
previously [56]. Therefore, it is expected that electrical current mainly flows in the in-plane
direction and electrical resistivity of polycrystalline samples mainly reflects in-plane one in 1111
system.

In spite of different R, some common behaviors are observed as follows.
(i) No indication of structural and magnetic transitions is observed in all samples.

(i) At 2 = 0, p shows a conventional Fermi liquid behavior p ~ T2 and the absolute value of

p is the smallest.
(ii) At z ~ 0.6, p shows T-linear behavior and the absolute value of p is the largest.

In order to analyze and discuss the above behaviors, I fit the resistivity p(7") with the formula
p(T) = po + AT" (4.2)

in the temperature range between 7. and 100 K, where py, A and n are the residual resis-
tivity, the slope and the power law exponent of T', respectively. The present fitting range is
defined to subtract the scattering effect by phonon at high temperatures and focus on the es-
sential behaviors of strongly correlated electron system at low temperatures. I note that p(7")
is exponent at T < 100 K because log(p — po) is always linear to log7 at T' < 100 K. Dou-
ble logarithmic plots of electrical resistivity of LaFeP|_,As;Og9Fo.1, PrFeP;_;As,Og9Fp1 and
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NdFeP;_,As;O¢9Fg1 are presented in Figures 4.9, 4.12 and 4.15. Fitting curves of electrical
resistivity of LaFePi_,As,O¢pgFo1, PrFePi_As,Og9Fp1 and NdFeP;_ ,.As,OqoF¢1 are pre-
sented in Figures 4.10, 4.13 and 4.16. Details of fitting parameters are discussed in Chapter
5.
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Figure 4.8: Temperature dependence of electrical resistivity of LaFeP;_,As,.OgoFo 1.
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Figure 4.11: Temperature dependence of electrical resistivity of PrFeP;_,As,OgoFo.1.
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4.4 Hall effect

4.4.1 Hall resistivity
LaFeP;_,As;Oq9F¢.1

Magnetic field dependences of Hall resistivity p,, in LaFeP;_;As;Oq9F¢.1 with various x
are shown in Figures 4.17 - 4.22. In multi-carrier system having hole and electron as carriers,

pay(H) shows magnetic field dependence and it is described as

1 nppp = nep? + (pnpe)® (nn — ne) H?
le| (npin + nepie)? + (unpie)*(np — ne) H?

puy(H) = (4.3)

where ny, (n.) and pp (pe) are hole (electron) carrier density and mobility [57]. This system is
regarded as a nearly compensated metal because the F concentration is only 10 %. When ny,
~ ne is assumed, (npup + nepte)? >> (unpie)*(np — ne)>H? holds. Then py,(H) is fitted with
the formula pg(H) = c1H + coH? and ¢; is defined as Ry. Dots and lines in Figs 4.17 - 4.37
indicate the experimental results and the fitting curves of p,,(H) = c1H + coH 3| respectively.
When superconductivity is broken by high magnetic fields, p,, cannot be fitted with the above
formula. So below T, pgy is fitted with pg,(H) = ¢1H only in the low magnetic field in order

to describe the superconducting state in H — 0.
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Figure 4.17: Magnetic field dependence of Figure 4.18: Magnetic field dependence of
Hall resistivity Py of LaFePOg oFy 1. Hall resistivity Pzy of LaFePg gAsg200.9F¢.1.
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PrFeP,_,As.Oq¢Fy1

Magnetic field dependences of Hall resistivity psy in PrFePi_;As;Og9Fo.1 with various x are

shown in Figures 4.23 - 4.29.
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NdFeP;_,As,0q9F1

Magnetic field dependences of Hall resistivity pg, in NdFeP;_;As;Og9Fo1 with various x

are shown in Figures 4.30 - 4.37.
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4.4.2 Hall coefficient

Temperature dependences of Hall coefficient Ry of LaFeP1_,As,Og.9Fo.1, PrFeP;_,As, 09 9F01
and NdFeP_,As,Og9Fg.1 are presented in Figures 4.38, 4.39 and 4.40. The value of Ry in
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Figure 4.38: Temperature dependence of Hall coefficient of LaFeP;_,As;Og9Fq.1.

the normal state is negative for all compositions, and the dominant carriers are electrons in this
system . At z = 0, the absolute value of Ry (|Ry]|) is small (~ -3 x 1073 ¢cm3/C) and almost
temperature-independent for all R systems. On the other hand, |Ry| is large and strongly tem-
perature dependent at x ~ 0.6. At z = 1.0, |Ry| is smaller and shows weaker temperature
dependence than that of x ~ 0.6. The results suggest the change of the electronic structure

around x ~ 0.6. The details are discussed in the next chapter.
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Chapter 5

Discussion

5.1 Crystal structural parameters and 7T,

5.1.1 Bond angle a dependence

of T,

Pn-Fe-Pn bond angle o dependence of T, in RFeP;_,As, Op9Fo1 (R = La, Pr, Nd) is plotted

in Figure 5.1. The reported results of RFeAsO;_, are also plotted together. My results of o and
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Figure 5.1: Pn-Fe-Pn bond angle « dependence of T, in RFeP;_,As,O¢9F¢1 (R = La, Pr,
Nd) (solid symbols). The reported results of RFePO and RFeAsO;_, are also plotted (open

symbols) [28].

T. at x = 0 and 1.0 are consistent with those in the previous studies. T; gradually increases to

44 K and 50 K with decreasing a in Pr and Nd systems. On the other hand, T¢ increases from
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o =120 ° to 116 ° and keeps 26 - 28 K from 116 ° to 113 © in La system. Additionally, T, of La
system is much higher than that of Pr and Nd systems at the same «, where a = 115 - 120 °.

Therefore, variations of T, cannot be ascribed to only those of «.

5.1.2 Pnictogen height hp, dependence of T,

Pnictogen height from Fe-layer hp, versus T, in RFePi_,As,O¢9Fo1 (R = La, Pr, Nd)
is plotted in Figure 5.2. The reported results of other iron pnictide superconductors are also

plotted together. hp, and T, at x = 0 and 1.0 are consistent with the previous studies. T,
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Figure 5.2: Pnictogen height from Fe-layer hp,, dependence of T, in RFeP1_,As, 00 9Fo1 (R =
La, Pr, Nd) (solid symbols). The reported results of other iron pnictide superconductors are
also plotted (black open squares) [29].

gradually increases with hp, in Pr and Nd systems. On the other hand, T, increases from hp,
=1.15 A to 1.24 A and does not change much from 1.24 A to 1.35 A in La system. As a result,

variations of T, cannot be ascribed to only those of hp,.

5.2 Transport properties

5.2.1 1z dependences of 7. and n

Temperature dependence of electrical resistivity is fitted with the formula p(T') = po + AT™.
x dependences of T, and n of RFeP1_;As;009F¢1 (R = La, Pr, Nd) are presented in Figure
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5.3. In almost all samples, the superconducting transitions are sharp enough to determine T,
from the middle temperature of the resistive transition. In PrFePOggF(1 and NdFePOg oFy 1,

T. < 4.2 K is defined as an onset temperature in magnetic susceptibility.
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Figure 5.3: = dependences of T, and n in RFeP;_,As, 00 9F¢1 (R = La, Pr, Nd). Two different
composition regions of x < 0.6 - 0.8 (red) and = > 0.6 - 0.8 (blue) are also illustrated.

T. and n change non-linearly with & while crystal structural parameters change linearly with
x, as shown in Figure 4.4. This suggests the existences of other hidden parameters beyond the
crystal structural parameters. When = dependences of T, and n are simultaneously focused on,
two different composition regions of z < 0.6 - 0.8 (red area in Figure 5.3) and x > 0.6 - 0.8 (blue
area) are extracted.

In the region of z < 0.6 - 0.8, both of T, and n show nearly the same behaviors in all R
systems. They are affected by neither « nor hp, that are significantly different between La and
the other systems. T, increases from ~ 3 K to ~ 30 K with x in the region of x < 0.6 - 0.8. n
is ~ 2 at = 0, namely p ~ T2. This behavior can be explained as a conventional Fermi liquid

behavior. n decreases from ~ 2 to ~ 1 with increasing x and then p shows T-linear behavior
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at low temperatures around x = 0.6. In 2-dimensional AFM compounds, p decreases linearly
with 7" in the vicinity of QCP [58]. As for QCP, it is confirmed with T-linear resistivity at x
= 0.3 in P/As substituted BaFey(As;—xP,)2. As for AFM fluctuation, NMR measurements
using my polycrystalline samples of LaFePq_,As,Op9Fo1 (z = 0, 0.2, 0.6) are performed by
Mukuda et al. [59]. Their results of 1/77T are shown in Figure 5.4. The peak of 1/T7T at

0.25

0 50 100 150 200 250
T(K)

Figure 5.4: Temperature dependence of 1/T1T [59]

x = 0.6 suggests the enhancement of the AFM fluctuation. As a result, the T-linear behavior
of electrical resistivity in the present systems indicates the enhancement of AFM fluctuation
around z = 0.6 - 0.8. These experimental facts that 7. and AFM fluctuation increase and
AFM fluctuation is enhanced with z mean that AFM fluctuation enhanced T; to about 30 K in
this composition region. This conclusion is consistent with many theoretical and experimental
studies on iron-based superconductors.

In the region of x > 0.6 - 0.8, T is affected not only by = but also R. = dependence of T,
shows different behaviors among different R systems. In the case of R = La, T, does not change
significantly with z. In the case of R = Pr and Nd, T, increase with x. No clear correlation
between T, and n is observed except for x = 1.0. At z = 1.0, T, increases and n decreases
with the decreasing ionic radius of R (La — Pr — Nd). The similar behaviors of T, and n were

observed in RFeAsO;_, system, and the details is discussed later.

59



Chapter 5 Discussion

5.2.2 1z dependences of py and A

x dependence of pg and A in RFeP;_,As,Op9Fp1 (R = La, Pr, Nd) is presented in Figure

5.5. It is impossible to obtain accurate absolute values of pg and A because the sintered density of
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Figure 5.5: x dependence of py and A in RFeP;_,As,009Fp1 (R = La, Pr, Nd).

polycrystalline samples is not constant. However, rough tendencies that pg and A are enhanced

at z ~ 0.6 - 0.8 are observed in all R systems.

5.2.3 1z dependence of Ry at T' = 50 K

To clarify the x dependence of Hall coefficient at low temperatures,  dependences of Ry at
T =50 K and n in RFeP1_;As;099Fo.1 (R = La, Pr, Nd) are presented in Figure 5.6. Both of
P and As have the valence of -3 in the present systems. Therefore, P/As substitution should not
change the carrier density of RFeP;_,As,O¢9Fo1. However, |Ry| is enhanced and shows strong
temperature dependence at z ~ 0.6 - 0.8, where n approaches 1. They seems to be ascribed to

(i) band crossing on Er and/or (i) inherent behaviors of strongly correlated electron system.
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Figure 5.6: x dependence of Ry at T = 50 K and n in RFeP;_;As,009Fo1 (R = La, Pr, Nd).
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As for the case (i), Ry of normal single-band metal is described as

L (hole)
Ry=<{"" (5.1)

(eletron)

neé

On the other hand, iron pnictides have both hole and electron carriers (multiband). Then Ry

of a multiband metal is described as

1 2 2

Ry = = —2Fh — Melle (5.2)
e (nnpth + Nefle)

where ny, (n.) and gy, (pe) are hole (electron) carrier density and mobility, respectively. Theo-

retical calculations of band dispersions and FSs of NdFeAsO and LaFePO are shown in Figure

5.7. The theoretical study has demonstrated that the 3-dimensional hole FS with dz2 orbital

NdFeAsO
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D e ¢
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Figure 5.7: Theoretical calculation of band dispersions and FSs of NdFeAsO and LaFePO [27]

character exists around (7, m, m) in LaFePO, while the 2-dimensional hole FS with dx2_y-»
orbital character exists around (7, 7, 0) in NdFeAsO. Both of the bands of dz2 and dx2_y2 may

sink below Er at z ~ 0.6 - 0.8. In that case, a decrease of n;, and the enhancement of |Ry| are
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expected.

As for the case (i), similar behaviors are also observed in CeI'MIns (T'M = Co, Rh, Ir)
in heavy fermion system [60]. Not only the enhancement of Ry but also T-linear resistivity
and breaking the Kohler’s law are suggested as characteristic behaviors of strongly correlated
electron system.

If the scenario (i) is adopted and the AFM fluctuation affects superconductivity in the region
of x > 0.6 - 0.8, |Ry| should show a different behavior for each R system having different T¢.
Nevertheless, |Ry| monotonically decreases with increasing = and reaches nearly the same value
(~-5x 1073 ecm3C~! ) at 2 = 1.0 in all R systems. Therefore, the scenario (i) is more likely

than the scenario (ii).
5.2.4 Correlation between 7. and n

Correlation between 7. and n in RFeP;_,As,Og9Fp1 (R = La, Pr, Nd)

In the region of x < 0.6 - 0.8, T¢ increases from ~ 3 K to ~ 3 and n decreases from ~ 2 to
~ 1 with increasing x. In this region, the enhancement of AFM fluctuation causes the increase

of T.. For further understanding, n is plotted against 7. in Figure 5.8. In the region of z <

Q\ ® LaFeP,_ As O goF) 9
X ‘* A PrFeP;_ As O qF) 9
Q

m NdFeP,_ As,000F 10|

Figure 5.8: Correlation between T;, and n in RFeP;_,;As,O¢9Fo1 (R = La, Pr, Nd).

0.6 - 0.8, T, and n are on the same scaling line in spite of different R systems with different
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lattice parameters. This scaling line demonstrates the correlation between the AFM fluctuation
and T.. T. and n change with = on this line, therefore, As content x is an important parameter
in this region. In the region of z > 0.6 - 0.8, however, the different behaviors of T, and n are

observed for different R systems.

Correlation between 7. and n in various iron pnictide superconductors

The other correlation between T and n is also reported by Ishida et al. [61]. They discuss
the relationship between T, and n in 1111-type RFeAsOq_, (R = La, Ce, Pr, Nd), 122-type
Ba;_,K,FesAsy, Ba(Fe;_,Coy)2Ase and BaFey(As)_Pz)2. As shown in Figure 5.9, the new
scaling line is found, where n decreases from ~ 2 to ~ 1 and 7T, increases from ~ 20 K to ~ 50
K. T. and n of BaFeg(As;_,P,)2 (z = 0.3 -0.7), 111-type LiFeAs and LiFeP by Kasahara et al.
are also plotted with them in Figure 5.9. My and Ishida’s scaling lines are indicated by red and

blue bands, respectively.
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Figure 5.9: Correlation between Tt in RFeP;_;As;Og9F¢1 (R = La, Pr, Nd) and various iron
pnictide superconductors [16, 21, 56, 61].

My scaling line changes from T, ~ 0K / n ~ 2 to T, ~ 30 K / n ~ 1. This scaling line contains
not only the data for RFeP;_,As;O¢9Fo1 (x = 0-0.6) but also those for BaFeaPo and LiFeP. As
for RFeP;_,As,.OgoFo.1, the hole FS with dx2_y2 orbital character is expected to appear only
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in the vicinity of x = 1.0 by band calculation. The hole FS generates different nesting vectors in
spin fluctuation theory. Therefore, the correlation between T and n of RFeP;_,As,;O¢9Fo1 (x
< 0.6 - 0.8) may mean the enhancement of AFM fluctuation in the nesting situation without the
dx2_y2 hole FS. 3-dimensionality of F'Ss, such as warping or decreasing of the contribution of the
dgy orbital character compared with iron arsenides, is also suggested in BaFeg(As;_,P;)2 and
LiFeP. As a result, my scaling line suggests the enhancement of AFM fluctuation in FeP-type
FSs.

Ishida’s scaling line in Figure 5.9 changes from 7, ~ 20 K / n ~2to T, ~ 50 K / n ~ 1.
This scaling line is constructed of compounds having pure FeAs-type FSs, such as RFeAsO1_,
(R = La, Ce, Pr, Nd), Ba;_,K,FesAsy and LiFeAs. The present results of PrEeAsOg ¢F( 1 and
NdFeAsOggFg.1 are located on this second scaling line.

My scaling line indicates the enhancement of T, with decreasing n in FeP-type FSs, while
Ishida’s line indicates a similar T, behavior in pure FeAs-type FSs. The difference of T, between
the two scaling lines is ~ 20 K. This differrence of T, may be caused by (i) the difference of FSs

and nesting vectors or (i) the difference between spin fluctuation and other new fluctuation.

Correlation among 7., n and superconducting gap structure

Crystal structural parameters in iron-based superconductors affect not only 7, but also su-
perconducting gap structure. Nodeless superconducting gap was reported in RFeAsOgoFo 1, (R
= La, Pr, Nd), RFeAsO;_, (R = La, Ce, Pr, Nd), Ba;_,K,;FesAsy, LiFeAs. On the other hand,
nodal superconductivity was reported in RFePOg 9F¢ 1, (R = La, Pr, Nd), BaFes(As;_,P;)2 and
LiFeP. Correlation between T and n together with superconducting gap structure (Nodeless /
Nodal) for various iron pnictide superconductors is presented in Figure 5.10.

The present results for x < 0.6 - 0.8 of RFeP;_;As,Og9F1 are on the same scaling line
with the results of LiFeP and BaFes(As;_,P,)2 having a nodal gap. RFePOggF( 1 is suggested
to have a nodal gap on the electron FS with s+ wave symmetry or that on the hole FS with
d wave symmetry. My experimental results of x = 1.0 of RFeP;_,As,;Og9F¢.1 are on the same
scaling line with RFeAsO;_, (R = La, Ce, Pr, Nd) having a nodeless gap. RFeAsOgoFy is

suggested to have a nodeless gap in s+ wave symmetry.
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Figure 5.10: Correlation between T, and n together with superconducting gap structure (Node-
less / Nodal) for various iron pnictide superconductors [16, 21, 56, 61].
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Chapter 6

Experimental methodology

6.1 Single crystal growth of NdFeP; ,As,(O, F) by high pres-

sure synthesis

6.1.1 Previous studies of single crystal growth

There are a few reports on single crystal growth of 1111-type iron pnictide. Only two groups
constantly succeed in the synthesis of ~ 1 mm sized superconductive single crystals. Both of
them use a high pressure technique.

Single crystals of O-deficient PrFeAsO;_, have been obtained by Ishikado et al. in National
Institute of Advanced Industrial Science and Technology (AIST), Japan [56]. A flat-belt type
press machine was used to apply pressure and single crystals were grown by a self flux method
using PrAs, Fe;Os3, Fe and As. Their synthesis conditions such as applied pressure, heating
temperature and heating time are 2 GPa, 1300 - 1400 °C and 2 hours, respectively. A short
heating time of 2 hours and the water-cooling press efficiently realized a large temperature
gradient in the sample space like Bridgman-method. Reported sample size and T were 0.5 - 0.8
mm and 44 K, respectively. Single-crystalline PrFeAsO;_, synthesized by them were provided
to various measurements, such as ARPES, magnetic penetration depth measurements and so
on.

Single crystals of RFeAs(O, F) (R = Pr, Nd) have been obtained by Zhigadlo et al. in
Eidgenossische Technische Hochschule Ziirich (ETHZ) [62]. A cubic anvil type press machine is
used to apply pressure. They adoped the NaAs/KAs flux method and their synthesis condition

were slightly different from that in AIST group. In their synthesis, the temperature gradient in
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the sample space is smaller than that in AIST group. Applied pressrue and heating temperature
in their crystal growth are 3 GPa and 1350 - 1450 °C. The holding time at the maximum
temperature and slow-cooling time are 2 - 5 hours and 35 -90 hours. The reported sample size
and T, were 0.4 - 1 mm, 30 K for PrFeAs(O, F) and 39 K for NdFeAs(O, F), respectively.

In the present work, single crystal growth was performed by using a high pressure technique
and the self flux method. Our press machine is cubic anvil type and our assembling parts without
pyrophyllite are similar to those in AIST group. I grew the single crystals of NdFeP;_,As, (O, F)

in order to clarify the detail of transport properties and the FSs by ARPES measurements.

6.1.2 Procedure of high pressure synthesis of NdFeP; ,As,(O, F)

Precursors NdAs and NdP were synthesized by following the processes described in Capter
3. A composition of NdFe(Pi_;As;)14001—y—sF, was determined as a target of weighting
calculation, where z, y, 6 and a were As substitution ratio for P site, F substitution ratio for
O site, O deficiency ratio for O site and additional (P, As) ratio, respectively. The additional
(P, As) was introduced to drop the melting point. The 0 and « values are not noted in later

chapters and sections. The raw materials are mixed with the below ratio,

-4 2+y+4

1—
I’NdAS+(1—$)NdP++F€203+ G Fe+%FeF2—|—oe$As+oz(1—x)P

— NdFe(P1_yAsy)11aO1_y_sFy

The compositional ratio was often Nd : Fe : (P, As): O:F=1:1: 1.3: 0.6 : 0.3 (namely y
= 0.3, = 0.1 and o = 0.3). The starting materials of NdAs, NdP, Fe;O3, Fe, FeFy, As and P
were weighted with the above ratio and mixed in an agate mortar for 20 minutes. The mixture
was pressed into a pellet (~ 2.5 g) under the pressure of 20 MPa.

High pressure synthesis was performed by using cubic anvil type press machine. Assembling
parts for high pressure synthesis are shown in Figure 6.1 and Table 6.1.  Pyrophyllites of 1
and 2 in Figure 6.1 have the chemical formula of AlsSifsO19(OH)2 and play an important role
as pressure media. The pyrophyllite is insulated and moderately soft to deform under pressure.
Therefore, it is often used in high pressure synthesis. Stainless steel (SUS) of 3 and molybdenum
of 4 in Figure 6.1 are electrodes to connect between the anvil and carbon. Carbons of 5 and 6
in Figure 6.1 are heaters to generate Joule heat by electrical conduction. Boron nitrides (BN)

of 7 and 8 in Figure 6.1 construct a sample room and avoid the reaction between the sample
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Figure 6.1: Assembling parts for high pressure synthesis.

Table 6.1: The list of assembling parts for high pressure synthesis.

Number Material size No. of pcs.
1 Pyrophyllite 21 x 21 x 21 mm? 1
2 Pyrophyllite 310 x 4 mm? 2
3 SUS 312 x ¢10 x 4mm? 2
4 Molybdenum 312 x 0.3 mm? 2
5 Carbon 312 x 10.5 x12.2 mm?3 1
6 Carbon ¢10.5 x 0.8 mm? 2
7 BN ¢10.5 x ¢9 x10.6 mm?> 1
8 BN 39 x 0.8 mm? 2

and the carbon. Pyrophyllite and BN were dehydrated at 600 °C for 24 hours. The schematic
procedure of assembling parts for high pressure synthesis is illustrated in Figure 6.2.

First, six insulated sheets made of polytetrafluoroethylene (Teflon) were attached to the
anvils in order to insulate among anvils and to conduct electrical current through carbon and
only two anvils. All the parts were assembled and set into cubic anvils. The high pressure
synthesis machine and the assembled parts on the anvils are shown in Figure 6.3. The weight
applied to the press was often 260 t and it corresponds to the pressure of 3.8 GPa in the sample

room. The calibrated relationship between the pressure and the weight is shown in Table 6.2.

Table 6.2: The calibrated relationship between the pressure and the weight.

Pressure (GPa) | Weight (t)
70
175
280
390
500
605

N OO W
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Figure 6.2: Procedure of assembling parts for high pressure synthesis.

Figure 6.3: The high pressure synthesis machine (Left) and the assembled parts on the anvils
(Right).
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The electronic power of ~ 2000 W applied to the carbon heater, and the sample was heated
up to ~ 1400 °C. One example of the power condition to grow single-crystalline NdFeP;_,As, (O,

F) is illustrated in Figure 6.4. Single crystals are expected to grow in the in-plane direction in the

2030 W t- : -8 W/h
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0.5h 4h 12h 30 h 24 h .

time

Figure 6.4: One example of the power condition to grow single-crystalline NdFeP;_,As, (O, F).

region I and to grow in the out-of-plane direction in the region II in Figure 6.4. F is introduced
into the single crystals in the region III. All anvils were air-cooled during the synthesis in order
to avoid breaking anvils and to generate a large temperature gradient in a sample space. In
fact, the probability to obtain single crystals in the case of anvil air-cooling was ten times larger
than that without air-cooling. Therefore, temperature gradient in the sample space is plays an

important factor in the present crystal growth process.

6.2 Measurements

6.2.1 Composition analysis

Composition analysis was performed by using electron probe microanalyzer (EPMA) in The
Institute of Scientific and Industrial Research (ISIR), Osaka University and energy dispersive
X-ray spectrometry (EDX) in Ashida Lab, Osaka University. 3 - 6 samples were measured by

EDX and the composition was defined as the average value.

6.2.2 Magnetic susceptibility and transport measurements

Magnetic susceptibility, electrical resistivity, Hall effect and magnetoresistance were mea-

sured in order to discuss physical properties. The measurement procedures for single crystals
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were almost the same as the case of polycrystalline samples. Magnetic susceptibility was mea-
sured in the magnetic field of 10 Oe parallel to the c-axis. In-plane electrical resistivity and
magnetoresistance were measured by using the current perpendicular to the c-axis. Hall coeffi-

cient was measured in the magnetic field parallel to c-axis.

6.2.3 ARPES measurement

ARPES is a powerful technique, which can directly observe the dispersion of valence bands
and Fermi surfaces. I performed APRES measurements to clarify the z-dependent change of
the electronic structure and FSs in NdFeP;_,As, (O, F) single crystals. Below, I describe the

sample preparation, condition of measurement and analysis of ARPES measurement.

Sample preparation

Processes of the sample preparation for ARPES measurement are the following. First, all
samples for ARPES measurements were confirmed to have a uniform 7. and show a sharp
superconducting transition by magnetic susceptibility measurement. All of them were also
confirmed to be a single-domain crystal by taking Laue photograph. Next, parts of the sample
holder for the ARPES measurement, which are the base and the sample mount, were prepared.
The base and the sample mount were made of Cu and BeCu, respectively. The edge of the
sample mount was chipped off with a sand paper to cut off the reflected light from the surface of
the sample mount. The top of the sample mount was also scratched to make adhesion between
it and Ag paste easy. The sample was attached to the top of the sample mount with Ag paste.
They were heated at 120 °C for 30 minutes to harden Ag paste (I confirmed that this heating
procedure did not change the temperature dependence of magnetic susceptibility and Tt of the
sample). The base and the sample mount were assembled into the sample holder. Interspaces
between them was filled with an indium wire (¢ 1 mm X ~ 5 mm). The indium wire was used
in order to make thermal contact good and to cool the sample down to low temperature. The
sample mount was stabilized to the base like the configuration, as illustrated in the left panel of
Figure 6.5. In this configuration, the hole and electron FSs can be observed by changing only
the tilt angle in the ARPES measurement. The sample alignment was confirmed by taking Laue
photograph again (See the right panel of Figure 6.5). At last, an alumina pole (¢ 1 mm x 4
mm) for cleaving was stuck to the sample surface with Torr Seal (Pascal Co.) (See the left panel

of Figure 6.6). They were heated at 120 °C for 30 minutes to harden Torr Seal.
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mount
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crystal
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Figure 6.5: The sample location (Left) and the Laue photograph (Right)

Figure 6.6: The sample holder (Left) and the instrument of the ARPES measurement at BL-7U
in UVSOL (Right).
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Further processes of the sample preparation performed at BL-7U in UVSOR (the right panel
of Figure 6.6) are the following. The sample holder was coated by aero-duck (The Nilaco Co.) to
cut off the reflected light. The sample holder was inserted into the cryostat in the vaccum space

using a transfer rod. The sample was cooled below 20 K and cleaved to get a clean surface.

Measurements and analysis

In general, the ARPES experiments are performed to detect the energy and momentum
distribution of electron in occupied states. The electron is excited by absorption of photons
from monochromatized light source. The photoemission processes can be understood by the

three step model.
(i) The photon is absorbed and the electron in bulk sample is excited.
(i) The excited electron moves to the surface through the sample without scattering.

(ii) The electron overcomes the potential of work function @ and escapes into the vacuum with

a kinetic energy FEyin-

In the photoemission process, the momentum of electron perpendicular to sample surface is
partially lost because of the work function, when the excited electron escapes into the vacuum.
On the other hand, its momentum parallel to surface is conversed due to the transition symmetry.
Figure 6.7 illustrates a schematic process of photoemission spectroscopy. When the electron in
the sample absorbs a photon with sufficiently high energy hv, it is emitted as a photoelectron.
According to the energy conservation and momentum one, the kinetic energy and the momentum
are written as follows.

Eign = hv — & — | Eg|. (6.1)

p// = hk‘// =/ 2mEkin sinf. (6.2)

Here, ER, p, 0, and m are binding energy, momentum of electron in vacuum, pole angle, and
electron mass, respectively. The work function is the energy difference between Fermi level Ey
and vacuum energy Fyac, i.e. @ = Ey,c — Ep. In actual experiment, the kinetic energy measured

from Ey rather than E.,. is observed. Then, it is convenient to write

Eyin = hv — |Eg|. (6.3)
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By measurement of kinetic energy of the electron together with the position of detector, the

binding energy and the momentum of electron on the 2-dimensional Fe plane can be determined.
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Figure 6.7: Geometry on ARPES measurement (Left) and the photoemission of electrons (Cen-
ter) and the geometry of a photoelectron on the sample surface (Right) [63].

Figure 6.8 shows the schematic procedure of band mapping by ARPES. By detecting all
the electrons with different kinetic energy but with same momentum, we can get the energy
distribution curve (EDC). In contrast, the momentum distribution curve (MDC) can be gotten
by collecting the electrons with same energy but different momentum. EDC includes the infor-
mation of density of state. I measured the EDC along several directions on Brillouin zone, and
determined the band dispersion. On the other hand, I performed the MDC measurement under
the condition of constant energy around Ey along many cuts on Brillouin zone, and got the F'S
mapping.

The iron-based superconductors are multi-band systems, and have several hole- and electron-
FSs with different d-orbital characters of Fe. These FSs are expected to have different nesting
conditions and different contribution to superconductivity. Therefore, it is important to clarify
the orbital characters of each FS (or band) in the present system. When the symmetry of 3d
orbitals in real space is considered, the photoemission signal of certain orbitals depends on the
polarization of incident light generally. In the present ARPES measurement, I used two linear
polarization geometries, P and S polarizations. Figure 6.9 shows the experimental setup for

polarization dependent ARPES. In P polarization (or S polarization) configuration, the electric
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Figure 6.8: The relationship between the ARPES spectra and the band dispersion.

field direction of the incident light is parallel (or perpendicular) to the mirror plane defined
by the analyzer slit and sample surface. By measuring the polarization dependence of ARPES
along I'-M with high symmetry, we could determine the orbital character of bands. The bands
with dy, d,2 and d,2_,2 characters can be observed in the P polarization configuration, while

those with d,, and d;, can be detected in the S polarization configuration.

even

Figure 6.9: The polarized directions of P and S (Left) and the orbital characters of 3d electrons
(Right) [64].

The ARPES measurement was performed at the SAMURAI end-station of the undulator
beamline BL-7U in UVSOR-III in the Institute for Molecular Science. Measurement samples were

single-crystalline NdFeP;_;As; (O, F) (x = 0.4, 0.8 and 1.0). The measurement temperature is
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about 12 K. The light source energy (hv) is 12 eV - 40 eV. The energy resolution was about 15

meV. The angular resolution was about 0.17°. Er was calibrated using an evaporated Au film.
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Experimental results

7.1 Single crystals of NdFeP; ,As, (O, F) grown by high pres-
sure synthesis
The single crystals of NdFeP;_,As, (O, F) were grown within the sintered pellet. The pellet

separated into two pieces and an extracted single crystal of NdFePg 4Asy6(O, F) are shown in

Figure 7.1.

3
=,
W

Y 1111 - polycrystal

Figure 7.1: A sintered pellet separated into two pieces along the perpendicular direction (Left)
and a single crystal of NdFePg 4Asp6(0O, F) (Right).

The sintered pellet is mainly separated into three regions of (i) NdAs and FeAs, (ii)Nd2O3
and NdF3 and (iii) 1111-type polycrystals. The compositions of each region are measured by
using EDX. Single crystals were discovered in the region of (i). A typical single crystal size was

about 1 x 1x 0.03 mm?.
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The F concentration estimated by EPMA was ~ 0.05 in a whole = region. In the As end
material (x = 1.0), no structural transition was observed in the temperature dependence of
electrical resistivity and 7T¢ is lower than that of an optimal doped sample. According to above
facts in the z = 1.0 sample, the F concentration is also expected to be 5 - 10 %, which is close
to that of EPMA values.

The nominal F content y was 0.3 in most cases. However, the y value cannot be determined
by EDX, because the energy of the X-ray absorption peak for Fe is close to that for F. Then only
As content x was determined by EDX measurements. The result of the EDX measurements is

shown in Figure 7.2 and Table 7.1.

1 T T T T T T T T T @
=
g NdFeP,_ As (O, F) 1
E - .
o
> - .
«n
< | * -
k5 0.5F 1
g
o 0 '
& - i
[}
= ° ]
<
A - i
88

m 1 1 1 1 1 1 1 1 1

0 0.5 1

Nominal As content x

Figure 7.2: The actual As content x determined by the EDX measurement.

Table 7.1: The actual As content x determined by the EDX measurement.

Nominal EDX
0 0
0.2 0.219(13)
0.4 0.370(20)
0.6 0.631(4)
0.8 0.821(8)
1.0 1

Hereafter, I use the nominal As content as x, because x determined by the EDX measure-
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ments is nearly same to the nominal one.

7.2 Magnetic susceptibility

Temperature dependence of magnetic susceptibility of single-crystalline NdFeP;_,As, (O, F)
is presented in Figure 7.3. Tt of grown single crystals in the same batch are almost same. Bulk
superconductivity emerged at = 0.4 - 1.0. The Tt of NdFeAs(O, F) was 43.5 K, which is higher

than that of the crystals grown by the ETHZ group.

x (a.u.)

T (K)

Figure 7.3: Temperature dependence of magnetic susceptibility of single-crystalline
NdFeP;_,As;(O, F).

7.3 Electrical resistivity

Temperature dependence, double logarithmic plots and fitting curves of electrical resistivity
of single-crystalline NdFeP;_,As, (O, F) are presented in Figures 7.4, 7.5 and 7.6. T, and the
temperature dependence of electrical resistivity hardly changed in the same batch. The residual
resistivity ratio (RRR) defined as psoox/p ok of NdFeAs(O, F) was ~ 5, which is higher than
that of the crystals without annealing of the AIST group. The x dependence of T;, n, A and pg

are discussed in Chapter 9.
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Figure 7.4: Temperature dependence of electrical resistivity of single-crystalline
NdFeP;_,As, (O, F).
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Figure 7.5: Double logarithmic plot of Figure 7.6: Fitting curves of electrical resis-
electrical resistivity of single-crystalline tivity of single-crystalline NdFeP;_,As, (O,
NdFeP;_,As, (O, F). F).
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7.4 Hall effect

7.4.1 Hall resistivity

Magnetic field dependences of Hall resistivity p,, in single-crystalline NdFeP;_,As, (O, F)

with various z at various temperature are plotted in Figures 7.7 - 7.12. p, is fitted with teh

formula pg = c1 H + coH? and ¢ is defined as Ry.

s NdFeP(O, F)
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50K
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Figure 7.7: Magnetic field dependence of p,
of single-crystalline NdFeP(O, F).
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Figure 7.9: Magnetic field dependence of pgy
of single-crystalline NdFeP( ¢Asp4(O, F).
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Figure 7.8: Magnetic field dependence of pg,
of single-crystalline NdFeP gAsp2(O, F).
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Figure 7.10: Magnetic field dependence of pg,,
of single-crystalline NdFePg 4As (O, F).
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Figure 7.11: Magnetic field dependence of p, Figure 7.12: Magnetic field dependence of p,,
of single-crystalline NdFeP 2Asp g(O, F). of single-crystalline NdFeAs(O, F).

7.4.2 Hall coefficient

Temperature dependence of Hall coefficient of single-crystalline NdFeP;_,As, (O, F) with
various x shown in Figure 7.13. Temperature dependence of Ry of single-crystalline samples is
similar to that of polycrystalline samples. Ry hardly change with temperature at x = 0 and 0.2.
Ry gradually shows a temperature dependence with increasing x and the strong temperature
dependence at x = 0.8 and 1.0. |Ryg(T = 300K)| / |Ru(50K)| ~ 5 at = 1.0 is much smaller
than that (~ 2) of the polycrystalline sample. This result is consistent with the previous report

of single-crystalline NdFeAsOg g2Fo.15 [65].

7.5 Magnetoresistance

Temperature dependences of magnetoresistance of NdFeAs(O, F) are shown in Figures 7.14
and 7.15. p(T) is normalized at 55 K. With applying magnetic field, the resistive transition to
superconducting state is broaden, and the suppression of T, by magnetic field is more remarkable
in the case of H // ¢ than the case of H L c.

Upper critical magnetic field Hco of NdFeAs(O, F) is presented in Figure 7.16. H,g is defined
as the magnetic field where p(7") drops to 90 %, 70% and 50 % of p (55 K), and anisotropic
parameter I is estimated as 7.7, 4.4, and 4.0, respectively. The I values are consistent with

those of the previous studies [56].

84



Chapter 7 Experimental results
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Figure 7.13: Temperature dependence of Hall coefficient Ry of single-crystalline
NdFeP;_,As, (O, F).
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Figure 7.14: Temperature dependences of magnetoresistance of NdFeAs(O, F). The magnetic
field was applied in the direction perpendicular to the c-axis.
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Figure 7.15: Temperature dependences of magnetoresistance of NdFeAs(O, F). The magnetic
field was applied in the direction parallel to the c-axis.
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Figure 7.16: Upper critical magnetic field Hqo of NdFeAs(O, F).
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7.6 ARPES

7.6.1 k, dependence of F'S mapping

The energies of incident light corresponding to I' and Z points in reciprocal lattice have to
be determined by the measurement of the energy dependence of F'S mapping. First, the band
dispersion along I' - M direction was measured by using the incident light with the energies of
hv = 12 - 40 eV. Next, the intensity of the MDCs at Er were measured by using incident light
with various energies. The energy dependence of the intensity of MDCs was changed to its k.
dependence by the analysis. F'S mapping on k, - k, plane in P polarization of NdFePg 2As( g(O,
F) is shown in Figure 7.17. There is a cylindrical hole FS around k, ~ £0.4, indicated by

3.8

3.6

3.4

3.2

ky (A7)

3.0

2.8

2.6

-06 04 -02 00 02 04 06
e -1
ke (A")

Figure 7.17: FS mapping on k; - k, plane in P polarization of NdFePg2Asys(O, F).

red broken lines in Figure 7.17 (This FS has d,» orbital character. The detail of assignment of
orbital character is described later.). This F'S are slightly 3-dimensional and bent. The FS with
d,2 orbital character is expected to have a large shrinkage around I' point. Then I determined
that T' point is located at k, = 3.7, corresponding to the incident energy of 36 eV of incident
light. The shape of this F'S is similar to that of x = 0.4. Lattice constant ¢ of z = 0.4 and 1.0
is only 1.1 % smaller and 0.4 % larger than that of z = 0.8, and their Brillouin zone sizes along
k, are almost same. Therefore, 36 eV is determined as the energy to detect I' point in all the

samples of the present system.
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7.6.2 Band dispersion

Band dispersion along I' - M direction of NdFeP(gAsg4(O, F), NdFePy2Asys(O, F) and
NdFeAs(O, F) are presented in Figures 7.18 - 7.23.
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Figure 7.18: P- (Left) and S- (Right) polarized band dispersion around I' point of
NdFePO.ﬁASOA(O, F)
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Figure 7.19: P- (Left) and S- (Right) polarized band dispersion around M point of
NdFePO.GASOA(O, F)
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Figure 7.20: P- (Left) and S- (Right) polarized band dispersion around I' point of
NdFePO.QASO.g(O, F)
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Figure 7.21: P- (Left) and S- (Right) polarized band dispersion around M point of
NdFePO.QASO.g(O, F)

90



Chapter 7 Experimental results

NdFeAs(O, F) NdFeAs(O, F)

£ hv=36¢eV S hv =36 eV

S S
L L
> >
80 80
- P
() (5]
[ [
i L
on on
£ £
o ©
= =
(an)] (a8}
-05 00 0.5 1.0 -05 00 0.5
. -1 ; -1
k,(A") k,(A")

Figure 7.22: P- (Left) and S- (Right) polarized band dispersion around I' point of NdFeAs(O,
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Figure 7.23: P- (Left) and S- (Right) polarized band dispersion around M point of NdFeAs(O,
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As shown in the right panels of Figures 7.18, 7.20 and 7.22, one hole band is observed around
I’ point in S polarization configuration. Along I' - M direction in the S polarization, the bands
with d,. and d,, orbital characters can be detected around I' point. This band has a bottom
around k, = £0.4 and upturns near M point. This dispersion is consistent with the d,. band
in the theoretical study [26]. Resultantly, the present results indicate that the band observed
around I' point in S polarization has d,. orbital character.

As shown in the left panels of Figures 7.18, 7.20 and 7.22, several bands are observed around I
point in P polarization configuration. In this polarization, the bands with d,, and d,» characters
can be observed. The d,2_,2 band can be also observed in this polarization, but the theoretical
studies have predicted that the bands with the d,. and d,2 orbital characters exist and the
dy2_,2 band does not appear. The band calculation also has demonstrated that the d. and
dy. bands almost degenerated around I' point. Therefore, the band most near I' point in the P
polarization is assigned to one with d,, orbital character. This d,, band sinks with increasing
As content x. Other broad band around I' point have been observed in all the samples. This
band may have d,2 orbital character, but the existence of this broad band is not consistent with
the theoretical studies. In LaFePO, the previous ARPES study has clarified the appearance of
the same broad band around I' point. The surface effect may be related with the appearance of
this band. The band dispersion and related large F'S with d,» character, described later, suggest
that the sample surface is hole-doped and the top layer on the smple surface may be FePn layer.

Figures 7.19, 7.21 and 7.23 show the band dispersion around M point in the P and S po-
larization configuration in the z = 0.4, 0.8 and 1.0 samples. The band calculation indicates
the existence of two electron-like bands around M point. Around M point, the present ARPES
intensity has finite values, suggesting the existence of density of states at Er. The finite inten-
sity of ARPES is due to the electron-like bands with d,, and d,. characters predicted by the

theoretical study.

7.6.3 Hole and electron FSs around [I' and M Points

In NdFeP;_,As, (O, F) with z = 0.4, 0.8 and 1.0, T measured the MDCs at Er along many
cutting lines on Brillouin zone, and mapped FSs on k; - k; plane at k., = 0, which include I"
and M points. Figures 7.24, 7.25 and 7.26 show the maps of F'Ss on k; - k, plane at k, = 0 by
using P and S polarization configurations in the x = 0.4, 0.8 and 1.0 samples, respectively. The

MDCs have several peaks, revealing the finite value of density of state at Ep, i.e. the existence
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of FS. I fitted these peaks of MDCs by using Lorentz model, and the open circles indicate the
positions of peak center of MDCs in Figures 7.24, 7.25 and 7.26. I connected these circles by the
broken lines with circle shapes. In other words, the broken lines show the FSs. In principle, the
FSs should be almost isotropic. However, the intensity of EDCs and FSs are anisotropic. This
is due to measurement setting. In the EDC measurements, I fixed the direction of incident light
and the position of the detector, while the samples was rotated and tilted. These rotations and
tilting of the sample cause the anisotropic intensity of EDCs and FSs.

I briefly explain the relation between the band dispersion shown in Figures 7.18 - 7.23 and
the map of FSs in Figures 7.24 - 7.26. In Figures 7.18 - 7.23, I show the band dispersions along
ky, (I' - M direction). This k, direction corresponds to the vertical I' - M one in Figures 7.24 -
7.26.

First, please see the lower panels in Figures 7.24 - 7.26. There are small and large FSs
around I' point. The analysis of band dispersion, described in previous section, indicates the
existence of one hole 'S with d,,. orbital character. The small F'S around I' point in the map
for S polarization configuration corresponds to hole FS with d,. character. As shown in the
lower panel of Figure 7.24, other small FS is drawn by broken line around I' point. This is the
small hole FS with d,, orbital character, observed in the P polarization and shown in the upper
panel in Figure 7.24. For comparison, I show this d,, FS in the lower panel in Figure 7.24. I
also represent the larger FS with d,» character around I' point observed in the P polarization
configuration in the lower panels in Figures 7.24 - 7.26.

In the lower panels of Figures 7.24 - 7.26, there are larger FSs. The origin of these FSs is
not clear. These FSs’ area is similar to that of the d,» FS. In the S polarization, however, the
d,2 F'S cannot be observed. The surface effect may affect not only the d,» but also d,, bands.
The larger F'S may have the d,, orbital character and be caused by the surface effect.

Around M point in the lower panels in Figures 7.24 - 7.26, there is one FS. The theoretical
study indicates the existence of electron-like F'Ss with d,. and d,. characters. This F'S around
M point observed in the S polarization can be assigned to the electron F'S with d,. character.
In the lower panels in Figures 7.24 - 7.26, I also show the small FSs around M point, which
are observed in the P polarization configuration and represented in the upper panels of these
figures.

Next, please see the upper panels in Figures 7.24 - 7.26. The FSs observed in the S polar-

ization are also shown in these panels for comparison. As shown in the upper panel of Figure
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7.24, there are small and large hole FSs around I' point. From the analysis of band dispersion
in the previous section, the small and large F'Ss in the = 0.4 sample have d;, and d,» orbital
characters, respectively. As shown in the upper panels of Figures 7.25 and 7.26, the small FS
with d,, character disappears and the area of large F'S shrinks with increasing As concentration
. The detail of these FSs’ behaviors is discussed later. Around M point, there is one FS.

Perhaps, this FS is electron on with d,, character.
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Figure 7.24: Maps of intensity of MDCs on k, - k, plane at k, = 0 and at Er in NdFeP( As.4(O,
F). Upper and lower panels show the results in P and S polarization configurations, respectively.
The energy of incident light is 36 eV. The bright and dark colors indicate the higher and lower
intensities of MDCs.
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Figure 7.25: Maps of intensity of MDCs on k, - k, plane at k, = 0 and at Ey in NdFeP( 2As(.5(O,
F). Upper and lower panels show the results in P and S polarization configurations, respectively.
The energy of incident light is 36 eV. The bright and dark colors indicate the higher and lower
intensities of MDCs.
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Figure 7.26: Maps of intensity of MDCs on k; - ky plane at k, = 0 and at Ey in NdFeAs(O, F).
Upper and lower panels show the results in P and S polarization configurations, respectively.
The energy of incident light is 36 eV. The bright and dark colors indicate the higher and lower
intensities of MDCs.



Chapter 8

Discussion

8.1 Transport properties

8.1.1 x dependences of 7. and n

T, and the power n are determined in the same way as the case of polycrystalline sam-
pels. T, and n are plotted as a function of As content x in Figure 8.1. T, of single-crystalline
NdFeP;_,As, (O, F) (red) is lower than that of polycrystalline NdFeP;_,As;O¢9Fo1 (gray) for
all z. This is caused by the lower F concentration of single-crystalline samples than that of poly-
crystalline ones. The nonmonotonous = dependence of n is also observed in single-crystalline
samples. Therefore, x dependence of n in polycrystalline samples is caused by not the grain
boundary effect but an essential physical property. The x dependence of T, and n for single
crystals indicates a correlation between T, and n in the region of x x = 0 - 0.8 but no correlation
above z > 0.8. T increases from ~ 0 K to 23.6 K and n decreases from 2.0 to 1.16 in the region
of x = 0 - 0.8. This suggests that T, is enhanced by the AFM fluctuation in this region. On the
other hand, no relationship is observed in the region of x = 0.8 - 1.0. The boundary x composi-
tion changes from x = 0.6 in polycrystalline samples to = 0.8 in single crystals. This may be
caused by the difference of their carrier concentration. In fact, the electronic phase diagrams and

the boundary composition are different in LaFeP;_,As,.0g9F¢.1 and LaFeP_,As;Oq.95F0.05-

8.1.2 1z dependence of p, and A

The x dependences of py and A in NdFeP;_,As,(O, F) are shown in Figure 8.2. py and

A cannot be discussed rigorously in the cases of polycrystalline samples because of the grain
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Figure 8.1: x dependences of T, and n in NdFeP;_,As; (O, F).
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Figure 8.2: x dependence of py and A in NdFeP;_,As, (O, F).
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boundary effect. However, in the cases of single-crystalline samples, there is no grain boundary
effect, and pp and A can be discussed. Both of py and A change systematically and they are
enhanced at x = 0.8, where n approaches ~ 1. pg and A increase with x in the region of z
= 0 - 0.8 and decrease with = in the region of x = 0.8 - 1.0. The x dependences of py and A
of single crystals are similar to that of polycrystals. Therefore, the results of polycrystals are
also valid for discussion. As well as T, and n, the enhancements of py, A and |Ry| around x
= 0.6 ~ 0.8 may be also connected with non-Fermi liquid behavior in the present system. I
point out that similar enhancements of Ry, pg, A, and T, together with T-linear resistivity were
observed in CeCus(Si, Ge)s [66, 67, 68]. Apart from a magnetic quantum critical point in the
pressure-T phase diagram, this heavy fermion compound shows another critical behavior at a
higher pressure where the T, reaches the highest value. The observed anomalies were interpreted
as a result of the rapid change of the Ce valence. Watanabe et al. successfully explained these
anomalies by the microscopic theory for valence fluctuation based on an extended Anderson
model [69]. In the case of the present iron based superconductor, the P/As substitution is
an isovalent substitution in a chemical sense. However, it is likely that the exchange of band
energy with = (the band with some d orbital character is lifted up above Er or other band shifts
down below Ef.) causes valence (charge) fluctuation near the critical composition z = 0.6 - 0.8.
Below z = 0.6 - 0.8, not only the AFM fluctuation but also this charge fluctuation gradually
may increase with x and cause the enhancement of 7T.. Actually, the ARPES results indicate
that the FS with d,, orbital character disappears around x ~ 0.8. This change of FS may be

related with the anomalous transport properties around x ~ 0.8.

8.1.3 1z dependence of Ry at T' = 50 K

As reported in the previous paper, the absolute values of Ry in single crystals are lower than
those in polycrystalline samples. However, the single crystals and polycrystalline samples show
similar = dependence of Ry, i.e. |Ry| is enhanced at = 0.6 - 08, where n approaches to ~ 1. x
dependences of Ry at T' = 50 K and n in NdFeP;_;As; (O, F) are plotted in Figure 8.3. |Ry]| is
enhanced at x = 0.8, where n approaches ~ 1. Therefore, the band crossing of dz2 and dx2_y2
are suggested like polycrystalline RFePq_,As,Og.9Fg1. x dependence of Ry of single-crystalline
samples is more gradual than that of polycrystalline ones. This may be related to the anisotropy

of the crystals.
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8.1.4 Correlation between 7, and n

Correlation between T, and n in NdFeP;_,As, (O, F) is presented in Figure 8.4. The data
point for x = 0 - 0.8 of NdFeP;_,As;(O,F) are on the same scaling line for z = 0 - 0.6 of
polycrystalline samples. The present results indicate that the AFM and/or other fluctuations
enhance T, in lower z region, and the end point for T¢ - n correlation in lower x region is located

at © ~ 0.8. All the results of transport measurements are qualitatively the same in poly- and

single crystals. This guarantees my discussions systematic.
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Figure 8.4: Correlation between T, and n in NdFeP;_,As, (O, F)
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8.2 ARPES measurement

8.2.1 Comparison with band calculation

Three or two hole FSs around I' and two electron FSs around M are observed in all samples.
Especially, two small hole FSs and two electron FSs observed in x = 0.4 are consistent with the
band calculation result of 1111 system. However, the largest hole F'S constructed of the d,» band
(and perhaps with the d,, one) is not predicted by band calculation. It is not also detected by
dHvA measurements of LaFePO. On the other hand, the large hole F'S is observed in all ARPES

measurements of 1111 system, where R is La, Pr, Nd or Sm and Pn is P or As. The nodeless
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superconducting gap of A = 15 meV is also reported on this FS in NdFeAs(O, F). However, if
the extremely large hole F'S exists in truth, the system should be heavily hole-doped one. It is
quite unlikely, then the other explanation is needed.

One possible explanation of the large hole FS is the surface effect. If a single-crystalline
RFePnO is cleaved, RO or FePn layer seems to appear on the surface. Both of RO and FePn
layers do not obtain electronic neutrality, therefore a new electronic state seems to emerge on
the surface. Even if the observed FS mapping at k, = 0 is hole doped state on the surface,
the shapes of all hole and electron FSs hardly change. As a result, differences from the original
states seem to be nearly the same for all samples. Therefore, the discussion of substitution effect
in NdFeP;_,As, (O, F) is meaningful.

On the other hand, the hole F'S constructed of the band with d,, orbital character is pre-
dicted by band calculation for NdFeAs(O, F). It is considered as the trigger of high T, nodeless
superconductivity in spin fluctuation theory. However, it is not observed in all x. Recently, it
is suggested that the d,, band shows the strong dependence of photon energy of the incident
light in Ko gFei gSez in the ARPES measurements. In the present system, the d,, band in the
bulk electronic state may also be strongly dependent on the energy of the incident light, and

the selected photon energy may be too inadequate to observe the d,, band or FS.

8.2.2 1z dependence of FSs

Following two characteristic features of x dependence are observed in the results of ARPES

measurements.
(i) The largest hole FS gradually shrinks with increasing x.
(i) The smallest hole F'S disappears at z ~ 0.8.

As for (i), the size of the largest hole FS is 1.06 A~! at = = 0.4, 0.90 A~ at 2 = 0.8 and
0.82 A=1 at # = 1.0, which corresponds to about 47 %, 40 % and 37 % for first Brillouin zone,
respectively. According to the band calculation, d,» band makes a hole FS at Z in RFePO and
the band sinks below Er with increasing As content x. Therefore, the shrinkage of the hole FS
with z is consistent with the band calculation (though the hole F'S exists in all ). This is the
first experimental report of the systematic x dependence of the d,2 band.

As for (i), EDCs for P polarization of = 0.4 and 0.8 are shown in Figure 8.5. The smallest

hole FS constructed of d,, band disappears at  ~ 0.8. To compare the feature (i) in my
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Figure 8.5: EDCs for P polarization of x = 0.4 and 0.8.

experimental result with the previous studies, the band dispersions and FS mappings at k, = 0
of LaFePO, LaFeAsO and NdFeAsOq s5F¢.15 [43, 44, 46, 70] are shown in Figure 8.6. In the case
of LaFePO, a large hole FS (I'y in the left panel of Figure 8.6) and double degenerated hole FSs
(T'1) are observed. In LaFeAsO, a large hole FS (I'2) and a small non-degenerated hole FS are
observed. In PrFeAsOq 7 (shown in chapter 1), a large hole F'S and a small F'S are also reported,
though the assignment of the orbital character is different from mine [46]. In NdFeAsO, only a
large hole FS is observed and a hole-like-band exists below Er around I' point.

If the above previous studies are explained from the suggestion (i) in NdFeP;_,As, (O, F),
the degenerated hole FSs (I'1) in LaFePO seems to be resolved and they are separated to the
small hole F'S and a pseud-hole FS in LaFeAsO. In widely, the small hole band seems to gradually
sinks below Ey with decreasing bond angle « (or the increasing hp;,) in LaFePO, LaFeAsO and
NdFeAsOg g5Fo.15 (and perhaps PrEeAsOq 7).

The band calculation where the bond angle « is virtually changed has been performed [71].
The band calculation result for the bond angle « variations of 120 °, 110 © and 100 ° in LaFeAsO
is shown in Figure 8.7. The two hole bands around I' are nearly degenerated at o = 120 °, which
is similar to the experimental result of LaFePO. The degeneracy is resolved following decreasing

« and it is similar situation to = 0.4. The degeneracy is completely resolved at a = 110
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LaFePO LaFeAsO NdFeAsO, ¢sFy ;5
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Figure 8.6: Band dispersions and FS mappings at k., = 0 of LaFePO (Left), LaFeAsO (Center)
and NdFeAsOgg5F0.15 (Right) [43, 44, 46, 70]

°. One hole FS gradually decreases with decreasing o and completely disappears o = 100 °.

As a result, the tendency to disappear the hole FS constructed of d,, band is similar to band
calculation, however, the difference of o is ~ 10 °.

In the present system, the d,, band sinks down with increasing x, and the top of this band
touches Er around I' point at z ~ 0.8. Below x ~ 0.8, the hole F'S with d,, is observed around
I" point, while it disappears above x ~ 0.8. The z dependence of T, and n, their relationship
and other transport properties are distinctly changed around x = 0.6 ~ 0.8. As described
before, I think that these nonmonotonic changes of T, and transport properties are caused by
the transformation of FS from the FeP type to the FeAs one, i.e., the 3-dimensional hole FS
with d,2 orbital character disappears and the cylindrical d,, F'S appears. Unfortunately, I could
not observe the above-mentioned FS changes perhaps because of the surface effect and other
problems. However, I found the clear change of d,, band around x ~ 0.8, and think that the

change of this F'S induces the nonmonotonic changes of T, and transport properties.
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Figure 8.7: The band calculation result for bond angle « variations of 120 °, 110 ° and 100 ° in
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107



Part 1V

Conclusion

108



Chapter 9

Conclusion

In this work, I have investigated the transport properties and ARPES in RFeP1_;As,O1_,F,
in order to find a key parameter determining 7, in iron pnictides. From my work, the following

experimental results and conclusions are obtained.

(i) I have studied the transport properties of the polycrystalline samples of RFeP;_;As;O¢9F01
(R = La, Prand Nd), and clarified the relation between T; and the transport properties by chang-
ing the P/As ratio in this system. The present results have revealed that there are two distinct
regions of z. In the low z region (z < 0.6 - 0.8), T¢. linearly increases from ~ 3 to ~ 30 K with
decreasing the power n in p = pg + AT™ from ~ 2 at = 0 to ~ 1 around z = 0.6 - 0.8. This
strongly suggests that some bosonic fluctuation such as AFM one is a primary factor to enhance
T.. The universal T, - n relation holds for all the R systems with x < 0.6 - 0.8 in the present
study as well as AeFea(As, P)s (Ae = Ba and Sr). In addition to the T-linear resistivity, Ry, po,
and A are strongly enhanced near x = 0.6 - 0.8, suggesting some critical change of the electronic
state. In the high z region (x > 0.6 - 0.8), on the other hand, 7. becomes strongly R-dependent
and further increases with x, but shows no clear correlation with n. The compounds with x >
0.6 - 0.8 seem to approach another universal T; - n relation which holds for RFeAsO;_, and
(Ba, K)FeaAsy. The presence of two distinct T¢ - n relations could be the evidence that there

are two T¢-rising mechanisms and related two different F'S states in the iron pnictides.

(i) I have synthesized the single crystals of NdFeP;_,As,;O¢9Fo1 and investigated the trans-
port properties and ARPES of them. I have succeeded in the single crystal grown of this system

by high pressure technique. The transport properties of these single crystals without the grain
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boundary effect are consistent with those of polycrystalline samples. The present results of
single crystals strongly indicate the existence of two T¢-rising mechanism and two different F'S

states.

(i) I have performed the ARPES measurement using single crystals of NdFeP;_;As; O 9F¢.1
with z = 0.4, 0.8 and 1.0 in order to clarify x-dependent changes of band structures and FSs.
The ARPES results indicate the existence of three hole and two electron FSs in x = 0.4, and
two hole and two electron FSs in z = 0.8 and 1.0 samples. The orbital characters of these FSs
have been assigned by the measurements of polarization dependence of incident light. The d,,
hole FS exists around I' point at = 0.4. The d,, band sinks down with increasing x, and the
top of this band touches Er around I' point in the x = 0.8 sample. With further increasing =z,
the hole FS with d,, character disappears at x = 1.0. The T¢, n and other transport properties
distinctly change around x = 0.6 - 0.8. The clear difference of FSs below and above z = 0.6
- 0.8 may be related with the change of transport properties, and support the scenario of two

T,-rising mechanisms and two different F'S states in this system.

Future works

In this work, I succeeded in the observation of several F'Ss and the systematic doping depen-
dence of band structure by ARPES study. As described in the main content, I think that the
nonmonotonic changes of T, and transport properties are caused by the transformation of FS
from FeP type to FeAs one, i.e., the 3-dimensional hole F'S with d,2 orbital character disappears
and the cylindrical d, F'S appears. Unfortunately, I could not observe such F'S changes perhaps
because of the surface effect and other problems. Particularly, the d,, FS perhaps plays an
important role for the appearance of high T. superconductivity but it is missing in my spectra.
This dy, F'S must be searched and its behavior must be clarified by ARPES measurements using
the incident lights with various photon energy. In addition, I could not observe the supercon-
ducting gap of each FS by ARPES because of the time limitation. They also must be observed

in future works to clarify the superconducting feature in this system.
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