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Abstract

Since the discovery of the iron-based superconductor (IBS) in 2008, researchers
have made a lot of experimental and theoretical efforts to clarify its superconducting
(SC) mechanism. Local structure parameter pnictogen height is predicted to play as
a switch between high T, nodeless pairing and low T, nodal pairing in IBSs. The
pnictogen height is controllable by isovalent doping, namely substitution of arsenic
atom by phosphorus atom. The P-doping phase diagram of LnFeAs; ,P,Oq9Fq1
reveals a non-monotonic 7, variation, which originates from two different T, raising
pairing mechanisms. Here, Fermi surface (FS) topology and the SC gap symmetry
are key factors to unveil the different pairing mechanisms of the superconductivity
in 1111 system of IBSs.

In the present study, focusing on the 1111 system, I have investigated the FSs and
SC gaps of NdFeAs; ,P,.Oq9F¢1 by Angle-Resolved Photoemission Spectroscopy
(ARPES) and Raman scattering spectroscopy.

The ARPES result shows three typical hole bands, oy, as, as and a newly found
7 hole bands at zone center for x = 0. The v which has d,, orbital character, is
located about -50 meV below the Fermi level. This v shifts down with increasing x.
The oy and a3 FS are barely unchanged with increasing x. «; and as both have an
orbital character of d,.,., but they are not degenerate at zone center. s hosts a F'S
while a4 is observed at -18 meV below the Fermi level for x = 0. «y shifts up and
crosses the Fermi level at 0.2 < x < 0.4. The a; FS enlarges with further P-doping.
Moreover, incipient band with d,, orbital character is found around the binding
energy of oy band top. These observations support the band splitting scenario. The
orbital character of a; and ap band shift from d,.,,. to dxz/yz with increasing .
The s FS is found to have a SC gap of 9 meV for x = 0. The incipient band with
d,, orbital character shows superconducting condensation although it is below the
Fermi level for z = 0. This suggests the d,, orbital might play an important role in
pairing mechanism of the high 7, phase.

Symmetry resolved Raman scattering spectroscopy was successfully performed
on the NdFeAs;_,P,O¢oF¢1. With P-doping, the number of phonon modes in A,
symmetry increases and become complicated. On the other hands, the number
of phonon modes in B;, symmetry remains unchanged. However, the phonons
become asymmetric with increasing z, suggesting the enhancement of electron-
phonon interaction. The temperature dependence of Raman spectra in By, symmetry
show that the signature of nematicity, quasi-elastic peak (QEP) is barely observed
for x = 0,0.2 and 0.4. Despite the weak QEP, the nematic susceptibility enhances
from weak to strong from z = 0 to 0.2 and reduces to moderate for x = 0.4. Such



anomaly may relate to the anomalies observed by transport and ARPES as they
occur near r = 0.2.

SC gap of hole pockets and electron pockets can be distinguished via symmetry
resolved Raman scattering spectroscopy. For x = 0, pair-breaking peak is clearly
observed at 190 cm™!, and the spectral weight was fully suppressed below 70 cm ™!
in Ay, (hole pockets). This is a clear indication of full gap behavior. In contrast,
the By, (electron pockets) spectrum shows a pair-breaking peaks at 140 cm™! and
linear spectra shape at low-energy limit. This hints a multi gap or anisotropy gap
behavior is preferable in the electron pockets, but nodal-gap can not be excluded.
For x = 0.2, pair-breaking peak can be observed at 90 cm™! and 80 cm™! in Ay, and
By, symmetries, respectively. However, the gap symmetry can not be determined.
The gap ratio of the electron pockets is in strong coupling regime for x = 0 and
remains unchanged with 20% P-doping, about 2A /kgT, = 5. In contrast, the gap
ratio of hole pocket reduces from 6.7 to 5.4 when x increases from 0 to 0.2. The
changes of gap ratio could relate to the reduction of T, from 41 K to 24 K with
20% P-doping. This suggests that the high T, of As-end compound is primarily
contributed from the hole pockets but not the electron pockets.

Overall, the current work explains the importance of orbital character and FS
topology in the different pairing mechanisms of 1111 systems. a; band and its orbital
character are dominant in switching pairing mechanisms. The nesting between the
small dxz/yz a1 FS and small electron I'S are of importance in region z > 0.4. With
decreasing bond angle, Lifshitz transition occurs at 0.2 < < 0.4 and a; band sinks
below the Fermi level. The incipient band with d,, orbital is the critical component
for high T, As-end compound. The full gap is observed on the hole FSs at = = 0.
The gap ratio indicates strong coupling and supports the domination of hole bands
on the T, variation in isovalent doping.

vi



Contents

1 Introduction 1
1.1 Fe-based superconductor . . . . . . . . .. ... ... . ... ..., 1
1.2 Early study of 1111-type Fe-based superconductor . . . . . . . . . .. 2
1.3 Structure parameter . . . . . . .. . ... ... 4
1.4 Phase diagram of 1111-Fe based superconductor . . . . . . . . . . .. )

1.4.1 Nesting condition and spin fluctuation in the phase diagram . 7
1.5 Experimental studies of Fe-based superconductor . . . . ... .. .. 10
1.5.1  Angle-resolved photoemission spectroscopy studies of Fe-based
superconductor . . . .. ... L Lo 11
1.5.2 Raman scattering spectroscopy studies of Fe-based supercon-
ductor . . . . . .. 15

2 Objective 19

3 Experiments 21
3.1 Single crystal growth LakFeAs, P, O, ,H, . .. ... ... ... ... 21

3.1.1 Preparation of precursor LaAs and LaP . . . . . . . ... ... 21
3.1.2  Crystal growth of LaFeAs,_,P,O_ H, . . .. ... ... ... 22
3.1.3 Single crystal of LaFeAs,_,P,O_ ,H, . . . .. ... ... ... 24
3.1.4 Single crystal of NdFeAs;_,P,OpoFo1 . . . . . ... ... .. 25
3.2 Xray diffraction (XRD) . . .. ... oo 25
3.3 Magnetic susceptibility . . . .. ... L oo 28
3.4 Angle-resolved photoemission spectroscopy (ARPES) . . . .. .. .. 29
3.4.1 Principles . . . . . .. 29
3.4.2 Matrix element effect . . . . . . ... ... 32
3.4.3 Experimental setup . . . . . . ... .. ... ... ... 34
3.4.4 Experimental condition . . . . . ... ... ... ... ... .. 37
3.5 Raman scattering spectroscopy . . . . . . . . ... 38
3.5.1 Principles . . . . . . ... 38
3.5.2  Point group, space group and selection rule . . . . . . ... .. 38
3.5.3 Electronic Raman scattering spectroscopy . . . .. ... . .. 39
3.5.4  Experimental setup . . . . . . ... L 42
3.5.5  Experimental condition . . . . . . . ... 44

4 Result and Discussion for Angle-resolved photoemission spec-
troscopy in NdFeAs; ,P.(O,F) 47
4.1 Fermi surface mapping . . . . . . . . ... 47

4.1.1 Fermi surface mapping of NdFeAsOgoFo1 . . . . . . . . . .. 47
4.1.2 x dependence of the Fermi surface topology . . . . . ... .. 49

vii



Contents

4.2 k,dependence . . . . . . . ...
4.2.1 k, dependence of NdFeAsOgoFo1 . . . . . . . . . . . ... ..
4.2.2 x dependence on the k, dependence . . . . . . ... ... ...

4.3 Low-energy band dispersion and orbital character . . . . . . ... ..
4.3.1 Low-energy band dispersion and orbital character of

NdFeASOO'gFo_l ..........................

54

4.3.2 x dependence of low-energy band dispersion and orbital character 62

4.4 Evolution of the band structure in
NdFeASl_IPzOQ.gFo‘l with P-doping ...................
4.5 Superconducting gap of NdFeAs; ,P,O¢oFo1 . . . . . . . ... ...
4.5.1 Superconducting gap of NdFeAsOgoFo1 . . . . . . . . . . ..
4.5.2 1z dependence of superconducting gap . . . . . . ... ... ..
4.6 Discussion . . . . . ...

5 Result and Discussion for Raman scattering spectroscopy of

NdFeAs, ,P.(O,F)

5.1 Raman scattering spectra in the normal state . . . . . .. . ... ..

5.2 Analysis of phonons in A;, and By, mode . . . .. ... ...
5.2.1 Phosphorus doping effects . . . . . .. ... ... ... ...
5.2.2 Fano analysis . . . . .. ... ...

5.3 Temperature dependence of the normal state electronic scattering of
in Byy symmetry . . . . ...

5.4 Electronic Raman scattering spectroscopy in superconducting state
5.4.1 Ay, By and Byg spectraforz =0 . ... ... 0L
5.4.2 Ay, Big and Byy spectraforz =02 ... ...
5.4.3 Ay, Big and Byg spectrafora =04 . . . .. ..o

5.5 Comparison with the ARPES results . . . . ... ... ... .....
5.5.1 Fano asymmetry factor . . . . . .. ...
5.5.2  Superconducting gap . . . . . . .. ...

6 Conclusion
6.1 Single crystal growth . . . . . ... ... 0oL
6.2 Superconducting gap and band structure of NdFeAs;_ ,P,Oq9F¢1
observed by ARPES . . . . . .. ... ...
6.3 Raman scattering spectroscopy . . . . . . . . ... ...
6.4 Overall Summary . . . . . . . ...
6.5 Future works . . . . . . . ... .

List of Publications
List of Presentations at Conferences

A Appendices

viil

109
109

109
110
110
111

127

129

131



Chapter 1

Introduction

1.1 Fe-based superconductor

The first iron based superconductor(IBS), LaFePO(7, = 4 K) was discovered by Kami-

hara et al. in 2006 [1]. LaFeAsO;_,F, with much higher T, = 26 K discovered by the
same research group had drawn the world attention two years later [2]. This new type
of IBS has two-dimensional Fe—As layers similarly to the Cu—O layers in cuprates,
thus stimulates broad interest in the investigation of high-Tc superconductors. IBSs
is a new platform to study novel mechanisms of superconductivity and intensive
research has been going on since then. Soon, a number of IBS families such as 122,
111,11 system and so on were discovered in this fourteen years.
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Figure 1.1: The crystal structures of Fe-based superconductors with 11, 111, 122,
1111, 21113, and 32225-type structures. Taken from Ref. [3].



Chapter 1. Introduction

In general, IBSs adopt layered structure of the Fey Pny despite different crystal
structures in the various types of IBSs. Figure 1.1 shows a series of basic crystal
structures of the IBS families. The name of the IBS families come from the chemical
formulae in a unit cell. The common feature Fe, Pny layers are highlighted. The
quasi-two-dimensional Fey Pny are made up of a square lattice of iron atoms being
bonded tetrahedrally with the Pn anion. The Pn anion staggers above and below
the iron lattice. If the layers or slabs are simply stacked together, they form a 11
family. Different type of families can be established by separating the common slabs
with different blocking layers. In the case of 1111-type IBSs, such as ReFeAsO (Re
= rare-earth elements), for example, the structure consists of an alternating stack of
blocking layers [ResOs]t and [FeoAsy|™ layers.

The carriers are thought to flow in the quasi-two-dimensional Fey Pns layer, which
acts as a conducting layer, while the blocking laye, acts as a charge reservoir. It is
because doping on the blocking layers can generates carriers, which are transferred
to the conducting layers. Out of various type of IBS families, only 1111-type family
is focused in the current study.

1.2 Early study of 1111-type Fe-based supercon-
ductor

The 1111-type compound is made up of Ln:Fe:Pn:O (Ln = lanthanide) (Pn = As,
P) in the ratio of 1:1:1:1. LnFePnO has the tetragonal ZrCuSiAs-type structure,
space group P4/nmm (No. 129, origin choice 2) at room temperature. Atoms Ln,
O, Fe and Pn occupy Wyckoff positions 2c, 2a, 2b and 2c, respectively. The crystal
structure of the 1111-type parent compound, for example, LaFeAsO is shown in
Figure 1.2. It is made up of two alternating layers, [La3tO%*"|* and [Fe*TO37|~,
which are the blocking and conducting layers, respectively.

Qo _Jda [ La
©
As

Figure 1.2: (Left) Crystal structure of LaFeAsO. (Right) Top view of the crystal
structure from the c-direction. Taken from Ref. [4]

The parent compound, LaFeAsO in fact does not show superconductivity, while
LaFePO is a superconductor. The temperature dependence of the electrical re-
sistivity of the parent compound shows anomaly around 150 K [2, 4, 5]. This
anomaly is associated with a structural transition from tetragonal(P4/nmm) to

2



Chapter 1. Introduction

orthorhombic(C'mma) [4, 6]. A long-range spin-density-wave (SDW) antiferromag-
netic(AFM) order was developed below 137 K [6-8]. The yellow and blue region in
the right panel of Figure 1.2 marks the unit cell of tetragonal phase and orthorhombic
phase, respectively.

The resistivity and magnetic distortion can be suppressed by electron doping in
favor of superconductivity. The electronic phase diagram of the LaFeAsO,_,F, is
shown in Figure 1.3 [9]. One of the major differences between the 1111 and 122
families are that the structure transition is induced at a higher temperature than the
magnetic transition in 1111 than in 122. Besides this, most of the 1111 families has
a clear 1st order transition from the magnetic order phase into the electron-doped
superconducting phase [10-12], while 122 has both magnetic and superconducting
orders coexist in a small region of doping [13].

160
m
Orthy, ‘
a Mbic 4

) Tetragonal
o L
~ 100 F
P By o T from XRD
2 BOF S_DW‘ o T. from £(T)
3 'Wlet’c A T, fromuSR
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b w T, from uSR
40 F

20 - L ————
r i Superconductivity 0

N ) 1 1 1 1 1 1

D i A i L
0 002 004 0.06 0.08 010 012 074 016 018 0.20
Nominal F content x

020

Figure 1.3: (Left) Phase diagram of LaFeAsO;_,F,. (Right) Ba(Fe;_,Co,)2Ass.
Taken from Ref. [9, 13]

The interplay between magnetism and superconductivity is expected from the
phase diagram and the fact that conducting layers are made up of iron lattice.
Density functional study of LaFeAsO revealed that the Fe d states are account for
the electronic states near the Fermi level, (Er) as displayed in Figure 1.4. The band
structure is found sensitive to the As height from the Fe lattice, even though As is far
from Er. There are total five Fermi surfaces (FSs) in LaFeAsO, two electron cylinders
around the zone corner and two hole cylinders around the zone center. These four
F'Ss are nearly two dimensional (2D). An additional heavy three dimensional (3D)
hole pocket, which is centered at Z. The heavy 3D pocket is derived from d,2.

By shifting the hole pocket to the electron pocket by a g vector(m, 7), the electron
FSs will overlap with the hole FSs, indicating a significant nesting effect which can
be quantitatively estimated by Lindhard response function, xo(q). xo(q) peaks at
the M-point for parent compound, and is suppressed by electron-doping [5]. The
suppression of nesting effect is due to the size mismatch of hole and electron FSs due
to the reduction of the former and the enlargment of the latter after electron-doping.

After being reported that the conventional electron—phonon coupling is not suffi-
cient to explain superconductivity in IBSs [15], Mazin et al. [16] and Kuroki et al. [17]

3



Chapter 1. Introduction

total
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Figure 1.4: (Left) LDA density of states. (Middle) Band structure of LaFeAsO
around Er with As height sensitivity. (Right) LDA Fermi surface of LaFeAsO. Taken
from Ref. [14]

E(eV)

independently proposed antiferromagnetic spin fluctuations(AFMSF's) connecting
the hole and electron FS is responsible for the emergence of superconductivity. Here,
an extended s-wave pairing (s£) with a sign reversal of the order parameter between
different Fermi surface sheets are favored.

1.3 Structure parameter

Right after the discovery of relative high T, of LaFeAsO;_,F,, T. value of the
quaternary equiatomic LnFeAsO was enhanced to above 50 K by substituting the
La with smaller lanthanide/rare-earth element [18-22]. Oxygen deficiency by high
pressure synthesis was reported capable inducing the superconductivity, as oxygen
deficiency also generates the free carriers [23]. The shrinkage of crystalline lattice was
believed to boost the T as reported by the pressure experiment on LaFeAsO,_,F, [24-
26]. However, monotonically decrease of T, was reported in the pressure effect of
LnFeAsO;_,(Ln=Sm,Nd) [27], and NdFeAsOg¢ [28].

60
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Figure 1.5: (a) Lee’s plot of T, vs As—Fe—As bond angle for various pnictide super-
conductors [29]. (b) Anion height dependence of T, for various Fe-based supercon-
ductors [30].



Chapter 1. Introduction

Up to now, rescarchers have been trying to find a direct parameter that correlates
to T.. One of the parameters is the Pn—Fe—Pn bond angle, «. The angle can be
controlled by pressure or chemical substitution. 7, of various 1111-type pnictide
superconductors was plotted against the bond angle by Lee et al., as shown in
Figure 1.5. Lee’s plot has suggested that among IBS, the compound with the angle
of 109.47° has the highest Tc value. In the other words, the regular tetrahedron
form of FeAs, will lead to the highest T, in IBSs. Inspired by this, Kuroki et al.
proposed a theoretical model that anion height from Fe layer, hp, was found to play
an important role in determining the 7, [31]. The anion height depends on the type
of the superconducting Fe-anion layers and it increases in order of FeP, FeAs, FeSe
and FeTe. The FeP-based superconductors with low anion heights show a lower
T,., compared to the FeAs-based superconductors. The highest T, can be achieved
when the anion height approaches 1.38 A [30], as shown in Figure 1.5. However,
this empirical rule of o and hp,, are mostly applicable only to 1111 and 122 families,
while deviated for 111 families [32, 33] and other doped IBSs.

1.4 Phase diagram of 1111-Fe based superconduc-
tor

The local structure in the Fe—As layers is the key to understand the emergence of
superconductivity. Several strategies can be applied to modify the local structure
parameter, such as carrier doping, physical structural modification under external
pressure, and chemical pressure by isovalent substitution. The hp, parameter can
be tuned casily by the isovalent substitution method, as the substituted atom’s
size directly impacts the bond length, thus influences the hp, parameter without
generating carriers. In fact, the effect of the height of anion on the band structure
was pointed out earlier [14, 34]. Theoretical calculation by Vildosola et al. [34] shows
that the orbital character of the Fermi surface can be varied by tuning the anion
height, where the d,, FS sinks down while 322 — 72 FS shifts up as the anion height
is reduced, as shown in Figure 1.6.

LaFeAs(

Figure 1.6: Band structures of LaFe PnO with Pn=As(Left) and P(Right) [34].

The experimental studies of the isovalent substitution on LaFeAs;_,P,O,_,F,
reveal the non-monotonic changes in 7, [35, 36]. The n extracted from the p =
po + AT™ fit and Hall coefficient show anomalies around z = 0.2 — 0.4, hinting
a switch of Fermi surface states. A possible two-Fermi surface states and two-
T, rising mechanism was suggested. 3'P-NMR study revealed enhancement of
antiferromagnetic spin fluctuations (AFMSFs) at the = composition that hosts
the highest T, [37]. Later, the origin of the AFMSFs was related to the novel

5



Chapter 1. Introduction

antiferromagnetic (AFM2) order that manifested between two superconducting
domes in LaFeAs; ,P,O [38], as shown in Figure 1.7(a). A slight different phase
diagram was reported later but the two-SC-dome structure is consistent with the
previous reported possible Lifshitz transition [39].

. . : b (im-063py |[ Im-121pg ([ ® Tn
| S0k <5 = =g =obi . T,
LaFe(As,,P,)0 o [ESE ||| 1
® T, (This work ) o Fe v T,
0O T, (Kitagawa et al.) 2
L 3 T, (Laietal) i E 100
; ¢ T (Wangetal) ‘,g AF1
= g
- 5
4 [t
AFM-2 50 -
AFM-1 SC-1 ._/‘\ SC-2
1 o Fxs
0 - & Q'Q @ L b N 9 p
. . 5 J J Q = L 1 i ¥ L
o ’ o e e 0 0.0 01 02 03 0.4 05
(LaFe/s0) X (LaFePO)

Hydrogen content x

(a) LaFeAs;_,P,O taken from Ref. [38].  (b) LaFeAsO;_,H, taken from Ref. [40].

Figure 1.7: Phase diagram of La-1111 families by (a) isovalent doping and (b)
aliovalent doping.

The full phase diagram of the isovalent substitution is achievable, but it is not
the case for the aliovalent doping by fluorine. The fluorine doping concentration of
LnFeAsO,_,F, phase diagram only available up to 20%, due to the poor solubility
of F~1 ion at the oxygen sites. The further electron doping was first reported by
replacing the F~! ion with the H™! under high pressure method [41]. The electronic
phase diagrams of LnFeAsO,_,H, (Ln=La, Ce, Sm, and Gd) up to z = 0.5 are
displayed in the left panel in Figure 1.8 [42]. The T, of LaFeAsO;_,H, has an
interesting two-dome feature. The first dome is consistent with the reported fluorine-
doped compound, while the second dome unveiled by hydrogen-doping has a higher
T, = 36 K value at « = 0.3. Other lanthanide-1111 families have only a single dome
structure. The optimum doping level for the highest T, decreases as the lanthanide
ions size decreases. Interestingly, the two-dome observed in T, of LaFeAsO;_,H,
merge into a single dome with highest 7, = 52 K at 6 GPa [43]. This is understood
as the high 7. = 52 K originates from the merging of the two SC domes. The
SmFEeAsO,_,H,’s T, decreases with pressure possibly because of the two SC domes
was already merged into single dome at ambient pressure, unlike LaFeAsO;_,H,.

The superconductivity vanishes at x > 0.4 for LnFeAsO;_,H,. Another anti-
ferromagnetic (AFM) order was detected at higher doping level of 2 where SC
vanishes [44], as presented in Figure 1.7(b). This AFM phase has a stronger magnetic
moment and peculiar spin arrangement, which is responsible for the emergence of
the 2nd SC-dome in the heavy electron-doped region.

6



Chapter 1. Introduction
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Figure 1.8: (Left) T,-domes in electron-doped LnFeAsO;_,H, (Ln = Gd, Sm, Ce
and La) [42]. Vertical arrows mark the x composition with the highest T.. (Right)
Phase diagram of LaFeAsO;_,H, and SmFeAsO;_,H, under high pressure [43].

1.4.1 Nesting condition and spin fluctuation in the phase
diagram

Due to the multiple AFM and SC domes, each of the SC and AFM domes is redefined
and shown in the phase diagram of (La/Sr)FeAsO;_,(H/F), (Figure 1.9) to avert the
confusion. The firstly discovered AFM order in the parent compound is defined as
the AFM1. AFM2 is appointed to the AFM phase that emerges with P/As isovalent
substitution. Lastly, the AFM3 is attributed to the AFM phase with strongest Fe
magnetic moment with peculiar spin arrangement in the the heavy electron-doped
region. Transport and NMR studies revealed that the non-monotonic changes of the
T, are attributed to the multiple AFMSF's originate from different Fe 3d orbital and
the different F'S topologies [45, 46].

Start with the AFM1, the band calculation of LaFeAsO was shown in Figure 1.9b.
The comparable size between the hole pockets and electron pockets gives a moderate
nesting and thus results in the AFM order. Hole-doping such as Sr-doping will make
the nesting condition even better, thus the AFM1 is enhanced. On the other side, the
nesting worsens with electron-doping (fluorine-doping), thus the SC1 is developed.
The finite-energy AFMSF's observed around the AFM1 and SC1 is suggested to come
from the three orbitals of d,, and d,. ., responsible for increasing T in SC1 [45, 47].

By substituting the arsenic with phosphorus atoms, the alternating SC domes
and AFM domes can be observed. The missing of 4 hole FS at (7, 7) in one-Fe
Brillouin zone is predicted in the Figure 1.9¢, leading to a very good nesting of F'Ss
of dy./,. in AFM2. Low-energy AFMSFs was observed around the AFM2 in NMR
study [45]. Arai et al. revealed that a d,.,. derived-AFMSFs would indeed enhance
at low-energy [47]. The emergence of SC2 is related to the gradual suppression of
dyz)y. derived-AFMSF's in the AFM2 against the electron-doping.

The band calculation shows a total imbalance of FS sizes in heavy electron-
doped region(Figure 1.9d). The spin fluctuation arising from the Fermi surface
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Figure 1.9: Phase diagram of (La/Sr)FeAsO;_,(H/F), [46]

nesting between electron and hole pockets is not applicable to explain SC3 in
the LaFeAsO;_,H,. Suzuki et al. claims that the spin fluctuation due to the next
nearest neighbor hopping of d,, orbital electrons could explain the two-SC-domes
structure (SC1-SC3) [48]. The high T, ~ 50 K in the single-dome electron-doped
LnFeAsO,_,H, (Ln = Gd, Sm and Ce) further hints the interplay of different type
of pairing mechanism between the SC1 and SC3. Besides spin fluctuation, other
pairing candidate such as orbital fluctuation [49] was might play a role in the the
heavy electron-doped region [50].

As mentioned before, spin fluctuation via the nesting between hole and electron
pockets will lead to an s+ gap. The s+ gap usually refers to a fully gap state on
the disconnected pieces of FS. It is the same for the s+4 pairing from the orbital
fluctuation theory. However, LaFePO which has large bond angle @ was reported to
show a nodal behavior [51, 52]. This was later explain as spin fluctuation mainly
from the d,./,. orbital due to the absence of d,, F'S at the (7, 7) in one Fe Brillouin
zone. As a result, the d,, part of electron pockets have to interact to each other
with a sign change, thus a nodal behavior is acceptable. This is later called as nodal
st-wave. Besides, the node can be formed in the other way which is d-wave (node
in the hole pocket). The existence of v pockets at (7, 7) in one Fe Brillouin zone
will lead to a fully gapped st-wave. It is shown that the vy FS is sensitive to the
structure parameter hp,, which resultantly acts as a switch to determine the high-T,
nodeless and low-T, nodal pairing [31]. Figure 1.10 shows the possible gap symmetry
and structure described above.
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Figure 1.10: Schematic gap symmetry and structure taken from Ref. [31]
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Figure 1.11: (Left) Schematic evolution of band structure by bond angle « variation.
(Right) The original (dashed lines), reduced (solid) unit cell and the band structure
of NdFeAsO in the one Fe Brillouin zone (unfolded) with Fermi level of 10% electron
doping. Taken from Ref. [53].

Remark that a variation of hp, will certainly influence the o simultaneously. Thus,
the band structure can be altered by means of « variation. A schematic evolution
of band structure by variation of a is shown in the left panel of Figure 1.11. The
notation of dx2_y2 used in the original unit cell is equivalent to the d,, in reduced
unit cell, as they are different by 45 degree rotation. The v band at (7, 7) rises and
crosses the Fermi level when the « is reduced from ~ 120° to ~ 109°, as mentioned
before. Simultaneously, an upper d,, band at (0,0) will sink down and touch the
degenerate d,./,, band. A band reconstruction occurs, followed by the orbital mixing.
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The top of the light hole band will have dominant d,,, orbital. This band will continue
to sink below the Fermi level with decreasing a. NdFeAsO is theoretically predicted
to possess the v F'S and the upper d,, band comes down close to the d,.,,. band
due to its small «, thus this is a potential candidate to verify such a band structure
evolution. The reported phase diagram for Nd1111 system is shown in Figure 1.12.
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Figure 1.12: Phase diagram of NdFeAs,_,P,O,_,(H/F), [54]

1.5 Experimental studies of Fe-based supercon-
ductor

So far, the s4 wave symmetry is a plausible candidate for the Fe-based superconductor.
It is necessary to experimentally determine the gap symmetry and structure in the
various Fe-based superconductors to understand the pairing mechanism. A brief
introduction will be given on the several common techniques used to study the gap
symmetry structure.

The early measurement of low temperature magnetic penetration depth revealed
AN ~ T in LaFePO, indicating the existence of nodal-line [51, 52], while AX ~ T?
and unconventional two-gap superconductivity in LnFeAsOqoFo1 (Ln=La,Nd) [55].
Specific heat measurement is another tool that measures the density of states. The
Sommerfeld coefficient v ~ +/H predicted in the existence of line node [56] was
reported in LaFeAsOgoFo1-5 [57]. Later on, specific heat oscillations was proposed
to be a useful technique to probe gap nodes or gap minima [58]. The gap minima in
the direction of I'=M was reported in the Fe(Te,Se) system by this technique [59].
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Nuclear Magnetic Resonance can probe the nuclear spin-lattice relaxation rate
1/Ty. The obtained 1/77T is directly related to the strength of low-energy limit
AFMSFs [45]. Tt is already known that 1/Ty ~ T behavior below T, indicates a line-
node behavior in the d-wave superconductor. Such 1/7; ~ T® behavior was observed
in the LaFeAsO;_,F, [60, 61], signifying again the line-node presence. Similar
T-dependence was reported in PrFeAsOgggFy 11 [62]. However, the 7% dependence of
1/T; can be understood in terms of a fully gapped s+ state with impurity effects [63].
It is ambiguous whether should be taken as the evidence of nodal or nodeless, but
anisotropy gap is likely present. Point contact Andreev reflection spectroscopy
(PCAR) is another method where can determine the gap structure. Most of the
PCS/PCAR showed that the 1111 gap symmetry can be fit by two full-gapped
function. The tunneling spectroscopy experiment on 1111 system showed the absence
of zero-bias conduction peak which is an indication of nodal [64-73].

There are other two methods, angle-resolved photoemission spectrocopy and
Raman scattering spectroscopy which are popular in determining the gap structure
especially in the multiband Fe-based superconductors due to the momentum resolved
capabilities.

1.5.1 Angle-resolved photoemission spectroscopy studies of
Fe-based superconductor

Angle-resolved photoemission spectroscopy (ARPES) is arguably the most direct
probe of the gap symmetry and structure. ARPES are capable to measure the
distribution of energy and momentum of the photoelectron. The calculated Fermi
surface can be compared to the results of ARPES. The FS mapping of LaFePO and
the parent compound LaFeAsO [74], are shown in Figure 1.13. The observed two
hole FSs and one electron FSs in LaFePO are consistent with the LDA calculation
with a factor of 2.2 band width renormalization. The two missing FSs are due to the
resolution problem. However, the ARPES data deviates from the LDA calculation
in LaFeAsO. The huge hole FS and the propeller-like shape electron FS are not
predicted in the LDA calculation. Such deviated FS mapping can be seen in other
LnFeAsO families [75-77].

ARPES technique is surface sensitive as it probes the top layer with a thickness of
about 5 A at 20-100 eV photon energy [78]. 11 and 111 families are in principle most
suitable for ARPES measurement as they have non-polar cleaved surfaces, while the
122 and 1111 lead to polar cleaved surfaces. Thus, the observed huge hole pockets
covering almost half of the Brillouin zone and the propeller-like shape electron pocket
were treated as surface states by most of the researchers. Theoretical calculation
showed that the surface state would only appear in either As- or La-terminated
surface [79]. As shown in the left panel of Figure 1.14, As-terminated surface shows
a consistent huge hole pocket with the ARPES result. The large hole pocket is
explained by the effect of the surface compression of the As tetrahedra in z direction.
Similar surface calculation shows both the As- and La-terminated surfaces will give
rise a large hole FS [80]. The bulk and surface can be distinguished by carrying
out the measurement of photon energy dependence and in-situ dosing, as only bulk
band will have k, dispersion and dosing will eliminate the surface state [81, 82]. The
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Figure 1.13: Symmetrized Fermi surface maps of LaFePO(Left) and LaFeAsO(Right).
Taken from Ref. [74]

disentangling of surface and bulk states are displayed in right panel of Figure 1.14.
The propeller-like shape electron pockets was treated as surface state too.
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Figure 1.14: (Left) Calculated 2D FSs in LaFeAsO taken from Ref. [79]. (Right)
The bulk and surface band structure measured from ARPES. Taken from Ref. [81]

The deviation of FS can be explained by the rigid band shifting from the charge
redistribution in non-polar cleaved surface. Charnukha et al. approach the FS
deviation problem differently by considering the bandwidth renormalization at I’
and M with 3.3 and 1.8 factor, respectively. A band wraping of 150 meV between I’
and M with respect to each other is needed to reconcile with the ARPES dispersion,
as shown in the left panel of Figure 1.15. Such singularity (incipient hole band and
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part of the propeller-like shape electron pocket) near the Fermi level is argued to
be related to the superconductivity and attainable over the families of IBSs. The
clarification between surface and bulk band is still under debate. Nevertheless, the
electronic states at the surface are always related to the bulk electronic states to a
certain extend.
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Figure 1.15: (Left) Band-width renormalization of SmFeq goCog0sAsO by ab initio
calculations. (Right) Electronic structure of various iron-based superconductors near
the Fermi level. Taken from Ref. [83]

SN

Gap symmetry and structure

The gap symmetry and structure determination by ARPES are mature in the other
families except the 1111 families. It is because of the difficulty of single crystal growth
in 1111 families and its polar cleaved surface problem, making it an unfavorable
target. The 122 families is favorable because large and high quality single crystal can
be easily fabricated. Needless to mention that 111 and 11 single crystal is favorable
in ARPES due to its non-polar surface. The gap symmetry and structure in 122 and
111 families will be discussed briefly.

The first report on the SC gap measurement of Bag K 4FeaAsy from ARPES is
shown in the left panel of Figure 1.16 [84, 86]. Multiple gap structure and gap size
can be seen in this K-doped Bal22 system. The large gap size categories the system
into the strong coupling. Additional outer electron FS was reported with isotropic
gap of about 11.4 meV [87]. The gap structure and symmetry of Bag¢KgsFesAs, is
thus well established with multiple isotropic gaps. The evidence of similar isotropic
gaps with a similar size supports the Fermi surface nesting in the spin fluctuation
theory. Terashima et al. revealed that the nesting FS at the zone center changes
from the o to § FS in BaFe; g5Cog 15As,. It is because the « sinks below Fermi level
with Co-substitution, and 8 F'S shrinks to size similar to 7 electron pocket. Both
of the hole and electron FSs in the BaFe; g5Cog 15As9 have the isotropic similar gap
size, and stay in strong coupling regime, supporting again the Fermi surface nesting
in the spin fluctuation theory.

However, the quasi-nesting model does not always hold. LiFeAs has a bad nesting
between hole and electron FSs. The superconducting gap is nodeless on all Fermi
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Figure 1.16: (Left) Three-dimensional polar plot of the SC gap sizes in
BaggKosFeaAsy. Taken from Ref. [84]. (Right) Polar plots of the SC gap sizes
in LiFeAs. Taken from Ref. [85]

surface. It is fairly isotropic on the hole pocket (except the (), but it is highly
anisotropic on the electron pockets, as shown in the right panel of Figure 1.16.
Intriguingly, the gap anisotropy follow the shape of the electron pockets. The
« hole FS which barely crosses the Fermi level appears to have the largest SC
gap. Borisenko et al. claimed that such anisotropy could not be explained by spin-
fluctuation and instead orbital fluctuation assisted by phonons is the best explanation
for the superconductivity in LiFeAs [89]. Interestingly, 1% of Co substitution will
have the a band sink below the Fermi level [90]. This large SC gap on the o band
persists when it sinks below the Fermi level (Figure 1.17), violated the general belief
that incipient bands (bands that nearly cross the Fermi level) do not play a role
in superconductivity. In addition, the T, does not show any abrupt change, but
continuously decreases from 18 K to 16 K and 15 K with 1% and 3% Co-doping.

Bang showed that the lifted electron F'S in Ba;_, K, Fe,Asy will still have significant
effect on the pairing by inter-band repulsive interaction between hole and electron
F'S [91]. Furthermore, his simulation pointed out that 7, can be remained large when
sufficient intraband attractive interaction was considered. Phonon could mediate the
intraband attractive interaction. Chen et al. reported phonon could act as a bolster to
the superconductivity driven by spin fluctuation interaction supported by intraband
or phonon-like attraction [92, 93]. Later on, Bang reported similar phonon boost
of T, on s+ wave IBSs with incipient band was reported [93]. The author claimed
that the forward-scattering phonon is efficient to boost T.. His model remarked
that all-momentum-scattering local phonon could be tuned into forward-scattering
phonon that continues to boost 7. until the incipient band reach the phonon energy
cutoff.

The SC gap measurement on the 1111 families by ARPES is not well established
due to the weakness of surface and crystal growth, as mentioned above. Kondo et al.
reported an average SC gap value of 15 meV with anisotropy of 20% around the
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Figure 1.17: Extraction of the SC gap from dispersions and SC gap against the
Lifshitz transition in LiFe; ,Co,As. Taken from Ref. [90]

large hole F'S of NdFeAsOq9F¢ 1 [94]. Charnukha et al.claimed that the large hole
FS is surface related, and therefore the only bulk FS is the propeller-like electron
F'S [95]. An incipient hole band at 2.3 meV below the Fermi level was found to
hold 10.5 meV SC gap in the NdFeAsOggFo4, with 7.=38 K [95]. The SC gap
of 5 meV was reported in the middle of the propeller-like shape electron FS, but
gapless in the propeller part. The report on SmFeq 9oCoq 0sAsO, which has T, value
of 18 K, showed a similar band dispersion with that of the NdFeAsOg¢Fg.4. The only
difference is that the top of the hole band located at 6 meV above the Fermi level in
SmFeg 99Cog 03 AsO sinks to 2.3 meV below the Fermi level in NdFeAsOggF¢.4 [83].
The author remarks that these singularities correlate with the high 7, in IBSs, as
the 7, value become double as the hole band sinks below the Fermi level.

1.5.2 Raman scattering spectroscopy studies of Fe-based su-
perconductor

Raman scattering spectroscopy is a common tool to study the Raman active phonon
modes. The eight Raman active modes of 1111 families were reported and four of
them are the out-of-plane vibrational modes [96]. The first report for polarized
Raman active modes was made by Hadjiev et al. [97]. The four out-of-plane Raman
active modes (2414 + 2B;,) can be distinguished and identified easily, as shown
in Figure 1.18. Similar polarized Raman scattering spectroscopy on the phonon
mode was reported on the other families of IBSs [98, 99]. Doping and temperature
dependence of Raman spectra of NdFeAsO;_,F, showed that the Nd (Fe,As,O)
phonons exhibit downshift (upshift) in frequency by fluorine doping [100]. The
in-plane phonon modes (E,) are more sensitive to temperature change and possess
larger temperature coefficients. A strong resonant enhancement for the Fe-related
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phonon modes below incident laser energy of 2 eV was reported by Gallais et al. [101].
Furthermore, the absence of phonon anomaly at 7, indicates the insignificance of
electron-phonon coupling in the superconductivity of 1111 families.
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Figure 1.18: (Left) Four out of plane Raman active mode of LnOFeAs (Ln = Sm, La).
(Right) Polarized Raman spectra of LaFeAsO and SmFeAsO. Taken from Ref. [97]

Besides Raman active modes, the electronic continuum in the Raman spectra
is useful to deduce the gap symmetry and structure if the symmetry properties is
properly implemented. One of the earliest symmetry resolved Raman scattering
spectroscopy was done by Muschler et al. on the Ba(Fe;_,Co,)2As; By controlling
the polarization of the incident light and scattering light, regional momentum space
can be selectively probed. As shown in the left panel of Figure 1.19, By, will probe
M point (electron pockets), while B;, probes X point. A;, will be a zone center
probe. The notation of the B, and By, are interchangable between one Fe and two
Fe Brillouin zone. The notation may be different based on the choice of Brillouin
zone. As can be seen, the spectra in the SC state shows enhancement of spectral
weight, which is an indication of pair-breaking peak in By, and A;, symmetries.

Similar SC gap measurements of the other families of IBSs were reported [103—
108]. The formation of pair-breaking peak will lead to redistribution of electronic
continuum at low energy. The low frequency lineshape below the pair-breaking peak
will give the information of the gap structure. For instances, a stwave will have the
low-frequency intensity complete vanishes, as there is not excitation below the SC
gap. Besides the SC gap, several interesting peaks denoted as collective modes were
reported but will not be discussed in the current dissertation.

Another interesting feature, nematic fluctuations was found in the Raman spec-
tra [109]. Nematic phase is described as a phase where the Cy symmetry is broken
while the rotational symmetry is preserved. Such a nematic phase can be observed in
the region between the Ts and Tx. The nematic anisotropy detected from resistivity
and optical study is much larger than the lattice anisotropy, thus it is commonly
believed that the nematic transition is of electronic origin, and closely related to the
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Figure 1.19: (Left) Crystal structure and Raman selection rules for BaFegAso. (Right)
Normal and superconducting Raman spectra of Ba(Feg 939C0q 061)2Ass in different
symmetries. Taken from Ref. [102].

superconductivity. Theoretical study predicted that the Raman response function,
which is the indication of nematic susceptibility, to be maximum at the structural
phase transition temperature (7) in the By, channel [110, 111]. Hence, Raman
scattering spectroscopy have been widely used to probe the nematic degree of freedom
in the IBSs. However, the role of charge, spin and orbital in the nematic fluctuation
can not be distinguished in Raman experiment.
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Figure 1.20: (Left) Tetragonal FeAs layer and momentum-dependence form factor in
BaFeyAs,. (Right) Temperature dependent Raman response of BaFesAs, in 22 — 9
(Bigy) and zy (By,) symmetries. Taken from Ref. [109].

As shown in the right panel of Figure 1.20, the Raman response, which is correlated
to the nematic susceptibility increases and peaks at the T in 22 —y* (By,) symmetry,
while the zy symmetry barely changes with temperature. Gallais et al. argued that the
nematic susceptibility observed in the By, symmetry of Ba(Fe;_,Co,)2As, originates
from charge fluctuations (light couples better with charge) and the nematic fluctuation
couples weakly with the lattice by comparing with the elastic modulus [109]. The
author further revealed a nematic quantum critical point (QCP) near the optimal
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doping region. An interesting peak, denoted as nematic resonance peak (similar to
the other collective mode) was observed at frequency below the SC gap, sharply
enhanced at the nematic QCP [112].

On the other hands, Kretzschmar et al. suggested a magnetic fluctuation as
an origin of the nematic susceptibility in the Bj, symmetry of Ba(Fe;_,Co,)2Asy
which peaks at T but vanishes Ty [113]. The nematic susceptibility probed in the
LaFeAsO has a different behavior. The nematic susceptibility peaks at and fades
below Ty, which suggests the nematic transition is magnetically driven [114]. The
temperature dependence of the nematic susceptibility for Ba(Fe;_,Co,)2Asy and
LaFeAsO are displayed in Figure 1.21. After all, the debate of nematicity about
charge, spin or orbital fluctuations remains unsettled.
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Figure 1.21: (Left) Curie-Weiss fits of the nematic susceptibility in the
Ba(Fe;_,Co,)2Ass, taken from Ref. [109]. (Middle) Temperature dependence of
the initial slope of the fluctuation response in the Ba(Fe;_,Co,)2Ass, taken from
Ref. [113]. (Right) Temperature dependence of area A, width I" and height A/I" of
By, Lorentzian QEP in LaFeAsO, taken from Ref. [114].
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Objective

In these 14 years of research on Fe-based superconductors (IBSs), many intriguing
and often puzzling properties slowly emerged as the research journey moves on.
Superconductivity can be induced suppressing the antiferromagnetic order of the
parent compound with carrier doping. Hence, the phase diagram of the 1111 system
shows multiple superconducting domes (SC) and antiferromagnetic domes (AFM),
which are challenging the current understanding of the pairing mechanism. The
spin-fluctuation through the nesting between the hole and electron Fermi surfaces
(FSs) is one of the plausible candidates for the pairing glue of superconductivity.
However, it can not adequately describe the rich phase diagram of the 1111 system.

The optimally-doped LnFeAs(O,F) have the highest 7,.. However, the band
structure observed by angle-resolved photoemission spectroscopy (ARPES), such as
the propeller-shape electron FS, d,, hole FS and degenerate d,./,. hole F'S do not
agree with the theoretical prediction. Besides, the emergence of AFM2 and SC2 (SC3
and AFM3) by isovalent doping (heavily hydrogen doping) has raised the question
of a unified pairing mechanism in IBS. Transport and ARPES study has suggested
two different pairing mechanisms for SC1 and SC2 regions. NMR measurement
also suggests multiple AFM spin-fluctuation derived from different Fe3d orbitals.
However, multiple pairing mechanisms are not identified yet. Moreover, the gap
symmetry of the 1111 system is not well established.

The main objective of the current dissertation is to understand the pairing mecha-
nism. This will undoubtedly give a unified picture of the pairing mechanism. Recently,
nematicity becomes a topic in the IBSs. The emergence of superconductivity is
associated with the suppression of nematic fluctuation. The nematic fluctuation
studied by Raman scattering spectroscopy reveals a quantum critical point near to
the optimally-doped composition of Bal22 system. Nematicity is well-studied in
122 system, but not the 1111 system. The nematic fluctuation is reported magnetic
driven in LaFeAsQO, but the relationship with superconductivity is not clear.

Several targets are listed below to tackle the unsolved issue mentioned above:

e Single crystal growth of heavily electron doped Lallll for the study of SC3
and AFM3.
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e Dircct observation of the electronic band structure changed by P-substitution
via ARPES.

e SC gap determination by ARPES and Raman scattering spectroscopy to verify
the possible different pairing mechanism in As/P system.

e Searching for any phonon anomaly in the isovalent doping system.

e Searching for signature of nematicity and their relationship to superconductivity
by Raman scattering spectroscopy.

Overall, this dissertation serves the purpose of studying, understanding the elec-
tronic states of LnFeAs,_,P,0,_,F, and finding the key component of superconduc-
tivity.
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Experiments

LaFeAs,_,P,0,_,H, and NdFeAs;_,P,O¢oFo: are of interest in the current dis-
sertation. In order to study their intrinsic properties, single crystals are preferred.
NdFeAs; ,.P.Og9Fg 1 single crystals was successfully synthesized by Akira Takemori
and available for experiment. For the purpose of clarifying the pairing mecha-
nism in 1111 system, I investigate the z dependence of the electronic structure
of NdFeAs;_,P,O¢oFo1 by angle-resolved photoemission spectroscpy and Raman
scattering spectroscopy. Besides, I synthesis single crystals of LaFeAs,_,P,0,_,H,
that situated on the AFM2 and AFM3 phase. These composition is interesting
because they may shed light on the origin of the neighbouring superconductivity
dome.

3.1 Single crystal growth LaFeAs,_,P,O,_ H,

3.1.1 Preparation of precursor LaAs and LaP

In order to synthesize LakFeAs,_,P,0O,_,H,, the precursor compound LaAs and
LaP, must be first prepared. Raw material La powder, As grains/P powder were
used to synthesize LaAs/LaP. Commercial La powder is stored in paraffin oil to
avoid oxidation of La powder, thus La powder must be separated prior to the main
experiment. Mixture of La powder and paraffin oil was transferred into beaker, to
which later hexane was added. It was due to the solubility of paraffin in hexane, since
both of them are non-polar organic substance. Thoroughly cleansing was assured
by putting the beaker into an ultrasonic cleaner for 10 minutes. Used hexane was
exchanged. Above processes were repeated for 6 times to ensure all the paraffin oil
was dissolved in hexane. Mixture was then filtered by using filter paper, and the
cleansed /filtered La powder was moved into the pass box of glovebox without any
delay. La powder was dried in the vacuumed pass box for at least 3 hours. Finally,
the La powder was transferred into the main chamber of glovebox and ready to be
used.

A stoichiometric ratio of 1:1 for La and As/P components were then placed into
quartz tube respectively in the glovebox. The quartz tube was vacuumed (~ 107°
Torr) by using diffusion pump. Quartz tube were then sealed and put into box
furnace for solid state reaction.The quartz tube were heated to 500 °C, kept for 15
hours and then further heated to 900 °C, and kept for 15 hours, and finally cooled
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down to room temperature in 4 hours. The obtained precursor LaAs/LaP was then
checked by X-ray diffraction.

3.1.2 Crystal growth of LaFeAs,_,P,O,_,H,

It has been known that the crystal growth of 1111 system is difficult. Several
techniques have been reported for successfully synthesizing single crystal up to
1 mm. The reported techniques in synthesizing 1111 system are: (1) NaAs [115]
or NaCl [116] flux method at ambient pressure, (2) high pressure method [117]
and (3) NaCl/KCI [118] or NaAs/KAs flux with high pressure method [119]. In
this experiment, high pressure method was used to synthesize single crystals of
LaFeAs;_,P,O;_,H,.

The synthesis is mainly focus on the composition of my interest, which are the
following;:

1. LaFeAsO;_,H,, (0.2 <y <0.5)
2. LaFeAs; ,P,0O, (0.4 <z <0.6)
Additional molar ratio, « for As/P was introduced as self flux to reduce the melting

point of the composite system of LakFeAs,_,P,O,_,H,. The raw ingredients were
prepared as shown in the equation below.

1+ 2y

Fe+ gLaHQ — LaFeAs;1,0:_,H,

1 —
(1—g)LaAs+(g+a)As+TyFegOg+ 5

2 2

1 1
(1—2z)LaAs+a(1—x)As+ (x)LaP+a(z)P+ gFGzOg, + gFe — LaFe(As;_,P.)1400

All the starting materials were weighted in ratio as shown above (Note: actual
product of LaHj is treated as LaH, to not overestimate the H concentration). They
were mixed thoroughly in the agate mortar for about 5 minutes. The total weight
of the mixture was chosen to be about 2.5 g, which corresponding to 9 mm height
after pressing into a pellet under 20 MPa. All the processes were carried out in a
glovebox with oxygen level under 2 ppm.

In order to be able to heat up the sample while maintaining the high pressure,
special parts were necessary for the high pressure synthesis. Assembling parts were
listed in Table 3.1 and shown in Figure 3.1.

Pyrophyllite was widely used in high-pressure industry due to its excellent pressure
transmitting properties. It acts as a pressure medium and thermal insulator due
to its thermal stability in this experiment. Stainless steel ring (SUS) was used to
conduct the current to the molybdenum disc, (high stability in high temperature),
which acts as an clectrical contact, from the anvils. Electrical current passes through
the carbon cell and heat is produced due to the effect of Joule heating. Carbon cell
act as a role of mini furnace, heats up the sample which is isolated by hBN cell.
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Table 3.1: The list of assembling parts for high pressure synthesis.

Number Parts Size No.of piece
1 Pyrophyllite block 021 x 21 x 21 mm? 1
2 Pyrophyllite cover 210 x 4mm? 2
3 SUS ring 212 x #10 x 4mm?3 2
4 Molybdenum disc 212 x 0.3 mm? 2
5 Carbon cell 212 x #10.5 x 12.2mm? 1
6 Carbon cover 210.5 x 0.8 mm? 2
7 hBN cell 210.5 x 9 x 10.6 mm? 1
8 hBN cover 29 x 0.8 mm? 2

Figure 3.1: Assembling parts for high pressure synthesis.

Prior to high pressure synthesis, pyrophyllite and hBN were dehydrated at 600°C
up to 24 hours. The sample pellet was put into the hBN cell and covered up with
hBN covers. The hBN assembly was then put into a carbon cell and covered up
with carbon covers. Molybdenum discs were added on top of the carbon cover. The
set was then covered up by pyrophyllite. The whole process was carried out in a
glovebox. The assembling process of the parts was shown in Figure 3.2.

2 L
3
Sample 8 6 ﬁ
pellet - ' 5

= 4 o=
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Figure 3.2: Assembling proccess for high pressure synthesis.

The assembly was then put onto the center formed by 3 anvils of the lower part
of high pressure machine. 2 sheets of polytetrafluoroethylene (Teflon) were attached
to each of the anvils to insulate the conduction among the anvils. Therefore, the
conduction of electric current is directed from one of the lower anvil to the other one
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at the upper parts. The weight was applied up to a certain value and followed by a
heating sequence. The calibrated relationship between the pressure and the weight
is shown in Table 3.2.

Table 3.2: The calibrated relationship between the pressure and the weight.

Pressure (GPa) Weight (ton)

70
175
280
390
500
605

N O U i~ W N

While maintaining the pressure, the assembly was heat up to 1950 W in 30
minutes and followed by a slow heating to 2050 W, which was believed to be the
melting point(1350 oC) of the composite system. The temperature was maintained
for 16 hours for the seed crystallization. Two stage slow cooling was applied to the
crystal growth for a duration of 2 days. Different type of sequences were applied
to obtain a suitable condition for the crystal growth of 1111 system. One of the
successful sequences is shown in Figure 3.3.

2050
1950
1800

1100

Power (W)

05h1h 16h 30h 24h 4h
Time

Figure 3.3: Synthesis sequences at 220 ton.

3.1.3 Single crystal of LaFeAs,_,P,0,_ H,

Throughout 5 years of research, 60 trials of synthesis were attempted and only few of
them produce single crystals. I would like to separate them in two stages: early stage
and late stage. It is because the synthesis conditions are different. Different type
of nominal concentration were attempted to synthesize the single crystal. Table 3.3
shows the list of the successful synthesis trial and its nominal concentration. The
typical single crystal was about 0.5 mm? to 1 mm? and shown in Figure 3.4.
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Table 3.3: The list of successful synthesis trials.

Trial Nominal concentration Expected x and y Pressure (ton)

Early
9 LaFe(ASOAPO.G)LgO T = 06, Yy = 0.0 260
11 LaFe(ASO,5P0.5)1,3O xr = 05, Yy = 0.0 260
15 LaFe(ASO,6P0.4)1,6O xr = 04, Yy = 0.0 260
16 LaFe(ASO,7P0.3)1,60 xr = 03, Yy = 0.0 260
18 LaFe(ASO,3P0.7)1,60 xr = 07, Yy = 0.0 260
Late
31 LaFeAsO_5P0_5OL3 r = 05, Yy = 0.0 220
46 LaFeAsl‘300,4H1‘2 r = 00, Yy = 0.6 220
55 LaFe4/3(Aso.4P0.6)4/3O xr = 06, Yy = 0 220
56 LaFe4/3As4/3OO.6H1.4 T = 00, Yy = 0.4 220

The EDX is not conducted on the single crystal, thus the actual composition is not
clear. The nominal z is used to describe the crystal. Since, O atom is much heavier
than H atom, the y value is taken based on the 1— nominal O atom concentration.

(a) Trial 9 (b) Trial 11

(e) Trial 18 (f) Trial 31 (g) Trial 56

Figure 3.4: Pictures of single crystal of LaFeAs,_,P,0,_,H,.

3.1.4 Single crystal of NdFeAs; ,P,O(¢F;

The synthesis sequence of NdFeAs; ,P,O¢oFq ;1 single crystal by Akira Takemori is
basically the same with my sequences, with some variation in the control parameter
such as flux concentration, highest temperature and pressure.

3.2 X-ray diffraction (XRD)

X-ray diffraction is often used as a powerful tool to determine the crystal structure
of sample. Hereby, it was used to evaluate the lattice constant and the defect
concentration of the synthesized single crystals. XRD spectra were obtained from
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RINT 2000 (Rigaku.Co). The lattice constant was determined by using the least
square fitting of the diffraction profile.

Powder diffraction patterns of LaFeAs;_,P,0O,_,H, for early stage and late stage
are shown in Figure 3.5 and 3.6. The (00]) peaks was used to determine the c-lattice
constant in the single crystal. The obtained c-lattice constant was compared to
the polycrystalline structure parameter reported by Lai et al. [36], as presented in
Figure 3.7.
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Figure 3.5: Powder X-ray diffraction patterns of LaFeAs;_,P,0,_,H, (Early stage).
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Figure 3.6: Powder X-ray diffraction patterns of LaFeAs,_,P,0,_,H, (Late stage).
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Figure 3.7: x dependence of ¢ of LaFeAs; ,P,0,_,H,.

instead of hydrogen in electron doping.

27

0.6

Lail et al. used fluorine



Chapter 3. Experiments

3.3 Magnetic susceptibility

Magnetic susceptibility is often used to determine the T, of superconducting mate-
rials, through the diamagnetism properties and the Meissner effect. Temperature
dependence of the magnetic susceptibility of the single crystals were measured by
using the Quantum Design Magnetic Property Measurement System (MPMS, Model:
MPMS-7) under 10 Oe magnetic field. The single crystal was inserted in the ori-
entation such that c-axis parallel to the direction of magnetic field, then data was
taken in the two processes of Zero Field Cooling (ZFC) and Field Cooling (FC).
In the first process (ZFC), the sample was cooled down to the lowest temperature
without field (zero field). Once the temperature is stable, 10 Oe magnetic field
was applied. Magnetic susceptibility was then measured during the heating process
up to a temperature above T.. After that, second process (FC) was carried out
by measuring the magnetic susceptibility during cooling process down to lowest
temperature under the 10 Oe magnetic field.

Temperature dependences of magnetic susceptibility of LaFeAs;_,P,0;_,H, for
early stage and late stage are presented in Figures 3.8(a) and 3.8(b). The magnetic
susceptibility value is trivial because the volume fraction can not be obtained due
to the extreme small size of single crystal. I multiply the magnetic susceptibility
value and compared among the crystals. Relatively sharp superconducting tran-
sition and bulk superconductivity can be observed. The x dependence of T, of

LaFeAs,_,P,0,_,H, was presented in Figure 3.9 and compared to the previous
reported phase diagram [36].
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Figure 3.9: = dependence of T, of LaFeAs,_,P,0,_,H, by magnetic susceptibility.
Lai et al. used fluorine instead of hydrogen in clectron doping.

3.4 Angle-resolved photoemission spectroscopy
(ARPES)

3.4.1 Principles

Photoemission spectroscopy is very common nowadays. This technique refers to the
usage of the photoelectric effect, which was discovered by Hertz. This phenomenon
was afterward explained by Einstein. Upon impingement of photon (above threshold
energy)on a matter, electrons received the energy, dislodged and escaped from the
surface of matter. The energy of the photoelectron can be written as Ey;,, = hv — ¢,
where ¢ is the work function of the material, which is a measure of the potential
barrier preventing electrons from escaping the surface.

For simplicity, the ARPES can be described as follows. A beam of monochromatic
radiation is incident on the sample. Here the latter’s angle is fine-controlled by
the goniometer of the manipulator in the system (so called angle-resolved). By
photoelectric effect, the photo-emitted electrons, photoelectrons escape into the
vacuum in all directions. The photoelectron are detected by an electron energy
analyzer with a certain range of acceptance angle. By collecting the information of
the acceptance angle, 9, the kinetic energy of the photoelectron can be measured.
The kinetic energy can be transformed into wave vector/momentum, p = v/2mFy;,.

Within a non-interacting electron picture, a total conservation of energy and
momentum can be applied here. One can relate the information of the kinetic energy
of the photoelectron to the binding energy of electron in the sample, as shown in
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Figure 3.10: Fundamentals of the photoemission process. Taken from Ref. [120].

Figure 3.10. The photoelectric effect equation can be rewritten into:

Ekin = hV — qb — |EB|7 (31)

where Fy;, is the kinetic energy of the photoelectron, hv is the photon energy, ¢ is
the work function of the sample (¢ = E,o — EF), and Ep is the binding energy of
the electron in the sample. As mentioned above, Ey;, can be transformed into the p:

p = hk = \/2mEy;y,, (3.2)

where, A is the reduced Planck’s constant and m is the electron rest mass. The
photoelectron momentum can be resolved into the components parallel and perpen-
dicular to the sample surface as shown in Figure 3.10a. The polar emission angle ¢
is taken into account in the resolved parallel and perpendicular momenta.

hk:‘l’lc — \/2mEpin (sin 6 cos ok, + sin O sin k) (3.3a)

hki = v/ 2mFE};, cos b (3.3b)

Here, with larger 6 , one will probe the electron with k in higher-order Brillouin
zone. By subtracting the reciprocal lattice vector G, one will obtained the reduced
electron crystal momentum in the first Brillouin zone. In non-interacting electron
picture, kinetic energy and momentum should be conversed. However, the total
conservation of momentum only valid in the in-plane direction but not the out-of-
plane one. It is because the translational symmetry is protected in the in-plane
direction (parallel), while the surface of sample break the translational symmetry in
the out-of-plane direction (perpendicular). It leads to the relationship below:

hkj, = hk| (3.4a)
hk' # hk’ (3.4Db)
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where ¢ stands for initial state and f stands for final state. Nevertheless, the initial
state of electron momentum in perpendicular direction can be extracted within the
non-interacting electron approximation, by recognizing the surface potential:

hk' = \/2m(Ep, cos? 0 + Vp), (3.5)

where, Vj is a constant value, so called inner potential. This value can be determined
experimentally via the photon-energy-dependency of the periodicity of the data in
perpendicular direction. This approximation is valid provided that the photon energy
is low (tens to hundreds of eV for the photon momentum to be negligible).

Most of the ARPES experiment are performed with a photon energy within the
vacuum ultraviolet region, which is about 6-124 eV. The advantages of using lower
photon energies is that high resolution in both momentum and energy can be achieved.
In addition, the photon momentum can be ignored, since it is much smaller than
the Brillouin zone. The main drawback of using lower photon energies is the short
mean free path of the photoelectron. Based on universal curve for inelastic mean free
path, typical synchrotron light source with 20-100 eV results in about 5A mean free
path. This means that large portion of the photoemission intensity will come from
the topmost surface layer. This makes the ARPES an extremely surface sensitive
technique. It has its pros and cons. For its pros, surface states in the topological
insulators and Wely metals can be easily probed. However, system with large c-axis
and non-neutral charge surface system will face the difficulty to probe the bulk
properties. In order to learn the bulk(surface) properties , ARPES experiment is
needed to be performed on atomically clean and well-ordered flat surfaces. The
most common way is to prepare the sample prior to experiment, cleave in situ and
measure in ultrahigh-vacuum system (< 5 x 107! torr or 6.66 x 107 Pa). Lately,
there are several advanced thin film growth technique incorporate on the ARPES
system such as molecular beam epitaxy and pulsed laser deposition.

To describe the photoemission process in ARPES experiment, there are 2 different
models, one step model and three-step model. One step model treats the photoemission
process, whereby photon absorption, electron removal and electron detection as a
single coherent process. This include bulk, surface and evanescent state in one single
hamiltonian. The one step model is not often used because of the complexity. For
this reason, photoemission process is usually described within the three-step model,
namely, the process is separated into three independent processes:

(i) Excitation to the bulk final state by the photon absorption.
(ii) Travel of the excited electron to the surface boundary.

(iii) Transmission through the surface into the vacuum.

Thus the photoemission intensity is represented by the combination of the probability
of the optical excitation, the scattering probability of the excited electron traveling
to the surface and lastly the transmission probability of the photoelectron through
the surface barrier. The most important part in the three step model is the step
(i), which represents the intrinsic electronic structure in the sample. Step (ii) is
related to the mean free path of the excited electron(without scattering) or inelastic
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scattering which results in continuous background in the ARPES data. Step (iii)
depends on the energy of the excited electron and the material’s work function. To
evaluate the the intrinsic properties of the sample, one have to formally describe the
transition probability wy;, for an optical excitation (from initial ground state to final
excited state), which can be approximated by Fermi’s Golden rule:
21 N Ny |2 N N
wpi = == [(UF | Hine|; ) OEY — EY —hw), (3.6)
where U2 is the N-electron ground state, \I/}V is one of the possible final states. The
interaction between photon and electron system is treated as a perturbation and
given as H;, in Eq.(3.7), where p is the electronic momentum operator and A is
the electromagnetic vector potential. The perturbation is simplified by using the
commutation relationship, [p, A] = ihV - A = 0, since A is constant over atomic
dimension in UV region.
° (A A =-"A4 3.7
5o (A ptp-A)=——A-p (3.7)

Hint - -

To simplify photoemission process description, sudden approximation was intro-

duced, assuming that excited electron travel with high energy, escaped from the

sample instantaneously without any interaction with the N-1 system. Then, the
matrix element in Eq.(3.6) can be written as:

(UF [ Hia [ 07) = (@[ Hinelo7) (T 71T, (3-8)

where (¢%|Hine|oF) = MF, is the one-electron dipole matriz element, and the sec-
ond term is the (N-1) electron overlap integral. The photoemission intensity is
proportional to the integral of the transition probability:

I(k,w) o< > IMFPY el *S(E) — EY — ho), (3.9)
fii m

where [cp]? = [(PN-H TN )|? is the probability of the N-1 system in the excited
state m, which could be described by Green function and contribute to the one particle
spectral function. Without getting into detail of the one particle spectral function,
the total photoemission intensity by three step model with sudden approximation is
given as:

I(k,w)=Iyk,v,A)f(w,T)A(k,w), (3.10)

where Iy(k, v, A) is proportional to the matrix element, f(w,7T") is the Fermi-Dirac
distribution and A(k,w) is the one particle spectral function, which is important to
retrieve the intrinsic properties such as electron self-energy (not discussed in this
work).

3.4.2 Matrix element effect

In this work, we mainly focus on the matrix element effect in the ARPES experiment.
The matrix element do not carry any information on the band structure of the sample.
However, the orbital information of the electronic states can be revealed if proper
treatment on the geometries is taken beforehand. Remember that
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|ME* = (@ Hin|6F) (3.11)

e th
where H;,; = ——— A - p. By using the commutation relationship [z, H] = —p, we
m

can write the matrix element is geometry form.

|MF[? o< [(@fle - lof) [, (3.12)

where € is a unit vector along the polarization direction of the vector potential A.
In order to have non-vanishing intensity, the whole integral must have even function
with respect to mirror plane(the plane that incident photon, emitted photoelectron
and analyzer slit of the detector lie). Moreover, the final states qb"? must be an even
function too, otherwise it will be zero at the mirror plane. It means that (€ - x)|¢F)
must be an even function for non-vanishing intensity. The polarization of the incident
photon, and the parity of the orbital in the sample determine the photoemission
intensity.

Matrix element effect is very useful in determining the orbital character of the iron
based superconductor with five 3d orbitals. In most of the ARPES experiments, the
analyzer slit is fixed in position(z position of the sample), while the sample can be
rotated in 3-axes to a certain extents. Aside from discharge lamp type light source,
laser and synchrotron light source can be linearly polarized into vertical (S) and
horizontal (P) configuration. With the information of the spatial symmetry of the
orbital in iron based superconductor sample with respect to the xz mirro plane,
one can differentiate the Fe 3d orbital character by comparing the photoemission
emission in S and P polarization photon, as shown in Figure 3.11.

(b) even

Figure 3.11: (a) Typical ARPES setup.(b) Illustration of the spatial symmetry of
the 3d orbitals with respect to the zz plane. Taken from Ref. [121]

The simulated matrix element for 3d orbital on each experimental setups is shown
in Figure 3.12. One can notice that, if the analyzer slit is arranged in high symmetry
point of the sample, the d,. and d,. can be viewed in two different polarization
configurations, signifying the opposite parity properties. The d3,2_,2 is more sensitive
in out-of-plane polarization with respect to the mirror plane. In short, one can
distinguish the orbital characteristic of the band dispersion by manipulating the
experimental configuration.
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Figure 3.12: The experimental setup and the corresponding simulated matrix element
for the 3d orbitals. The color scale indicate the photoemission cross section. P and
S geometries is used my study. (Pg and Sg is not used) Taken from Ref. [121]

3.4.3 Experimental setup

In this work, I carried out the ARPES experiment on the single crystals of
NdFeAs; ,P,0g9F¢1 using the UVSOR-III Synchrotron at Institute for Molecular
Science, Okazaki, Japan. We used two different beamlines, BL5U and BL7U. Both
of the beamlines have their own strength and weaknesses. BL7U has a photon
energy ranging from 7 to 36 eV. It mainly serves for the superconducting gap
measurement because of the high resolution in energy and momentum dimension due
to its advantages of lower photon energy. On the other hand, BL5U’s photon energy
ranges from 40 eV to 200 eV. It allows users to measure the crystal momentum space
up to the first Brillouin zone and even beyond that. Instead of the common in-plane
ki ARPES measurement, photon energy dependence of ARPES experiment can be
carried out. Hence, k; or k, of the crystal band structure can be easily studied in
BL5U. However, the drawback in BL5U is that the energy and momentum resolution
is not promising due to the high photon energy. In addition, S and P-polarized
photon is accessible in both beamlines.

First of all, before carrying out the ARPES experiment,the most important issue is
that all the single crystal samples must be larger than 0.5 mm x 0.5 mm because the
smallest diameter of alumina post(tools for cleaving) is 0.4 mm. Second, a uniform,
sharp superconducting transition temperature 7, must be confirmed for all the single
crystals. Magnetic susceptibility was performed on all the single crystals. All the
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single crystals was synthesized by A. Takemori in Tajima group as reported years
ago in A.Takemori’s dissertation. The T, value of the single crystal from magnetic
susceptibility is almost the same as before, as shown in Figure 3.13, even if they
are no freshly synthesized. The T, of the single crystals of NdFeAs;_,P,OggF¢.1 are
summarized as in Table 3.4.

<

e x=0.8
o v=0.6
e x=04

X (a.u)

H =10 Oe
Hlle

X {a.u.)

o 20 40
T(K) T (K)
(a) Current T.. (b) T, reported by A.Takemori.

Figure 3.13: Temperature dependence of magnetic susceptibility of single-crystal
NdFeAsl_xPxO().gFo.l.

Table 3.4: The T, of the single crystals of NdFeAs; ,P,OgoFo.1.

x 0 0.2 0.4 0.6
T. (K) 39-43 22-24 16-18 9-11

A special stage will be needed for the ARPES measurement. Stage is separated
into two parts, which I call them as the base stage and the screw stage. They are
made of BeCu and Cu, respectively. The mounting part of the sample stage was
scratched by using rough sand paper to provide a proper adhesion for the silver paste.
EPO-TEK H20E, which is made up of two-components, part A and part B, was used
as silver paste. Part A and Part B were mixed in a ratio of 1:1 thoroughly before
applying on the sample stage. First, the sample stage was screwed onto the base
stage, followed by inserting Indium wire into the interspace between base stage and
screw stage. The Indium wire was made sure to be properly sandwiched between
the stages. The purpose of the indium wire is to enhance the thermal contact and
electrical contact between the base stage and the screw stage. Next, single crystal
sample was adhered onto the screw stage (horizontally) by using the well-mixed
H20E silver paste. The set of the stage with single crystal was then heated at 130°C
for 30 minutes.
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Once the sample is fixed on the screw stage, I orientated the sample axis, such
that Fe—Fe direction is along the analyzer slit (to observe I'-M band dispersion
in ARPES data). In order to know the direction of Fe—Fe of the sample, a Laue
photograph of that sample is required. Thus, all prepared samples on the stage must
be undergoing Laue diffraction. For all the iron based superconductors, there is
quick way to determine the direction of the Fe-Fe and Fe-As. The Fe-Fe [110] and
Fe—-As [010] line is separated by 45°. Within this 45°, a line of laue spots can be
observed lies nearer to Fe-Fe as compared to Fe—As. The orientation of the samples
was rotated, by rotating the screw stage (screwing clockwise), so that the Fe-Fe
is in the horizontal direction(parallel to analyzer slit) in ARPES experiment. The
preferred orientation is shown in Figure 3.14. If the Laue spots are not obvious, one
can find the four strong spots near the center which indicate the Fe—As direction, as
shown in Figure 3.15. Nevertheless, single crystals with weak and blur spots should
be avoided as it might hint the low quality of crystal.

Figure 3.14: Laue photo of NdFeAsy Py 400.9F1 with Fe-Fe direction at horizontal
and vertical direction(Fe-As direction is at 45° with respect to horizontal).

Figure 3.15: Laue photo of NdFeAsOg¢Fo1 with Fe-Fe direction at horizontal and
vertical direction(Fe—As direction is at 45° with respect to horizontal)

After setting up the orientation of the sample, an alumina post was set onto the
sample vertically, to cleave the sample in the vacuum chamber. The diameter of
the alumina pole was flexible but have to be smaller than the size of the sample.
Since the minimum diameter of the post is 0.4 mm, the size of the single crystal
must at least of 0.5 mm x0.5 mmof the side length. The alumina post was then
set on the surface of sample with Torr Seal (Pascal.Co). Then, it was left on the
heater at 130°C for 30 minutes, to harden the Torr Seal. The sample setup is shown
in Figure 3.16. Once the Torr Seal is hardened, Aerodag was sprayed all over the
stage to cut off any possible reflected light during ARPES experiment except the
cleaved sample surface. Finally, the preparation of the sample was finished. The
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stage with sample is ready to be transferred to the manipulator in vacuum chamber
for ARPES experiment.

Alumina post

‘ Screw stage
Sample

Base stage

(a) Side. (b) Top.

Figure 3.16: ARPES sample stage setup.

Since all the samples are arranged in such a way that Fe-Fe direction is in the mirror
planc (horizontally). The matrix element effect can be summarized in Table 3.5.

Table 3.5: The matrix element effect of the ARPES throughout this dissertation.

dzz + dyz dzz - dyz
V2 V2

o s 00 O O

r O O O O O

Direction | Polarization | dy, | dy. | day | dp2_y2 | dy2_yp2

3.4.4 Experimental condition

ARPES measurements were carried out using photon energies ranging from 12 eV
to 40 eV and from 40 eV to 90 eV at BL7U and BL5U, respectively, in UVSOR-III
Synchrotron. The energy resolution is about 18 meV for BL5U and 10 meV for
BL7U. The k. dependence measurements were mainly carried at the BL5U, while
superconducting gap measurements were at the BL7U. Linearly polarized lights
and MBS A1 analyzer were used for all measurements. All of the samples were
cleaved in situ in an ultrahigh vacuum ~ 5 x 1079 Pa. Most of the samples were
cleaved at temperature just above T,.. The calibration of the Fermi level, Er was
done by measuring the gold spectrum, where the gold is in contact with the sample
electrically. Due to time limitation, the gold’s Er was taken as a reference, before
and after the SC gap measurement. Remark that synchrotron light photon energy
may shift in time, the time dependence of the Er can be estimated by assuming a
linear changes between the reference Ep.
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3.5 Raman scattering spectroscopy

3.5.1 Principles

Raman phenomenon was first discovered by C.V. Raman back in 1928. This phe-
nomenon is an inelastic light scattering process, which is different from the already
known elastic light scattering phenomenon, Rayleigh scattering. In the name of
inelastic scattering, Raman effect involves the change of energy and the change of
photon’s direction. Raman scattering is a process that a photon excites an molecule
to a higher state (usually virtual), and the scattered photon is emitted by the excited
molecule that decays to final states. The difference between the incident photon
energy and scattered photon energy is called the Raman shift. There are two type of
Raman scatterings, Stokes and anti-Stokes Raman scattering, where the former has
a higher energy final state while the latter has a lower final states compared to the
initial state. The molecules may either shift rotational, vibrational, or electronic state
during the scattering. Since the molecule is in ground state at room temperature,
thus the Stokes scattering is often used because the Raman response is stronger in
intensity, which is proportional to the probability of excitation. (Anti-stoke scattering
requires the molecule to be in excited state before scattering, thus probability is low)

Raman scattering spectroscopy is known as a powerful tool to investigate molecule
vibrational energy, as the phonon peaks are sharp due to the discrete vibrational
energy by quantum harmonic oscillator. However, not all vibrational modes are
observable in Raman scattering spectroscopy. They are governed by selection rule.
In order to be observable in Raman scattering spectroscopy, the vibration have to
change the polarizability of the molecule, to become Raman-active. If the vibration
does not change the polarizability but the dipole moment, then this vibration is
said to be IR-active. To predict which vibrational mode will be Raman active or
IR active, one have to study the symmetry of the crystal structure of the targeted
samples.

3.5.2 Point group, space group and selection rule

Most of the material have symmetries. A symmetry operation is an action that
leaves an object exactly the same after it has been carried out, which mean the
physical properties is retained. The 5 basic symmetry operators are the identity,
an n-fold axis of rotation, a plane of symmetry, a center of symmetry and an
n-fold improper rotation axis. The combination of these symmetries give rise to
the unique point groups. Now the point group can be defined by using #rreducible
representation, which is the simplest matrix representation. For the point group of
NdFeAs(O,F), Dy, the character table is shown in Table 3.6. To be more specfically,
the NdFeAs; ,P,OgoF¢.1 has a tetragonal ZrCuSiAs-type structure with space group
P4/nmm (No. 129, origin choice 2). Atoms Nd, O/F, Fe and As/P occupy Wyckotf
positions 2c, 2a, 2b and 2c, respectively. With these information,the optical mode of
the compound can be summarized in Table 3.7.

Given the Raman-active mode for the atoms is tabulated, one can search for the
optical phonon directly in the experiment. Remember that the molecule have to be
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Table 3.6: Character table of Dyg,. FE is identity operation, C, is n-fold proper
rotation, ¢ is inversion, .S, is improper rotation and o is reflection in plane.

Dy, E 2C4(z) 20, 20Y 20y, i 2S, on 20, 204 Functions
Ay +1 +1 41 +1 41 41 41 41 41 +1 x? + 2, 2

Ayy +1 41 41 -1 -1 41 +1 +1 -1 -1 R,

By, +1 -1 +1 41 -1 +1 -1 +1 +1 -1 z? — y?

By, +1 -1 +1 -1 +1 +1 -1 +1 -1 +1 zy

E, 42 0 2 0 0 42 0 -2 0 0 (RunRy, (2z,92)
Aw +1 41 41 41 +1 -1 -1 -1 -1 -1

Ay +1 41 41 -1 -1 -1 -1 -1 41 +1 z

B +1 -1 41 +1 -1 -1 41 -1 -1 +1
Bow +1 -1 41 -1 41 -1 41 -1 41 -1
E, +2 0 2 0 0 2 0 42 0 0 (z,y)

Table 3.7: Optical modes of NdFeAs;_,P,O¢9F¢.1 .

Atoms Wyckoff positions Raman modes IR modes

Nd 2c Alg + Eg Agu + Eu
O/F 2a Blg + Eg Azu + Eu
Fe 2b By +E, Ay +E,
As/P 2¢ A+ E, Ay, + Iy,

experience change in polarizability to be Raman-active, thus the Raman scattering
«
intensity can be described as I  |e; - Erl es|2 where e; and e, are the electric fields

of the incident and scattering light, « is the polarizability and ¢ is the displacement.
Therefore, with different combination of polarization of the incident and scattered

light, one can achieve symmetry resolved information, as shown in the function in
Table 3.6.

3.5.3 Electronic Raman scattering spectroscopy

Most of the Raman experiments focus on the phonon, which is mainly discussed
classically. Aside from the optical phonon, electronic excitation is also my main topic
in this work. The quantum description of the coupling between N electrons and
electromagnetic fields can be considered as a Hamiltonian:

N
1 c 2
H = % Ej [pj + EA<T])i| + HCoulomb + Hﬁeld57 (313)

where p = —ihV is the momentum operator, A(r;) is the vector potential of the
field at space-time point r;. The Eq. (3.13) is then expanded into

H=H+ 35— [p;- Alr)) + Alr)) - p,] + 6202 DA - Alr),  (314)

me 4 2m
J
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1
where H' = o Z p?- + Hoowlomb + Heelgs- The second and third terms couple the
j

electrons currents to a single photon and the fourth term couples the electron’s
charge to two photons. The Fourier mode of A(r;) in second quantized notation can
be written as

i | REE L -
A(rj) = Z e T [eqa_q +ejal], (3.15)
2 q

where V' is the volume, q = q;, —q,, afl, aq are the creation and annihilation operators.
€4 is the polarization unit vector of the phonon.

The electronic Raman scattering measures the total cross section of the scattering
event from all the electrons that are being irradiated. For simplicity, the general
expression for a differential light scattering cross section is given as

foRtes W
6. = hré;R, (3.16)

where r2 is the Thompson radius and R is the Raman response (transition rate of
scattering event). The R can be determined from Fermi’s golden rule,

1 _
R=— > e My |*6(Ep — Ep — hw), (3.17)
LF
1
where Z the partitian function, § = T |Mp|? = (F|M|I) the matrix element
B

and w = w; — w,. It sums over the possible initial states I and final states F' in a
solid angle element d€). My is contributed by the last three terms of Eq. (3.14). By
using the second quantized notation, the general expression of matrix element for
Raman scattering can be written as

Mp = %Z Y Pawl@)pss(a)

v a,a,B8,5
(Flchcolv) (Wlches 1) (Flceslv) (vlchea ) .19)
EI—E,,—Fhwi EI—E,,—th

+ei-e > pasl@)(Flciesll).
a,f

Here, |I), |v), |F) represent the initial states, intermediate states and final states,
respectively. The first term and second term represent the momentum density matrix
element arising from the single-photon scattering in second order (Raman scattering
is two-photon process). The third term arises from the two-photon scattering in
first order perturbation theory. The matrix element has a similar expression with
Eq. (3.14). Now, the Raman response, R can be simplified to a correlation function
S of effective charge density function p by substituting Eq. (3.18) into Eq. (3.17)

S@m=%[mwmwm (3.19)
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where

= Z 7(’67 q>c;r¢+qygck,a- (320)

k,o

The Raman scattering vertex function, y(k, q) is determined from the matrix element
and incident or scattered light polarization vectors as

P>
o,B ku
. [+ alp - ellk,) (K |p; - €7 |k) L (k+alpy - ellk,)(k,|p? - el|k)
Ey — By, + hw; Ek+q — By — hw,

—I—Zé selel

v

(3.21)

By using the fluctuation-dissipation theorem, the correlation function (dynamical
structure factor) S can be written in terms of retarded Green’s function where "
is dynamical cffective density susceptibility (imaginary part of Raman response
function), which is the result one seek for.

Slaw) = {1 +n(, I (g,) (3.22)

Since most of the Raman scattering experiment, the visible region laser (~2 eV)
is commonly used, the momentum transferred to the electron is much smaller than
the Fermi momentum, kr in metallic systems. Thus g — 0 limit approximation is
applied in most Raman scattering experiment. In this work, only non-resonant Raman
scattering is considered where the |v) is assumed only comes from a single-electron
excitation (non-interacting system’s limit). In the limit of both small momentum
transfer ¢ — 0 and small energy transfer hw; s < |Eg, — Ej| the Eq. (3.21) can be
simplified into the widely used effective-mass approximation.

ol O’ E},
~(k,q — 0) = e’ 3.23
Within this approximation, electronic Raman scattering measures the effective mass
fluctuations around the Fermi surface. At this point, it is convenient to decompose
Raman vertex into basis functions of the irreducible point group of the lattice. Thus

it can be written in term of basis functions, @, (k)
v(k,q — 0) Z% (3.24)

with p represents an irreducible representation of the point group of crystal. The k
dependence of basis functions points out the capability of electronic Raman scattering
to perform excitation on certain regions of the Brillouin zone by manipulating the
incident and scattering light polarization.
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3.5.4 Experimental setup

The Raman scattering spectroscopy is carrying out by using Jobin-Yvon T64000,
which is equipped with a triple monochromator with a grating density of 1800
gr/mm, a liquid-nitrogen cooled CCD detector and Ar laser line 514.527 nm, as
shown in Figure 3.17. The last monochromator is used as a spectrometer while the
first and second premonochromators are used for filtering out stray light. Both the
first and second premonochromators can be coupled in the additive and subtractive
mode. Subtractive mode which provides a better rejection of stray light especially
Rayleigh scattering was used in present work. Subtractive mode works in such a
way that the diffracted light from the first grating is bandpass filtered by the first
intermediate slit, which controlling the range of frequency in the measurement. The
clean diffracted light is then recomposed by the second grating into a polychromatic
light and passed through the second intermediate slit. At last, the light is directed on
the last grating, spectrometer and CCD for data collection. The cryostat is equipped
with Gifford-McMahon Cold Heads (RDK-205D) offered by Janis Research and SHI,
capable to reach 4.2 K with vibrations on the order of 20 pm.

Third Stage [
4 - 9 = -.-.1.p--... Third Stage Laser 2
g i Aol Exit » Micro/Macro
MONG 3 "::}‘H | + « Triple/Single configuration
{{ e N .‘I I T o - Lateral/Axial entrance
§ /7 t ' ' oy z
N ; i it + Additive/Subtractive mode
uorescence
g -l Adaptation |
WGNG H i - 4 position wheel: Macro/Micro/Triple/Single
1 e f ;
! j Aditive
Double Premonochromator Stage = | : ] T;ﬁ Macro-sample
H/ | ppactatng compartment
I !
MONO 1 —— ?
1 _/_,./-f-""'/-r H - =
(— 4 IES. b )
T . ~_{ y

Microscope

Figure 3.17: The schematic picture of the Jobin-Yvon T6400. Taken from
Ref. [122].(CCD is connected to after the third stage axial exit but is not shown)

The Ar laser line (514.527 nm) is originally vertically polarized. The laser is cleaned
up by using a spatial filter which made up of a set of 75 mm plano-convex lens and
100 pm horizontal slit, before reaching macrochamber. Since, the original laser is
already vertically polarized, the polarization can be rotated by using a half-wave
plate before focusing onto the sample. The scattered light is then collected and pass
through a Glan-Taylor polarizer. Remark that the grating reflectivity is low for the
horizontally polarized scattered light (z-direction) in our setup, alternative approach
is required if the scattered light is preferred in x geometry. An extra half-wave plate
is required to rotate the horizontally polarized scattered light (z-direction) to vertical
y direction (it does not change the geometry of the polarization of incident and
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scattered light, it is rotated after the scattering polarizer). The schematic illustration
of laser setup is shown in Figure 3.18.

Y Sample
- IL’ : chemeet
Laser i

514n

& /=110 mm
V % .lens | o>
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iris 100um o ez |
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— | ) N ;e

‘l\[ ‘ wavep late
I\A A Triple monochromator
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Figure 3.18: The schematic picture of the laser sctup.

The common Raman scattering geometries are backscattering and right-angle
scattering geometries. The Porto’s notation is used to indicate the configurations of
Raman scattering experiment. It consists of four letters, A(BC)D, where:

e A = the direction of the propagation of the incident light (k;).
e B = the direction of the polarization of the incident light (e;).
e C = the direction of the polarization of the scattered light (es).

e D = the direction of the propagation of the scattered light (k).

Our Raman scattering configuration is pseudobackscattering, the incident light is
propagated in zz direction, in between the common backscattering and right-angle
scattering.

First of all, similar to ARPES experiment preparation, the single crystal of
NdFeAs; . P.OgoFg1 with good SC transition was chosen. The sample stage surface
was roughly polished using sandpaper to increase the adhesion of silver paste. Then
the flat single crystal is pasted on the sample stage by using the EPO-TEK H20E
(the same silver paste used in ARPES). The sample must lie horizontally on the
sample stage(ab surface parallel to the surface), since our Raman scattering setup
do not have the capability to rotate in 3-dimension. The sample stage was then
heated at 130°C for 30 minutes. Same cleaving method as ARPES was applied on
the raman scattering experiment The alumina post was then set on the surface of
sample with Torr Seal (Pascal.Co). Then, it was left on the heater at 130°C for 30
minutes, to harden the Torr Seal (Normal silver paste D-500 and scotch tape cleaving
method does not work well on 1111 system, probably due to the non-neutral charge
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bonding layer in 1111 system). Different from ARPES, where cleaving is taken place
in vacuum; Raman scattering spectroscopy do not require a perfect surface. The
sample was cleaved by knocking over the alumina post before inserting into the
macrochamber.

The sample stage is then inserted into the cryostat and tightened by screws. Then
the cleaved surface can be tested by laser. A good surface should have a minimum
Rayleigh scattering, while a surface with point and line defect will give rise to a
strong Rayleigh scattering. These strong intensity of count will damage the pixel in
the CCD and will become a hindrance when low energy spectrum is required. A good
Raman spectrum is a spectrum with least Rayleigh scattering. Even though our
triple monochromator are able to reject most of the stray light, especially Rayleigh
scattering, it would be favorable to have a sample surface that produces least elastic
scattering.

3.5.5 Experimental condition

The orientation of the sample was adjusted at the cryostat. The sample axis was
rotated such that the Fe-As direction is aligned horizontally (difference with ARPES
which is Fe-Fe). Afterwards, the macrochamber is evacuated to 5 ~ 107% Torr
by a turbo pump. The entrance slit and the exit slit, before and after the double
premonochromator, respectively, were fixed at 400 um to give reasonable tradeoff
between count intensity and resolution. The laser beam spot was then defocused
to cover as much as the measuring window (400umx 500um). The laser power
was carefully chosen, as the strong intensity of photon will damage the sample
surface. The laser will heat up the sample locally. This local heating effect should
be avoided especially for measurement of electronic states in the vicinity of phase
transition. The laser power of 10 mW laser was chosen at temperature above T,
of the sample, while 2-4 mW for temperature below T,.. The local heating effect is
estimated by 1 K/ 1 mW. The estimation can be done by first setting the parent
compound to temperature just a few K below the Ts and followed by laser irradiation.
The crystal’s temperature increases and undergoes structural transition, where the
scattering intensity changes abruptly. The relationship between laser power and
temperature can thus be determined. (Noted: Bal22 parent compound was used as
reference because I do not have single crystal of 1111 parent compound)

The data was taken with acquisition time of 600 seconds and repeated up to 3 times.
The 30 minutes measurement was further repeated for 8 times, it takes totally 3
hours to collect data of a single Raman spectrum for temperature below T,.. With the
advantage of subtractive mode, the stray light is rejected, the reported measurable
low-energy limit is 5 em™!. However, due to possible hindrance of Rayleigh scattering,
the low-energy limit in this work is about 20 cm ™. The energy resolution by pixel is

roughly 0.3 cm ™.

Since A4, Bi4 and By, are Raman active, which can be observed by using combi-
nations of polarized incident and scattered light with reference to the functions listed
in Table.3.6. In short, zz or yy geometry probes A;,+ B, yx probes By, and y'z’
probes Bj,. This rule is valid as long as the crystal structure Fe-As direction is along
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x or y direction. Meanwhile, Raman vertex shows that A, and By, configurations
capable to probe zone center and zone corner, respectively. Since A;, can not be
measured alone, it is wise to be separated from B, in order to give a distinct result
between zone center and zone corner. Hence, in this present work, all the samples
were aligned such that the Fe—As direction is in x or y direction. The relationship of
the polarization geometry to the symmetry and basic function is listed in Table 3.8.

Table 3.8: The relationship of the polarization geometry to the symmetry and basic
function, taken from Ref. [123].

Geometry e; s Modes Basis functions @, (k)

1
T, Yy 2,7 z,7 Ay + By é[cos(kma) + cos(kya)] £

1
§[cos(k:xa) — cos(kya)]

'’ %(i +9) %(i Fi) Ayt By leos(haa) + cos(hya)] +
sin(kya) sin(kya)
. 11 1
z'y E(CL’ +9) E(w —7) By + Ay §[cos(kxa) — cos(kya)][1 +
sin(k,a) sin(kya)]
Ty T Y Bog + Ay sin(k,a) sin(k,a){1 +

1
i[cos(kxa) — cos(kya)]}
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Chapter 4

Result and Discussion for
Angle-resolved photoemission

spectroscopy in
NdFeAs;_,P,(O,F)

4.1 Fermi surface mapping

4.1.1 Fermi surface mapping of NdFeAsOF

The in-plane Fermi surface mapping of the NdFeAsOqFy; was carried out with a
photon energy of 59 eV in both P and S-polarization light configurations. Photon en-
ergy of 59 eV was chosen because this photon energy correspond to the high symmetry
point I" in LaFeAsO, based on the photon energy dependence measurement [81]. The
mapping process was carried out by tilting the normal emission of the sample surface,
from -15° to 45°, away from the slit of detector, while in the meantime measuring
the photoemission intensity. The obtained intensity of the energy distribution curves
(EDCs) for each of the angles (cuts) were integrated + 10 meV with respect to the
Fermi level (£/r). The in-plane mapping results are shown in Figure 4.1. The dotted
line in the figure marks the direction of the mirror plane of the system. The double
sided arrow denotes the direction of the polarization vector. Polarization vector that
is perpendicular to mirror plane is defined as S-polarization, while parallel one is
P-polarization. Remember that the real crystal unit cell is consist of 2 Fe atoms,
which corresponds to a folded Brillouin zone in the reciprocal lattice. Hence, the
ARPES data was shown in such a way that the I' is located at the (0,0) zone center,
where the hole Fermi surfaces belong to; while the M is located at the (7, 7) zone
corner, where the electron Fermi surfaces locate.

The in-plane FS mapping showed that one huge hole F'S centered at (0,0) in the
P-polarization, covering up to almost half of the Brillouin zone. One may notice a
small intensity right at (0,0), however , this small intensity originates from a hole
band below the Er, which do not form a FS. A propeller-like (clover) shape FS was
observed at (—, ). Similar shape of electron FS were commonly seen in As-end iron
pnictide [74-77]. As mentioned in the previous chapter, d,., d,2, d,2_,2 are allowed in
P-polarization, thus the observed huge hole FS should have either of the mentioned
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x=0 x={
3F 5 —— 3o —
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= oF < 0k
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(a) P-polarization configuration (b) S-polarization configuration

Figure 4.1: In-plane Fermi surface (FS) intensity mapping of NdFeAsOgoF( taken
with hv = 59 eV.

orbital character. However, one should aware that the matriz element is only valid
at high symmetry point, for instance the normal emission of the crystal surface
corresponding to I'-M.

In S-polarization, a considerable small hole F'S was observed at (0,0). Only part of
the F'S shows significant intensity contribution in the S-polarization. This is because
the other part of this F'S has a different orbital character that is not observable in the
S-polarization. Such orbital character change with 4-fold rotation is commonly seen
in the other As-end iron pnictide [124]. Since S-polarization allows the observation of
dy, and d,,, this type of F'S is naturally assigned as d,,/d,, F'S. Worth to mention that
the other part of FS that with d,, orbital should be observable in the P-polarization.
The photoemission intensity of the electron FS is weak at (—m, 7) but strong at (m, )
in the S-polarization. This change in intensity with 4-fold rotation in both P and
S-polarization hints that the propeller-like shape features mainly comes from the
contribution of d,./d,, orbital.

The in-plane F'S mapping shows that there are 2 hole FSs centered at (0,0) and
a propeller-like shape electron F'S at the zone corner, total 3 FSs (considering the
properller-like shape as one FS). This contradicts with the prediction of 5 FSs by
band calculation. To avoid confusion, each of the observed bands is identified as
follows and used throughout this dissertation.

ay the hole band below Er observed in the P-polarization.
a the hole F'S observed in the S-polarization.
as largest hole F'S observed in the P-polarization.
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4.1.2 x dependence of the Fermi surface topology

The same experiment, procedures were carried on the NdFeAs; ,P,OgoFo; (z =
0.2,0.4,0.6) single crystals. First, the in-plane F'S mapping for z = 0.2 in both P
and S-polarization are shown in Figure 4.2. Same as the one for x = 0, a large
hole FS a3 can be observed around (0,0) in P-polarization. A stronger intensity
of oy than the case of z = 0, is observed right at (0,0). Similarly, a d,./d,. type
of hole FS, a3 is observed in the S-polarization. On the other hand, the electron
pocket at (—m, ) has a slight different shape than the propeller-like shape. Circular
shape can be seen around (—, 7) in the P-polarization while extremely weak in the
S-polarization. In short, the intensity of oy become apparent and a circular electron
pocket appears with 20% P-doping, while the other FSs remain the same.

x=0.2
3o ———
hY hv==67eV
2k
S 1k
&
Q;\ 0 = .
1k /3
fa
22 -1 0 1 22 -1 0 1
k(m/a) k(m/a)
(a) P-polarization configuration (b) S-polarization configuration

Figure 4.2: In-plane Fermi surface (FS) intensity mapping of NdFeAs, sPy200.9F¢1
taken with hv = 67 eV.

With further P-doping, at = 0.4, the large hole FS, a3, barely unchanged
around the (0,0) in the P-polarization. Interestingly, the strong intensity of «; band
vanishes as shown in Figure 4.3(a). Proper band dispersion investigation reveals
that there are two small FSs at (0,0). This possibly hints that the a; might cross
the Fermi level. The candidate for the second FS could be the aq that is observable
in the S-polarization as indicated in Figure 4.3(b). The weak intensity of hole
FS in P-polarization might due to the low photon count from photon energy of
40 eV. The electron pocket at (—m, ) does not has a propeller-like shape anymore.
Circular shape and a small dot can be seen around the (—m, 7) in the P-polarization,
possibly hints the 2 circular electron F'Ss. The electron FSs are extremely weak
in the S-polarization. The FS topology changes as the a; crosses the Fermi level
between x = 0.2 and 0.4.

Lastly, the in-plane FS mapping for x = 0.6 in both of the P and S-polarization
are shown in Figure 4.4. As usual, the large hole FS; a3 can be observed at (0,0)

49



Chapter 4. Result and Discussion for Angle-resolved photoemission
spectroscopy in NdFeAs; ,P,(O,F)
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Figure 4.3: In-plane Fermi surface (FS) intensity mapping of NdFeAs)sP¢200.9F01
taken with hv = 67 eV.
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Figure 4.4: In-plane Fermi surface (FS) intensity mapping of NdFeAs 4P 600.9F 0.1
taken with hv = 60 eV.

in the P-polarization. Two inner circular FSs with strong intensity are observed at
(0,0), instead of weak intensity that were observed in the case of x = 0.4. This could
be due to the effect of different photon energy used in the experiment. Another
possible reason is that more occupation of d,., orbital character in both FSs compared
to the case of x = 0.4. On the other side, a typical d,./d,. o, is again, observed in
the S-polarization. A small F'S can be seen around the (—m, 7) in the P-polarization
while a weak and bigger electron pocket is observable in the S-polarization. Both P
and S-polarization possibly hint the 2 circular electron F'Ss.
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4.2 k, dependence

4.2.1 k, dependence of NdFeAsOgF

As the measurement in the in-plane two dimensional direction maps out the k, —
k, momentum space, photon energy dependence is used to map k, momentum,
completing the 3D mapping of the band structure. Hence, the determination of high
symmetry point is possible. In general, only band structure in high symmetry points
are of interest. 1111 system is nearly 2D, and the determination of high symmetry
point could be difficult due to the lack of k, dependence. Fortunately, a barely 3D
d.> hole band is predicted in range of I'-Z point. This d.2 is expected to shift in
binding energy (Ep) with k.. So the photon energy dependence of the d,2’s binding
energy will give the information of the high symmetry point. The high symmetry
point such as I" and Z point can be determined by matching the periodicity of the
3D wrapping feature to the k, periodicity. However, such matching need to be done
by introducing an inner potential, as a constant parameter because the momentum
is not conserved in the k, direction.

The k. dependence of NdFeAsOggFg 1 in the P and S-polarizations are shown
in Figure 4.5. It was obtained by integrating the photoemission intensity of the
momentum distribution curves (£10 meV with respect to Er), at high symmetry
line (black dotted line in Figure 4.1) for each photon energies. The integrated MDCs
were then plotted against the k., which is another representation of photon energy.
Note that the value of the £k ranges from -1.414 to 1.414, instead of from ”-1 to 17.
It is because the ARPES data is shown in k| instead of k,, for instance, kj =1.414
represents the zone corner. The strong intensity (brown) in 4.5(a) represents the
contour of the ag F'S. The red curve tracks the k. versus k| of a certain photon
energy.
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Figure 4.5: k, dependence of NdFeAsOqoFy ;.
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The k., dependence of the ag FS in P-polarization do not display any periodicity
from 5 to 6.5 in term of k., which is equivalent of 1.5 Brillouin zone in the k..
However, the FS tends to move to higher value of k| as the photon energy increases.
This effect is not intrinsic and is most likely due to the experimental error. The
insignificant intensity at & =0 belongs to the hole band just below Ep, o;. The
changes of intensity at around 80 eV is obvious, and may hint the proximity of
Brillouin zone at this 80 eV photon energy. However, the data below 55 eV photon
energy did not show any change of the photoemission intensity. Coincidently, the
light source was changed from the 1st order to the 3rd order from 80 eV onwards
in the P-polarization. Thus, this change of intensity on the F'S may come from the
light source effect.

The k. dependence of the FS in the S-polarization does not show periodic change
from 5.7 to 6.7. However, we do not observe any change of intensity when crossing
80 eV photon energy (light source is maintained as 1st order in S-polarization). This
indicates that the changes of intensity observed in P-polarization mainly come from
the light source effect. The FSs in both of the P and S-polarization do not show
any periodicity. This result shows that the FS is mostly 2D, and did not provide any
information to determine the high symmetry point.

Since that F'S did not show any k, dependence according to the photon energy, one
may suspect that the band responsible for the wrapping does not cross EFr. EDCs at
k) =0 can be taken and plotted together with photon energy dependence. The bulk
band responsible for k, dependence should show periodic shift of binding energy with
photon energy. The bulk band with £ — EFr = —150 meV shows periodic changes
with photon energy was reported by previously on LaFeAsO [81]. However, in this
study, such a periodic shift of band peak in term of ¥ — Er is not observed. The
detail of the photon energy dependence of NdFeAsOggF ;1 are listed in Appendices,
Figure A.1 and Figure A.2.

Even though the k., dependence data does not provide any meaningful information.
Fortunately, the high symmetry point can be determined through the %, dependence
data for x = 0.2, with inner potential of 12 eV. The detail will be explained in the
next subsection. For now, the inner potential is set to be 12 eV. This value gives us
the result of Z-I'-7Z correspond to 55-66-80 eV photon energy.

4.2.2 1z dependence on the k£, dependence

Similar to x = 0, k, dependence of the FS was carried in both the P and S-
polarization for x = 0.2. The result is shown in Figure 4.6. The kr of the large hole
band, a3 does not change with k., which indicates a 2D FS. The strong intensity at
k| = 0 in the P-polarization originates from the «;. Remark that the o band does
not cross Fr, despite showing significant broad and strong intensity. It is because
the band top of «a; locates just below the Fermi level. The a; band does not show
any 3D feature.

In the case of S-polarization, the kg of ay band does not show any changes with k.,
but at certain k., the intensity become weak. A stronger intensity appears at kj = 0.
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Figure 4.6: k, dependence of NdFeAsygPg2009F0.1-

Remarks that the stronger intensity does not come from the 3D warping of the aw
band, but an additional hole band just below the Fermi level. This additional hole
band shows a k, dependence of the intensity instead of the kr. The inner potential
12 eV was chosen in such a way that I' locates at the region where no intensity at
ky = 0. As a result, the additional hole band below the Fermi level is visible in the
region close to the Z point, but barely visible at I". From this point onwards, 12 eV
was used as the inner potential for all  values. The detail of the photon energy
dependence of NdFeAsqsP2009F¢.1 are listed in Appendices, Figure A.3 and Figure
AA4.

The k, dependence for x = 0.4 was not carried out. The high symmetry point was
determined (12 eV inner potential), assuming the photon energy dependence of the
ARPES result does not change much in the phosphorus doping. The relationship
between the photon energy and the k, of NdFeAsq¢Po.4O00.9F¢1 with 12 eV inner
potential is shown in the Appendices, Figure A.5.

k. dependence of the FS for x = 0.6 was carried in both of the P and S-polarization.
The result is shown in Figure 4.7. The kg of the large hole band, a3 barely changes
with k., which indicates a 2D FS. The two inner hole bands, a; and «s in the
P-polarization remain almost the same. The red dot was plotted as a guideline
for the kr of all bands. FSs in the P-polarization is basically 2D. In the case of
S-polarization, the kg of as band does not show any change with k., namely it
is obviously a 2D FS. Interestingly, the intensity of the additional band reported
for x = 0.2 is not observed here. The detail of the photon energy dependence of
NdFeAs 4P 600.9Fo.1 are listed in Appendices, Figure A.6 and Figure A.7.
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Figure 4.7: ]{Iz dependence of NdFeASOAP()_ﬁOQ.gFO.l.

4.3 Low-energy band dispersion and orbital char-
acter

4.3.1 Low-energy band dispersion and orbital character of
NdFeASOO'gF()_l

In order to understand the superconducting properties of the materials, one need
to know the band structure in the proximity of chemical potential, namely near
Fermi level. Generally, for a simple metal, only the bands that form a Fermi
surface are important for physical phenomenon. The in-plane FS mapping and
the k., dependence of NdFeAs;_,P,Oq9Fy1 have provided the FS information and
revealed the 2D properties of the FS. Extra information on the FSs and the bands
that contribute to the superconducting properties need to be revealed in order to
understand the pairing mechanism.

Low-energy limit ARPES was carried out in both of the P and S-polarization.
The low-energy limit ARPES, E — k image plots were measured at the zone center,
mainly k, = 0, for the validity of matrix element effect in high symmetry point. In
order to observe as many bands as possible, my work focused on the Z point instead
of the I" point. Due to the limit of photon energy of BL5U in the S-polarization,
the lowest photon energy 59 eV was chosen since it is the closest to the Z point. To
pair up with the S-polarization, the P-polarization was carried out in 58 eV. The
difference in k, between 58 eV and 59 eV is insignificant, thus both can be treated
as the same region. The result are shown in Figures 4.8 and 4.9.

From Figure 4.9, a huge hole band, can be observed crossing the Fermi level, while
another hole band «; locates below the Fermi level. The huge band corresponds to
the large F'S a3 observed in the in-plane FS mapping. The hole band, a4 locates just
below the Fermi level is the one that corresponds to the small intensity at (0,0). For
most of the case, if the ARPES data is clean and sharp (least background), one can
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Figure 4.8: ARPES data of NdFeAsOgoFy taken at the Brillouin zone center with
hv = 58 eV in the P-polarization configuration at 7 K. Dashed curves is the result
of the fitting process explained in the text.
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Figure 4.9: ARPES data of NdFeAsOgoFy taken at the Brillouin zone center with
hv =59 eV in the S-polarization configuration at 7 K. Dashed curves is the result
of the fitting process explained in the text.

(b) Second derivative intensity plot,

determine the band dispersion easily from the intensity plot. However, in the case
that there is a significant background and a broad dispersion, treatment is required
to retrieve the intrinsic information from the raw intensity plot.
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The most commonly used treatment is the second derivative method, namely
applying second derivative on the raw intensity plot. This method is powerful in
revealing hidden dispersion if exists. However, there is a drawback in this method.
The second derivative plot has a significant deviation in the peak position from
the original raw intensity plot. Thus, the second derivative method is only useful
in revealing a hidden dispersion. Regarding the peak position, another approach,
MDC/EDC fittings method can be used. This MDC/EDC fitting is a method that
fits the raw MDC or EDC peaks by Lorentzian/Gaussian profile. The peak center and
HWFM of the fitting Lorentzian/Gaussian profile reveal the actual center of the band
dispersion and the scattering lifetime of the quasiparticle, respectively. EDC fitting
is good for flat dispersion while MDC fitting is good for steep dispersion. Besides
these two common methods, recently, new methods such as maximum curvature and
minimum gradient were developed to analysis the dispersion in 2D map. In this
work, only the second derivative and MDC/EDC fitting method were used.

Since most of the band dispersion is steep in Figure 4.8(a) 2nd derivative with
respect to momentum dimension was applied. The result is shown in Figure 4.8(b).
Here, I reverse the contour color of the 2nd derivative order plot in order to match
the intensity plot color (Remember that 2nd order derivative transform a peak
to valley). The second derivative plot reveals two hole bands centered at kj = 0,
consistent with the raw intensity plots. To determine the real dispersion, I fit the
MDCs with 4 Lorentzian across the momentum. The obtained peak positions of the
fitted Lorentzians for were plotted against £ — Er. The F — Er dependence of the
peak positions can then be fitted with a parabolic curve. The fitted parabolic curve
was plotted on the raw intensity plot as dotted black and red line for a3 band and
a1 hole band below Fermi level, respectively.

The same 2nd derivation and the fitting procedure were applied to all the remaining
raw intensity plots. The result for x = 0 in the S-polarization are shown in Figure 4.9.
The hole band ay (green) crosses the Fermi level corresponds to the FS that the
visible in the in-plane mapping. Interestingly, another deep hole band (blue) below
the Fermi level can be observed. However, this new hole band is different from the
ay (red) observed in the P-polarization, since their dispersions are different. Both P
and S-polarization displayed two different hole bands, total up to 4 hole bands at
the zone center. Since the P-polarization allows the observation of d.2, d,2_,» and
d,, orbital character and the S-polarization allows the observation of d,, and d,,
orbital character, the orbital nature of the observed band can be distinguished.

The huge hole FS a3 (black) can be assigned to the d,2 orbital band, while the
hole band «; (red) just below Fermi level can be assigned to the d,, orbital character.
The d;2_,2 is not considered here because they are predicted far from the Fermi
level theoretically. On the other hand, the small FS ay (green dotted) observed in
the S-polarization should have d,, orbital character as mentioned in the previous
section. These three hole bands can be observed in all the 1111 systems [75-77,
95]. However, the observed of band dispersion (blue dotted) deep down below Fermi
level in the S-polarization has not been identified yet. Such dispersion was reported
in LaFeAsO [80, 81], but was assigned to be surface related [81]. Nevertheless,
this hole band is assigned to the v with d,, orbital character because there is no
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Figure 4.10: ARPES data of NdFeAsOgoF(.1 taken at the Brillouin zone center with
hv = 18 eV in the S-polarization configuration at 11 K.

Intensity plot, I
(a) Intensity plot, (b) Second derivative intensity plot,

other possible candidates. The low-energy limit ARPES experiment in the P and
S-polarization performed at BL5U successfully determined the orbital character of
the band structure of NdFeAsOggFg 1.

In ARPES experiments, determination of band structure will be followed up by
a superconducting gap measurement. However, the disadvantage of the 58-59 eV
photon energy is that the energy resolution is about 18 meV due to its high photon
energy. This large energy resolution is not acceptable since it is larger than the
SC gap in the Fe-based superconductor. Thus, a similar low-energy limit ARPES
experiment was repeated at BL7U using a photon energy of 18 eV, with energy
resolution of 10 meV. Photon energy of 18 eV was chosen as it corresponds to a
similar k, value as the case of 58 eV photon energy. The S-polarization is the main
focus in BLTU because of the successful observation of the d,, orbital character hole
band in BL5U.

The intensity plots, the 2nd derivative to momentum and energy plots at photon
energy of 18 eV in the S-polarization are shown in Figure 4.10. A similar band
dispersion with a less background scattering signifies the good quality of the single
crystal. The as d,, band (green) and the v d,, band (blue) can be observed clearly.
Interestingly, a small flat band close to the Fermi level is observed with a comparable
intensity to the d, hole band. This type of flat band is not observable in the high
photon energy probably due to the energy resolution.

This extra flat band located about 18 meV below Ep, should have either d,. or
dg, based on the matrix element effect. However, based on the band calculation,
there should be only two degenerate d,./d,. and one d,, band near the Fermi level.
First, the two degenerate d,./d,. can be assigned to the oy and as, as oy (o) can be
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observed only in P(S)-polarization. The d,, band is predicted to form a FS at (7, )
in 1 Fe Brillouin zone, when the bond angle « is about 109°. In the present result, the
7y dyy band is below the Fermi level and does not form a FS. With both d,./d,. and
d, orbital characters being confirmed in the present result, the remaining question
is the orbital character of the flat band.

Usui et al. argued that the reduction of bond angle « results in the decrease in
nearest-neighbor hopping tx2_y= in the five-band model [53]. Resultantly, the upper
dx2_y2 band above E shifts down and touches the degenerate dxz/dy hole bands,
which induces a band reconstruction and splitting of these bands. A small amount
of dx2_y= orbital character at the band top of the dx, band is the outcome of the
band splitting process of the degenerate dxz/dyz hole bands. In the meantime, this
process is followed by an upward shift of dy2_y2 band to Er. Hence, a FS develops
at (m,m) in the 1 Fe Brillouin zone.

With the above theoretical prediction, the flat band observed very close to the
Fermi level can be assumed to be the outcome of the band splitting, namely a small
portion of d,, orbital character on the band top of the d,, band (Remember that
ARPES result is in 2 Fe Brillouin zone, thus dx2_y= in 1 Fe Brillouin zone is equivalent
to dy in 2 Fe Brillouin zone). Judging from the result of the P-polarization at photon
energy of 58 eV, the d,, band top certainly is located at the same region with the flat
dyy band. In order to confirm the validity of the prediction, the same experimental
condition was carried out in the both Pand S-polarization with 18 eV photon energy.
The result is shown in Figure 4.11. The S-polarization data showed similar features
as the one in 4.10, but with slight scattering. The important dispersion, d,. band,
dyy, band and flat d,, band can be seen in both intensity and 2nd derivative plots.
In the P-polarization, the huge d.» hole band can be observed at the edge of the
2D map. The d,. band, however becomes asymmetric. By contrast in Figure 4.8,
the 58 eV data showed a symmetric d,. with respect to kj = 0. The deviations
between 18 eV and 58 eV data has to be solved in order to determine the real d,,
band dispersion.

In order to determine the real d,, band dispersion, I took another approaches.
Since the k, dependence show no anomaly in the FSs, I measured the low-energy
limit ARPES with photon energy of 26 eV, which corresponds to I', another high
symmetry point. The results are displayed in Figure 4.12. The 26 eV data show
consistent symmetry with the 58 eV (unlike the 18 eV), signifying that the band
dispersion observed in the P-polarization should remain the same at both I' and
7 point. The d,, band observed at 26 eV has its tip located at about 20 meV,
surprisingly in the same region as the d,, flat band observed in the S-polarization.
As expected from the k, dependence in the S-polarization mentioned in previous
section, the d,, is hardly visible in 26 eV, I' but visible in 18 eV, Z point. On the
opposite, the d,. has a stronger intensity persisting into deeper binding energy in I'
point than in Z point. The behavior is believed to be intrinsic.

With the observation of band top of d,, band in P-polarization and the flat band of
dgy in S-polarization lying in the same region of binding energy, the band splitting of
the degenerate d,./d,. hole bands scenario could explain the present result. However,
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Figure 4.11: ARPES data of NdFeAsOg¢F(.1 taken at the Brillouin zone center with
hv = 18 eV in the both P(TOP) and S(BOTTOM)-polarization configurations at
11 K.

the same binding energy of both d,, dispersion and the top of d,. band can be
coincidence.

Orbital character of NdFeAsQOg¢F

Combining the data from several photon energies in both P and S-polarization,
the obtained band dispersion of NdFeAsOggF( 1 can be summarized in Figure 4.13.
In order to simply the explanation of the band structure, each of the hole band
dispersion are denoted as following:
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Figure 4.12: ARPES data of NdFeAsOg¢F(.1 taken at the Brillouin zone center with
hv = 26 eV in the both P(TOP) and S(BOTTOM)-polarization configurations at
11 K.

(d) Second derivative intensity plot,

a; the lower hole band with d,./d,. orbital character (show only d,, in £ — k
image due to 4-fold rotation symmetry).

ay the upper hole band with d,./d,, orbital character (show only d,, in £ — k
image due to 4-fold rotation symmetry).

a the largest hole band with d,» orbital character.

v the hole band with d,, orbital character (located at the (7, 7) in unfolded
Brillouin zone).
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Figure 4.13: Summarized band dispersion and the orbital character of
NdFeASOO.gFQ.l .

Color notation is assigned to each of the Fe3d orbital character as shown in
Figure 4.13. The small dispersion of d,, orbital character is plotted on top of a;
band, which the former could be the outcome of the mentioned band splitting of
the originally degenerated oy /as band. Based on the theoretical prediction, moving
further away from % = 0 in k-direction, the orbital character of d,, will decrease and
switch into d,, orbital character. This effect can be observed in the small portion of
dy, orbital character concentrated in the region near (kj ~ 0, E — Ep ~ —18 meV).
The d,, orbital vanishes outside that confined region. The strong intensity of o
band in the P-polarization hinders the attempt to determine the band dispersion
and its connection to the flat band of d,, orbital character.

In the present work, the orbital character of the band dispersion is successfully
determined via the matrix element effect from the advantage of linear polarization
photon. The above summarized band dispersion is plotted based on the result of
the MDC fitting method and a direct peak determination from the EDC. Despite
the successful fitting, the actual binding energy of the band dispersion can not be
determined accurately. It is because during the ARPES experiment in BL7U, the
sample degraded in a short period of time. The degradation appeared in the form of
dispersion broadening and rigid band shifting. On the other hand, the data from
BL5U did not show obvious band shifting except the band dispersion broadening due
to aging. The quick degradation in BL7U is suspected to originate from non-ideal
vacuum level in the chamber and the polar surface of the 1111-type iron based
superconductors. All the data in BL7U were taken in a vacuum level of 9 x 107
Pa while the data taken in BL5U with 5 x 107 Pa. Even though both the vacuum
level was in the same order, but the difference is about double. The actual time
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dependence of the band shifting will be showed and discussed later.

4.3.2 1z dependence of low-energy band dispersion and or-
bital character

With 20% phosphorus substitution (NdFeAsqgPy2009F0.1), some changes in elec-
tronic properties are expected. The photon energy of 58 eV was chosen at Z point
again, since most of the band is observable. The ARPES data at 58 eV for both
P-and S-polarization are shown in Figures 4.14 and 4.15, respectively.
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Figure 4.14: ARPES data of NdFeAsygPg2009Fo1 taken at the Brillouin zone center
with hv = 58 eV in the P-polarization configuration at 11 K.

(b) Second derivative intensity plot,

As can be observed in the P-polarization, the huge a3 (black) band remain almost
the same size as that for x = 0. However, the inner hole band «; shifts up towards
the Fermi level, compared to the x = 0. The band top of a; almost touches the
Fermi level. The S-polarization also shows a similar feature. The as band with
dy/y. orbital character remain unchanged upon phosphorus substitution. The only
obvious change is the small d,, orbital character dispersion become closer to the
Fermi level. This further supports the suggested band splitting scenario. The v band
observed in the S-polarization seems to have a higher energy, £ — Er ~ —60 meV
than that for x =0, F — Er ~ —50 meV.

The ARPES experiment was then repeated at BL7U with photon energy of 18 eV.
The ARPES data in S-polarization is shown in Figure 4.16. The typical d,. band
dispersion can be observed crossing the Fermi level, despite its weak intensity. Both
the intensity and the 2nd derivative plot show that the v band with d,, orbital
character has a band top located at E — Er ~ —50 meV. Compared to the result
from BL5U, 58 eV, the v band has difference of about 10 meV. This has to be due to
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Figure 4.15: ARPES data of NdFeAsygPg2009Fg1 taken at the Brillouin zone center
with hv = 58 eV in the S-polarization configuration at 11 K.
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Figure 4.16: ARPES data of NdFeAsygP20¢9Fo1 taken at the Brillouin zone center
with hv = 18 ¢V in the S-polarization configuration at 11 K.

Intensity plot, I
(a) Intensity plot, (b) Second derivative intensity plot

the band shifting effect. The small portion of d,, orbital character on the a; band is
observed about 10 meV below the Fermi level. This d,, orbital character on the o
band shows the consistent value with that in BL5U.

In order to verify that the small portion d,, orbital character observed in the
S-polarization belong to the a; band, the direct comparison between P and S-
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Figure 4.17: ARPES data of NdFeAsygPg2009Fo1 taken at the Brillouin zone center
with hv = 18 eV in the both P(TOP) and S(BOTTOM)-polarization configurations

at 11 K.

(d) Second derivative intensity plot,

polarization is needed. Figure 4.17 shows that the asymmetry is observed in the
P-polarization at 18 eV. This asymmetry is similar to the result of x = 0, except
that there is no strong intensity on the negative k (Figure 4.11). On the other hand,
the v band in the S-polarization shifts tremendously toward the Fermi level. The
main reason is due to the aging, bad vacuum level and long hours of measurement.
The same set of ARPES data taken with 26 eV photon energy (I" point) are shown
in Figure 4.18 in order to find out the band top of the a; band top energy position.
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Figure 4.18: ARPES data of NdFeAsygP2009Fo1 taken at the Brillouin zone center
with hv = 26 eV in the both P(TOP) and S(BOTTOM)-polarization configurations
at 11 K.

The 26 eV data shows that the a; barely crosses the Fermi level, and is located
within 10 meV proximity of the Fermi level. This finding is consistent with the
result of 18 eV that the band top of the small portion of the d,, orbital character
is observable. As usual, the d,, orbital character can not be observed with 26 eV
photon energy.

The ARPES result for x = 0.4 in S-polarization at 11 K is shown in Figure 4.19.
Similar dispersion of d,, from a, band, d,, band top of a; and d,, v band can be
observed. Unexpectedly, there is no obvious change from the = = 0.2. According
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to the band split scenario, the d,, orbital character observed at the band top of a;
should cross the Fermi level in accordance with the observed a4 FS in P-polarization
observed in in-plane mapping. The contradiction between the P-polarization in-plane
mapping result and the current S-polarization need to be validated.
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Figure 4.19: ARPES data of NdFeAsy ¢Po.400.9Fo1 taken at the Brillouin zone center
with hv = 18 eV in the S-polarization configuration at 11 K.
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The same procedure was repeated at photon energy of 36 eV, which is another Z
point. Figure 4.20 shows similar dispersion as mentioned in the photon energy of
18 eV, but with better quality dispersion of d,. orbital character. In this photon
energy, the intensity of the d,. and d,, is similar. If one looks carefully, no clear
flat dispersion is observed. Thus, both the intensity and its 2nd derivative plot in
photon energy of 36 eV, hint the possibility of band crossing the Fermi level. The
Fermi surface is very small.

The only available P-polarization data for x = 0.4 was taken with photon energy of
40 eV. The data was taken with different electron lens, leading to a small momentum
area probed and a higher momentum resolution. The E-k map is shown in Figure 4.21.
Caution that the green and blue dotted line plotted on Figure 4.21 was taken directly
from the Figure 4.20 and compared to the band dispersion of the P-polarization data.
As expected, even though the photon energy is different, 36 eV in BL7U and 40 eV
in BL5U, the most inner band observed in both P and S-polarization should be the
same band «q, crossing the Fermi level for x = 0.4. The inconsistency between 18 eV
and 36 eV data could be due to the aging problem and choice of photon energy.

Paying attention to the P-polarization, one should realize that the ay; band
dispersion can be observed here. The d,. orbital character should not be observable
at the high symmetry line, £, = 0, but is observable in the present result. The
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Figure 4.20: ARPES data of NdFeAs ¢Po.400.9Fo1 taken at the Brillouin zone center
with hv = 36 ¢V in the S-polarization configuration at 11 K.
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Figure 4.21: ARPES data of NdFeAsy¢Po.4009Fo.1 taken at the Brillouin zone center
with hv = 40 eV in the P-polarization configuration at 5 K.

(b) Second derivative intensity plot,

possible reason is that the ap band no longer has a pure d,. orbital character, thus
become observable in P-polarization. This hints that the d,. orbital cp band carries
certain weight of d,, orbital, which is observable in P-polarization based on matrix
clement effect. Such orbital hybridization (dxz/dyz to d,./d,.) is predicted when
the bond angle changes from 120° to 109° [125]. Upon phosphorus doping, the
original orbital character on both a; and «s slowly changes into the dx; and dy 4,
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where dx, and dyz can be observed in both P and S-polarizations.

Due to the orbital changes of d,. ., the small dispersion observed in Figure 4.20
could be originated from the a; band. Likewise with the as band being observable
in P-polarization, the oy band can be observed in S-polarization as they both have
same orbital character. The small dispersion of d, can not longer be differentiated
because the overlapping of intensity from small dispersion of d,, and the d,. orbital
from a.
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(a) Intensity plot, I i
Ok?
Figure 4.22: ARPES data of NdFeAsy 4Pg600.9Fo1 taken at the Brillouin zone center
with hv = 40 eV in the P-polarization configuration at 5 K.

(b) Second derivative intensity plot,

Lastly, The E-k map for x = 0.6 is shown in Figure 4.22. Unlike the other
phosphorus doping level, only the low-energy limit ARPES data in P-polarization
was taken. S-polarization data was not taken due to the beam time limitation. The
ARPES experiment was conducted in BL5U with photon energy of 40 eV. From the
intensity plot, as usual the a3 remain unchanged, being the largest F'S. The band
dispersion at (0,0) is similar to the case of x = 0.4. Two FSs can be observed in the
P-polarization. The ay which is mainly full of d,,. orbital character, becomes more
visible in P-polarization, indicating the dehybridization of d,./d,. to dxz/dyz. On
the other hand, the a; band shifts upwards and forms a bigger FS than the one in
r=04.

Unfortunately, I do not have a low-energy limit ARPES data in the S-polarization.
However, based on the k. dependence data, only d,. o band is visible up to
E — Er = —300 meV, when the photon energy is swept from 58 eV to 82 eV. Each
E-k ARPES data is presented in Appendices, Figure A.7. The v band can not be
observed at x = 0.6. One of the explanations is that it is due to the broadening and
aging effect, where the band dispersion is vanishing slowly after cleaving. Indeed, the
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k. dependence data in the S-polarization was taken after the sample was cleaved for
7 hours. The confirmation of 4 band should be conducted by measuring the ARPES
on a fresh sample with photon energy of 36 eV.

Combining the data from several photon energies in both of the P and S-
polarization, the obtain band dispersion of NdFeAs;_,P,0Oy9Fo1 can be summarized
in the following Figure 4.23.
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Figure 4.23: Summarized band dispersion of NdFeAs; ,P,OgogF1 from ARPES.

4.4 Evolution of the band structure in
NdFeAs;_,P,Oy¢F,; with P-doping

With all the E-k of band structure being determined, the evolution of the band
structure with phosphorus doping can be summarized in Figure 4.24.
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Figure 4.24: Schematic illustration of evolution of the band structure with phosphorus
doping in NdFeASl_szOO_gFohl.

The emergence of the inner hole band «y was reported previously Takemori et al.
My present result shows the consistent result that the oy band below the Fermi level,
shifts towards the Fermi level and crosses the Fermi level at £ = 0.4. The o« band
continues to shifts upwards and making a bigger FS with increasing x value. This
systematic changes with phosphorus doping indicate that the a; dispersion observed
in the P-polarization is a bulk band. The evolution of the band dispersion in the
P-polarization is shown in Figure 4.25.
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Figure 4.25: ARPES data of NdFeAs;_,P,0O¢oFo; from = 0 (Left) to z = 0.6
(Right) taken at the Brillouin zone center in the P-polarization configuration. (Top)
Intensity plot (Bot) 2nd derivative plot

The red dotted line marks the dispersion of a; band. The evolution of a; is
obvious, as it shifts upwards with increasing x value. On the other hand, the largest
hole FS a3 shows little changes, slightly increases in size. Aside from this, the ao
band become visible when = = 0.4. From the 5-band model, the d,./d,. on both a4
and as will dehybridize into separate dx, and dy; intersecting elliptical FSs when
the bond angle increases from 109° to 120°. The non-pure d,. on the o, band starts
from x = 0.4 signifies the orbital dehybridization.

The evolution of band dispersion in the S-polarization is shown in Figure 4.26.
Reminds that the d,, orbital can only be observed near the Z point. On the other
hand, d,. orbital is visible in all k. points, with the weakest intensity near 7 point.
The small dispersion with orbital character of d,, can be seen observed just below
Er and possesses similar binding energy with the oy band. Such coincidence can
be accidental or originated from the band splitting process. The ay band which has
dy/y- orbital remains barely unchanged in size with doping. Lastly, the v band deep
below the Fermi level sinks down with phosphorus doping.

The exact E-k position of the v band structure can not be determined accurately,
since the ARPES experiment was conducted in different experimental condition.
Alternative approach was taken as follow. The samples with z = 0,0.2,0.4 were
measured in the same beamtime, beamline and vacuum level, in order to observe a
systematic change of v band in term of energy and momentum dimension.

The vacuum level is about 1 x 1078 Pa, thus the band shifting is expected. The
time dependence of band shifting is required to compare the exact binding energy
of v band among the samples. The single crystal was freshly cleaved above T, and
the in-plane mapping was carried out to determine the high symmetry line, k, = 0.
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Figure 4.26: ARPES data of NdFeAs;_,P,0q9F¢; from x = 0(Left) to « = 0.4(Right)
taken at the Brillouin zone center in the S-polarization configuration. (Top) Intensity
plot (Bot) 2nd derivative plot

The process took for about 1 hour. Then the low-energy ARPES measurement was
conducted first at temperature above T, for 1 hour, followed by another 1 hour
measurement at about 10 K. The time dependence of the band shifting can thus be
determined as the period of measurement is fixed for all samples.
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Figure 4.27: Band dispersion of NdFeAs;_,P,0g9F¢.1 in S-polarization.

Figure 4.27 shows the comparison of band structure that were extracted by MDC
fitting method, for x = 0,0.2,0.4 below and above T,.. Obviously, all the dotted line
(2-3 hours after cleaving) for v band shifts upwards compared to the solid line (1-2
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hours after cleaving), because of the aging effect. The amount of band shifting is
similar, hence the comparison of band structure among = values become meaningful.
The sinking of v band with increasing x can be observed in both time regions. The
above observation is consistent with the prediction of shifting downward of v band
at (m,7) location in 1 Fe Brillouin zone, when the bond angle increases. However,
the present result for x = 0 shows the 7 band stays below the Fermi level, although
the forming of FS is predicted theoretically.

One may argue that the actual location of the vy band is disturbed by the non-polar
surface of the 1111 system. Similarly, the largest hole FS a3 which is not predicted
but appears in ARPES result. The deviation of the d,2 a3 and d,, v band from the
theoretical prediction, could not exclude the possibility of surface effect. Both of the
bands indeed correlated to the bond angle between the Fe and As atom. They are
interchangable in binding energy by tuning the z position of the pnictogen height [34].

The theoretical cleavage behaviour study shows that the top most layer is always
either La—O or Fe—As layers, which gives different in-plane FS mapping result. Fe-As
layer is likely to be the surface layers since the predicted large hole F'S is consistent
in the present result and the other reported 1111 system in-plane F'S mapping. This
large hole F'S, with d,» orbital character is claimed to be shifted up by the surface
compression of the As tetrahedra in z direction, strengthening the FeAs covalency
of the d.» orbital with the As 4p orbital around I'. Thus the large a3 band may
originate from the surface state where z position of the top surface As atom being
compressed to the Fe layer. Consequently, the ag shift up and forming a huge FS
while v band sinks down below the F'S.

4.5 Superconducting gap of NdFeAs;_,P.Oy¢F(;

4.5.1 Superconducting gap of NdFeAsQO(F

The superconducting gap is determined by measuring the low-energy limit ARPES
data above T, and at the lowest temperature in the BL7U. The superconducting
gap measurement in this dissertation is focused on the zone-center hole FSs. S-
polarization is of interest because the ay d,, band forms a F'S and the newly discovered
d., orbital dispersion can be accessed. The ARPES results in the S-polarization
for 45 K and 11 K are shown in Figure 4.28. Most of the dispersion remained the
same after the transition from the normal state into the superconducting state. The
obvious change in the intensity, occurred in the flat band of d,,. The small d,,
dispersion increased in intensity and even become a flatband from a normal parabolic
curve. This shows that the flat band feature originates from gap opening of a normal
parabolic curve.

To further verify the this phenomenon, EDCs for each momentum cut are displayed
in Figure 4.29. The EDCs at 45 K and 11 K show concrete evidence that the d,
band below the Fermi level is involved in the pairing of quasiparticle. The direct
comparison of the EDCs from two different temperatures is needed. The EDCs of
the interest &, for example k| = 0, kp_ and kg, are marked with black color.
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Figure 4.28: ARPES data of NdFeAsOgoFq 1 with T, = 41 K, taken at the Brillouin
zone center with hv = 18 eV in the S-polarization configuration.
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Figure 4.29: EDCs ARPES data of NdFeAsOggFo; with T, = 41 K, taken at the
Brillouin zone center with hv = 18 eV in the S-polarization configuration.

The EDCs at kp and k| = 0 were chosen and compared between 11 K and 45 K.
The EDCs of 11 K and 45 K were normalized at the v band instead of the background
at higher energy, as shown in Figure 4.30. The 11 K data shows that the d,. o
band (krp_ and kg, ) increases in the peak intensity, likely from the superconducting
condensation. The most interesting part is the huge intensity enhancement on the
small d,, dispersion, despite its band top never cross the Fermi level. In most of the
ARPES analysis, the EDCs should be divided by Fermi-Dirac distribution to extract
the one-particle function. Here, instead of dividing by Fermi-Dirac distribution,
the EDCs were symmetrized at Fermi level. Symmetrization takes the unoccupied
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state into consideration, which in the end produces a similar result as dividing by
Fermi-Dirac distribution. The symmetrized EDCs are shown in Figure 4.31.
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Figure 4.30: EDCs ARPES data of NdFeAsOgoFo 1 with T, = 41 K, taken at the
Brillouin zone center with hv = 18 eV in the S-polarization configuration.
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Figure 4.31: Symmetrized EDCs ARPES data of NdFeAsOggFo; with T, = 41 K,
taken at the Brillouin zone center with h = 18 eV in the S-polarization configuration.

The superconducting gap can be estimated by the peak position in the energy
scale. To further look into the low-energy limit, the symmetrized EDCs were shown
in the low-energy range in Figure 4.32. The as band suppressed in the low energy
region and leads to a slight enhancement in the superconducting peak, signifying
the opening of gap. The gap value is estimated to be around 9 meV. On the other
hand, the d,, dispersion peaks at 16 meV. The suppression at lower energy is not
obvious. It is reasonable because it never cross the Fermi level, thus does not have
any quasiparticle between the Fermi level and the band top. The peak formation at
the incipient band in superconducting gap can not be explained as the common band
gap opening. Nevertheless, the sharp peak indicates that the incipient band, with d,,
orbital character plays a crucial role in the superconducting state of NdFeAsOg oFo 1.

If one carefully look at Figure 4.30(b), the slight band shifting can be observed in
the v band. One may argued the possibility of the temperature dependence of the
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Figure 4.32: Symmetrized EDCs ARPES data of NdFeAsOggFo; with T, = 41 K,
taken at the Brillouin zone center with hv = 18 ¢V in the S-polarization configuration.

binding energy of the v band. However, this band shifting originates from the aging
due to the bad vacuum condition. An example of the bad vacuum condition data
are shown in Figure 4.33. This sample was the same sample used in Figure 4.28, but
recleaved after 3 months. The background scattering effect is much stronger than
the previous clean dispersion. Nevertheless, the main feature of the band dispersion
can be observed consistently with the previous result.

Upon going into superconducting state, the condensation on the d,, incipient band
can be observed easily again. The MDC fitting and the EDC peak show that the
~ band shifts up in energy when the temperature is changed from 45 K and 11 K.
However, this rigid band shifting, does not originate from the temperature effect.
The time dependence of the EDCs at kj = 0 shown in Figure 4.33(d), indicates the
band shifting is time-dependent. The time denoted, is the period of time after the
cleaving process of the single crystal. This fast band-shifting may be related to the
bad vacuum level of 1 x 1078 Pa in the ARPES experiment. The peak position of the
~ band shifts towards the Fermi level accompanied by an increment of background
scattering as the time passes. The SC peaks appear as soon as the temperature is set
to 11 K, indicates this condensation of quasiparticle in d,,, incipient band is intrinsic.
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Figure 4.33: ARPES data of the recleaved NdFeAsOq¢Fq 1 with T, = 41 K, taken at
the Brillouin zone center with hv = 18 €V in the S-polarization configuration with
vacuum level of 1 x 1078 Pa.

4.5.2 x dependence of superconducting gap

The ARPES result for z = 0.2 at 30 K and 11 K are shown in Figure 4.34. Most of
the dispersion remained the same after the transition from the normal state into the
superconducting state. The obvious change is the v band position. This is the band
shifting effect due to aging from bad vacuum level. The SC gap measuring process,
started from 30 K first then was followed by 11 K. The v band shifts upwards as
the time passes, similar to the case for x = 0. The other features mostly remain
unchanged. The d,, incipient band become flatter in the E-k plots, likely due to
the superconducting condensation.
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Figure 4.34: ARPES data of NdFeAssP2009Fo1 with T, = 24 K, taken at the
Brillouin zone center with hv = 18 eV in the S-polarization configuration.

Likewise in the result for x = 0, the EDCs of interest were extracted and compared
between the normal state and the superconducting state, as shown in Figure 4.35.
The band shifting of the v band can be seen easily. However, no apparent emergence
of superconducting peak can be observed.
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Figure 4.35: EDCs ARPES data of NdFeAsygP2099F¢1 with T, = 24 K, taken at
the Brillouin zone center with hv = 18 eV in the S-polarization configuration.

Symmetrization on the EDCs was carried out in order to obtain the superconducting
information. The result is shown in Figure 4.36. The additional figure, focused in low-
energy limit is displayed in Figure 4.37. Unfortunately, sign of gap opening is absent
for the ap band. On the other hand, the d,, incipient band increases in intensity,
and shifts towards Fermi level. The evidence of superconducting condensation is not
concrete. The band shifting of v band may transfer some spectral weight to lower
energy area and overlap the incipient band, hinder the SC gap determination.

The SC gap measurement result for z = 0.4 (7. = 16 K) at photon energy of
18 eV is displayed in Figure 4.38. Both the above and below T, data do not show
any obvious increment of intensity. The band shifting, which is due to the aging
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Figure 4.36: Symmetrized EDCs ARPES data of NdFeAsgP20¢oFo1 with T, =
24 K, taken at the Brillouin zone center with hr = 18 eV in the S-polarization
configuration.
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Figure 4.37: Symmetrized EDCs ARPES data of NdFeAsygP20¢9Fg1 with T, =
24 K, taken at the Brillouin zone center with hy = 18 eV in the S-polarization
configuration.

can be observed again in this BL7U data. (a; become observable in S-polarization)
The a; and v band shifts towards the Fermi level, and the dispersion of as become
unclear. Nevertheless, the band dispersion can be fitted and plotted as shown in
Figure 4.38(c).

The exact kp of as can not be determined due to the weak intensity and the
broadening after aging when the temperature is lowered down to 10 K, only the
k= 0 EDC is obtained. Both the EDC and its symmetrized EDC are presented in
Figure 4.39. No SC peak is clearly observed in the 11 K spectrum for both EDC and
symmetrized one. The EDC remains the same with approximate 10 meV upwards
shift of v band.

The SC gap measurement was repeated with photon energy of 36 eV. Worth to
mention that the photon intensity is weak, compared to the 18 eV one. Thus the
signal-to-noise ratio is higher than the usual 18 eV EDC, given that measuring time
is about the same. The result are presented in Figure 4.40. As mentioned in the
previous section, the dispersion of the band top of a; can not be observed clearly,
indicating that the a; band top could be in the unoccupied state. The band is
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Figure 4.38: ARPES data of NdFeAsqsPg4009F¢1 with T, = 16 K, taken at the
Brillouin zone center with hv = 18 eV in the S-polarization configuration.
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Figure 4.39: EDCs and Symmetrized EDC ARPES data of NdFeAsg ¢Pg.400.9Fo.1 with
T. =16 K, taken at the Brillouin zone center with hv = 18 eV in the S-polarization
configuration.

expected barely crosses the Fermi level, as shown in Figure 4.40(c).

Since the oy band barely crosses the Fermi level, the exact kg can not be obtained
accurately. The EDC for kj = 0 and kp of ay band were extracted and presented
in Figure 4.41. No SC peak feature can be observed in both momentum cut. The
symmetrized EDCs in Figure 4.42 summarized that the estimation of SC gap in
x = 0.4 is not a success.

Lastly, the SC gap measurement for z = 0.6 was conducted only in the P-
polarization. The SC gap measurement result at photon energy of 40 eV in the
P-polarization is displayed in Figure 4.43. Both of the data above and below T, do
not show any obvious increment of intensity.

Since three F'Ss can be observed in the P-polarization, the corresponding kp for
each of the band, aq, as and ag were determined. The comparison of EDCs at kg at
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Figure 4.40: ARPES data of NdFeAssPo4009F¢1 with T, = 16 K, taken at the
Brillouin zone center with hv = 36 eV in the S-polarization configuration.
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Figure 4.41: EDCs ARPES data of NdFeAs P 400 9F¢.1 with T, = 16 K, taken at
the Brillouin zone center with hv = 36 eV in the S-polarization configuration.
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Figure 4.42: Symmetrized EDCs ARPES data of NdFeAs P 40¢9Fg1 with T, =
16 K, taken at the Brillouin zone center with hry = 36 eV in the S-polarization

configuration.

19 K and 5 K are shown in Figure 4.44. The spectra remain barely the same with
no superconducting coherence peak, especially for the a; and ay. The EDCs for aj
band do not show enhancement of peak despite the enhancement of spectral weight.
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Figure 4.43: ARPES data of NdFeAsy4Pos00.9F1 with 7, = 11 K, taken at the
Brillouin zone center with hrv = 40 eV in the P-polarization configuration.

The enhancement of spectral weight at 5 K originate from the lost of spectral weight
when the temperature was increased from 5 K to 19 K after a couple of hours of
measurement in the ARPES experiment. The spectral weight loss is most likely due
to the aging cffect.
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Figure 4.44: EDCs ARPES data of NdFeAs 4P s009F¢1 with T, = 11 K, taken at
the Brillouin zone center with hrv = 40 eV in the P-polarization configuration.
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The EDCs for each of the bands was symmetrized and shown in Figure 4.45. Again,
no apparent SC coherence peak emerges in all of the bands. The main possible
reasons for not detecting any SC feature is the low T, value at x = 0.6, which is about
9-11 K. This low T, value suggests a low SC gap which is smaller than 10 meV; while
the energy resolution of the BL5U is more than 10 meV. Since energy resolution is
larger than the SC gap value, it is reasonable to believe that the SC gap can not be
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observed casily. The factor of temperature dependence of SC gap could be the other
reason, since 5 K is close to the T.. The magnetic susceptibility curve of = = 0.6
showed a relative broad SC transition width, suggesting that the sample might not
fully superconducts even at 5 K.
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Figure 4.45: Symmetrized EDCs ARPES data of NdFeAs 4P s009Fo.1 with T, =

11 K, taken at the Brillouin zone center with hv = 40 eV in the P-polarization
configuration.
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4.6 Discussion

The = dependence of the electronic states in NdFeAs; ,P,O¢Fy; by ARPES in
current work is explainable by the band splitting scenario predicted by Usui ct
al. [53]. The changes of band dispersion observed by ARPES can be summarized
into 3 categories. First, the incipient o d,./,. band at x = 0 shifts upwards from
the low energy below Er and crosses Er at (0.2 < z < 0.4). The FS enlarges in size
from # = 0.4 to x = 0.6. A small dispersion with d,, orbital character is observed in
the same region of oy band. Second, the deep ~ band sinks with increasing z. Third,
the d,/,. orbital of oy and ay band is slowly changing to dxz/yz.

The reported non-monotonic variance of physical properties for NdFeAs;_,P,O ¢Fg 1
is presented in Figure 4.46. Takemori et al. explained that the non-monotonic behav-
ior is related to the change of Fermi surface states observed in the P-polarization.
The composition of z = 0.2 is the critical composition for a drastic FS change. He
suggested two different types of FS states with different nesting condition are related
to two T,-raising mechanism in this system [35].

The present results have revealed the orbital character for the band dispersion
observed by ARPES. I replicate the critical composition of x = 0.2 in this system.
The anomalies observed in the physical properties such as n and Ry could be
explained by the Lifshitz transition of a;; band. Furthermore, the orbital character
should play an important role here. Usui et al. theoretically explained that dxz
and dyz orbital in phosphides (z = 1), hybridze with decreasing = and form two
concentric dg/,. hole FSs at x = 0. This process improves the orbital matching
between the electron and hole Fermi surfaces, hence enhances the spin fluctuation
within the d,/,. orbitals [125]. Besides, low-energy AFMSFEs was observed in the
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Figure 4.46: The x dependence of the physical properties for
NdFeAsl_meO.gFo‘l [126]

AFM2 region (0.4 < x < 0.7) in LaFeAs;_,P,O [45], and these low energy-energy
AFMSFs could be originated from d,. . orbital [47].

In the similar region of 0.4 < x < 0.7 in the current work, the a; forms a very
small F'S at zone center. At the same time, the in-plane mapping reveals that the
electron pocket no longer manifests propeller feature, but small FS at (—m, ) for
both x = 0.4 and 0.6. The similar small size of FSs hints the possible improved
nesting between hole and electron FS. However, the actual orbital character of the
electron pocket can not be distinguished as the photoemission intensity at (—m, )
is extremely weak. Nevertheless, the orbital responsible for the electron pocket are
predicted to be either d,./,. or d,,. Both these orbital characters are indeed present
at the top of the oy band (d,, exists if band splitting is real). This clarifies the
good nesting condition is responsible for the AFM2 at x > 0.4. The enhanced spin
fluctuation could be the pairing glue in electron-doped composition near AFM2.

The deviation of the ARPES result from the band calculation at x = 0 is well-
known. The a3 covering almost half of the Brillouin zone and the propeller-like shape
electron pocket were treated as surface states by most of the researchers. Charnukha
et al. claimed that ay are surface related, leading to the absence of bulk hole FS [83].
In this dissertation, I treat most of the observed dispersions are bulk related since
most of the bands changes with x systematically and even shows the gap opening.
The deviated FS at x = 0 might reveal the secret behind the high T, of the As-end
compound. Singularity such as the propeller-like shape electron pocket and incipient
band near the Fermi level are argued to be related to the superconductivity and
attainable over the families of IBSs [83]. The d,, incipient band shows apparent
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condensation in SC state. The presence of incipient band with d,, orbital could be
one of the reason behind the high T, of the As-end compound.

Opening of SC gap on the incipient band was reported in LiFeAs [90]. Miao et al.
shifts the band top below the Fermi level by 1% and 3% of Co substitution. He
found that the SC gap of the band persists even though it does not form FS after
Co substitution. The T, does not show abrupt changes across the Lifsthiz transition,
but decreases from 18 K to 16 K and 15 K with 1% and 3% Co-doping. Several
theoretical studies suggest that opening of gap on the incipient band is possible if
sufficient attractive interaction is considered. Phonon could be act as a bolster to
the superconductivity driven by spin fluctuation interaction supported by intraband
or phonon-like attraction [92, 93].

However, the situation in Nd1111 is different, because the T, increases as the a;
sinks below the Fermi level. The main reason could be due to the fundamental
difference of nesting condition between 1111 and 111 system as the latter F'S topology
is shown in Figure 4.47. Another reason could be the difference of orbital character
in the incipient band. d,.,,. is involved in the gap opening of the incipient band for
LiFeAs while it is the d,, state for NdFeAsOggF.1. It is worth to note that LiFeAs
has large electron pockets. The difference in electron pockets further hints that the
propeller shape electron in NdFeAsOggFo; might play a role too. The propeller
shape electron pockets should be bulk band since A =5 meV SC gap was reported
in the middle of propeller shape electron pocket [95].
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Figure 4.47: (a,b)FS topology of pristine LiFeAs and LiFe( ¢7Cog g3As (c,d) Extracted
kr loci of pristine LiFeAs and LiFeg 97Cog o3As. Taken from Ref. [90]

The SC gap measurement was successful only for x = 0. «y band with d,./,.
displays a SC peak at 9 meV, while the incipient band peaks at 16 meV. The incipient
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band peak does not represent the SC gap value directly, as the band does not cross
the Fermi level. There are several reasons for the absence of superconducting peak
for x = 0.2,0.4 and 0.6 in the present result. The absence of gap in x = 0.2 is likely
due to the aging problem. The band shifting and broadening effect hindered the
extract of SC gap. Besides, the intensity of d,, band drops to its minimum at 18 eV
Z point, while maximum at 26 eV I' point. Photon energy choice becomes a matter
in obtaining the SC peaks in 1111-systems. The absence of SC gap for x = 0.4 and
0.6 could be due to the intrinsic low 7. properties and relative large (10 meV) energy
resolution in synchrotron ARPES.

In fact, SC gap measurement on 1111 system ARPES is not popular due to
the surface states issue. Nevertheless, an average SC gap value of 15 meV with
anisotropy of 20% was observed around the large hole FS of NdFeAsOgqgFo ;1 [94].
Similar incipient hole band at 2.3 meV below the Fermi level was found to hold
10.5 meV SC gap in the NdFeAsOq¢Fg.4, with 7.=38 K [95]. The 5 meV SC gap
was reported in the middle of the propeller-like shape electron FS, but gapless in the
propeller part. However, the assignment of bands in Ref. [95] is different from the
current study. The author treats the incipient band as the d,, that corresponds to
my 7 band, while the two degenerate d,.,,. were deep down below the Fermi level.

A complete comparison of SC gap with the other 1111 systems will be discussed in
the next chapter, together with the SC gap result by Raman scattering spectroscopy.
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Chapter 5

Result and Discussion for Raman

scattering spectroscopy of
NdFeAs;_,P,(O,F)

5.1 Raman scattering spectra in the normal state

The Raman scattering spectra were measured in the three different types of incident
and scattered light geometries, yy, yr and y'z’, where y and x direction is along the
Fe—As direction. The 3z is 45 degree rotated from to the yx. These geometries give
the following modes:

e yy probes Ay, + By,
e yx probes By,

e y'2’ probes By,

assuming Ay, is insignificant. The spectra obtained through yx and y'z’ geometries
can be used directly. In order to obtain the A;, spectra, the B;, contribution need
to be subtracted from the yy spectra.

As reported by the previous study reference on the single crystal of 1111 IBSs [97,
101, 114], four out-of-plane phonon modes related to the Nd, Fe, As, O can be
observed in the yy geometry. The Fe and O phonons observed in the yy geometry
come from the contributions of Bj,. In short, the extraction of real A;, spectra can
be done as follows:

1. Comparing the phonon intensity of O between yy and By,.
2. Multiply By, spectrum to match the phonon intensity in yy.
3. Subtract the multiplied B, spectrum from the yy spectrum.
4. The A;, spectrum is obtained.

The O phonon was chosen as a reference because the O phonon peak is located away
from the other peaks while Fe phonon peak is in the proximity of As phonon peak.
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Even though the A, spectra can be obtained by subtracting the By, contribution,
the effect of the subtraction treatment can not be neglected, leading to lower signal-
to-noise ratio. Since O phonon was used as a reference, the incomplete subtraction of
Fe phonon may happen due to the short acquisition time. Nevertheless, the extracted
A4 spectrum possesses its original phonon modes and the zone centered electronic
information.
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Figure 5.1: Raman-active modes of LaFeAsO. The arrows indicate the vibration
directions of the corresponding atoms, with their lengths representing the relative
vibration amplitude compared to the other atoms in the same mode [96].

First of all, the Ay,, By, and By, spectra of the sample z = 0 were taken at the
room temperature, 290 K. The laser power was 10 mW and local heating of 10 K
was considered here. The temperature dependence of the A,,, By, and By, spectra
were taken and shown in Figure 5.2. From the group theoretical analysis (Table 3.7
in Chapter 3), the sharp peaks in the A;, spectrum are ascribed to the Nd and
As vibrational phonons, while those in By, are the Fe and O phonons. A reference
of the schematic picture of Raman-active modes of LaFeAsO in axial mode was
taken from the Zhao et al. [96], shown in Figure 5.1. Similar photon spectra were
reported previously [97, 101]. The current result shows that the single crystal is in
good quality and do not have secondary phase FeAs phonons, which reported at
240 em™! and 272 em ™! [100]. The A;,, By, and By, spectra show no significant
changes across the wide temperature region. This observation indicates the absence
of structural transition, which break the symmetry in the sample. The tetragonal
symmetry of the sample in the electron-doped 1111 system is protected throughout
the wide temperature region used in the current study.

The temperature dependence of Ay, By, and By, for x = 0.2 and z = 0.4 were
carried out in the same procedure and plotted in the Figure 5.3 and Figure 5.4. The
B, and By, spectra were similar to the one in @ = 0. Surprisingly, additional peaks
were observed after the phosphorus was doped on the arsenic site. The additional
peaks exist at the room temperature and persist down to the lowest temperature.
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Figure 5.2: Temperature dependence of the Raman scattering spectra for x = 0 in

normal state.
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normal state.
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5.2 Analysis of phonons in A, and B;, mode

5.2.1 Phosphorus doping effects

With 20% phosphorus doping, the number of phonon modes increases in the A,
spectrum. Meanwhile, in the B;, spectrum, the number of phonon modes does not
change as shown in Figure 5.3. The intensity strength of the Nd phonon is weaker
than that at x = 0, suggesting that the substitution of As atom affects the vibration
of Nd atom. Interestingly, another small phonon peak appears at the frequency
+15 cm™! higher than the Nd phonon frequency. The A;, spectrum at x = 0.2 has
a broader As phonon than the case of x = 0. Beside this, another relatively broad
phonon appears around 315 cm™!.

With further P-doping at « = 0.4, the A;, phonon spectra become more complex.
The Figure 5.4(b) shows that the Bj, spectra remains almost unchanged, with only
two phonons, Fe and O phonons. In addition to the two unknown peaks, the A,
spectrum of x = 0.4 shows two more additional phonons compared to the one in
x = 0.2, as shown in Figure 5.4(a). A sharp phonon appeared at 250 cm™! just next
to the broad As phonon, which was centered at 235 cm™!. Besides this sharp peaks,
another relatively broad phonon emerges at 293 cm™!.

In general, doping will lead to a changes of displacement of atom on the substitution
site. It can be observed as the As phonon become broader. The number of phonon
branches should remain the same as the symmetry is not broken. The additional 2
phonons and 4 phonons in z = 0.2 and = = 0.4, respectively, hint the possibility of
structural distortion. However, the previous XRD profile of the P-doping in 1111
system did not report any splitting of Bragg peaks. Nevertheless, the evolution of the
phonon changes can be visualized in term of peak frequency and the intensity of the
Nd phonon, decreases by half as the x value increases from 0 to 0.2, and a new peak
emerges just next to it. This decreases of Nd phonon’s intensity should be related to
the rising of neighbouring new peak. With further doping (z = 0.4), the intensity
of the new peak increases while the intensity of the original Nd phonon continues
to decrease and eventually smaller than that of the new peak. This suggests that
the substitution of As atom actually affects the displacement of the Nd atom in the
axial direction. The direct comparison is shown in Figure 5.5(a):

For the P-doping site, the As phonon becomes broad when z = 0.2, and a sharp
peak appears at the proximity of the As broad peak at x = 0.4, where this additional
neighbouring peak is suspected to be related to the phosphorus. It is because the
phosphorus is a lighter element that arsenic, its phonon frequency is expected to be
higher. Lastly, the development of the unknown peak at 315 cm™! can be observed.
Another peak was found at 293 cm™! in 2 = 0.4. The origin of these two peaks is
unclear.

In the case of By, mode, the intensity of the O phonon mostly remains unchanged.
However, the intensity of the Fe phonon drops to half (similarly to the Nd phonon)
at x = 0.2. The intensity of Fe phonon is further decreased and become lower than
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Figure 5.5: Comparison of the Raman scattering spectra of NdFeAs; ,P.(O,F)at
300 K.

the O phonon at x = 0.4. All the phonon peaks move to higher frequency region as
x increases, due to the shrinkage of lattice constant.

Each of the peaks can be fitted by a simple Lorentzian profile (the unknown peak
at 293 cm™! at z = 0.4 was not fitted due to weak intensity). The temperature
dependence of the obtained peak positions can be further described and fitted by

2
exp(hwo/2kpT) — 1
of all the possible phonon is summarized in Figure 5.6, where red, blue and green
represent the data for x =0, x = 0.2 and x = 0.4, respectively.

anharmonic behaviors, w(7T") = wp+A | 1 + ) . The peak position
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Figure 5.6: Temperature dependence of the phonon peak of NdFeAs; ,P,(O,F),
where red, blue and green represent the x = 0, x = 0.2 and x = 0.4, respectively.

The temperature coefficient A, for each of the phonon modes in & = 0 is consistent
with the previous study on polycrystalline sample, which reported that the Fe phonon
has the highest temperature coefficient [100]. As can be seen in Figure 5.6, the
amount of the frequency shift of phonon modes following order As>Nd>Fe>O.
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The As site, the substitution target, would have the largest frequency shift. It is
reasonable for the Nd phonon to has the 2nd largest frequency shift since Nd and As
has the same Wyckoff positions of 2¢ (Figure 5.1 for better visualization of crystal
structure and vibration mode). The Fe phonon shows the third largest frequency
shift as it is closer to the As site than the fourth O phonon. O atom is the farthest
away from the As site, thus little affected by the P-doping. There is not much
difference in the temperature coefficient of the Raman shift between x = 0, x = 0.2
and x = 0.4.

Similar phonon study in the F-doping of NdFeAsO,_,F, was reported. Obvious
hardening with increasing x is observed in Fe phonon, while As phonon has weak
upwardshift in frequency. On the other hand, both the Nd and O phonons show
softening with increasing F concentration [100, 101]. In the current study, all the
phonons shift to higher frequency as the = value (P content) increases.

5.2.2 Fano analysis

In general, Raman-active mode can be represented by a simple Lorentzian function.
However, when electron-phonon coupling kicks in, the phonon no longer maintains
its symmetry lineshape. This kind of asymmetry line-shape is commonly called
Fano line-shape. As shown in Figure 5.5(b), the By, mode phonons show significant
asymmetry feature as the z value increases. The B, phonon peak can be fitted by
using the Breit-Wigner-Fano (BWF) line-shape [127]:

[+ (v —wo) /el

T = oI

(5.1)

1
where [ is the peak intensity, wy is the peak position, — is the asymmetric factor and

1
I' is the half width half maximum. In the limit of — — 0, the Lorentzian line-shape

q
is recovered. Thus, the asymmetric factor is often used as an estimation for the
coupling strength for asymmetric peaks.
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Figure 5.7: Fano line-shape fitting in B;, mode.
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The B, spectra for all o values were fitted with the Fano line-shape with a
polynomial function up to order of 3. The original Bj, spectra and the fitting
results are shown in Figure 5.7. The asymmetry factor, 1/¢ can be extracted. The
temperature dependence of the value of 1/q for each of the x values are plotted in
Figure 5.8.
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Figure 5.8: — value from the Fano fitting.
q

From Figure 5.8, the asymmetry factor is insignificant in the case of x = 0. When
x value increase to 0.2, both of the B;, phonon modes show asymmetry feature. The
1/q value reaches 0.15 at the temperature of 40 K. The asymmetry factor magnitude
increases with further P-doping. The 1/¢ doubles in the the magnitude as the x
value increases from 0.2 to 0.4. The presence of asymmetry feature suggests the
electron-phonon coupling in the axial B;, mode.

The same Fano fitting can be applied in the A;, phonon to check the asymmetry
factor. In fact, pure Lorentzian profile does not fit the A;, phonon perfectly. However,
due to the complexity of the A, spectra and the additional peaks with increasing
x values, the Fano fitting was not carried out. The coupling with the electronic
continuum is the strongest in the Fe-vibration. The change in the coupling strength
with z implies that the Fermi surface topology changes with x.

5.3 Temperature dependence of the normal state
electronic scattering of in By, symmetry

Spin fluctuation is one of the popular candidates for the pairing glue of the SC
mechanism, because the magnetic order phase sits next to the superconducting
phase. Recently, nematic fluctuation was observed and suggested to play a role in
the pairing mechanism. The quantum nematic critical point has been revealed close
to the optimum superconducting doping concentration. Such nematic fluctuation
can be probed by using the symmetry resolved Raman scattering spectroscopy. The
nematic fluctuation in the 122 systems were reported in B, mode [109].

Enhancement of quasielastic peak (QEP) can be observed at the lower energy
region when the temperature approaches the structural transition or more specifically,
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the nematic transition temperature. The enhancement will be suppressed as soon as
the temperature below T or T,.. This enhancement of QEP in low frequency region
can be represent by, XZ) pp Which is expressed as:

Awl

XQrP = 5 To (5.2)

where A is a constant and I' can be interpreted as a quasiparticle scattering rate
renormalized by nematic correlations. The QEP Raman response is directly con-
nected with the static nematic susceptibility by a Kramers-Kronig transformation in
charge/orbital nematic fluctuation scenario.

2 00 1"
o =2 / XQep g, (5.3)
0

™ w

In the case of 1111 system, the geometry that is responsible for the observation of
the possible nematic fluctuation is in the By, symmetry, instead of the B, symmetry
in 122 system. The temperature dependence of the B,, spectra for x = 0 was
carried out and plotted in Figure 5.9(a). The intensity of Raman response at the
low frequency area < 100 cm™!, is increasing with lowering temperature. However,
emergence of QEP is not observed. The reason is the weak temperature dependence of
Raman response. Equation 5.3 shows that the nematic susceptibility proportional the
integrated area of (ng rp)/w, where ()('C'2 gp)/w is a Lorentzian distribution from the
Equation 5.2. As can be seen from the Raman conductivity spectra in Figure 5.9(b),
Lorentzian disribution centered at 0 cm™! increases in intensity when cooling down
the temperature. However, the increment is insignificant compared to the nematic
QEP reported in 122. A slight increment in the intensity can be due to the mentioned
weak temperature dependence of Raman response interpreted as the metallic behavior
in the 1111 system.
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Figure 5.9: Temperature dependence of the Raman scattering spectra of o = 0.

The temperature dependence of the Raman response and Raman conductivity in
By, for both = 0.2 and 2 = 0.4 were presented in Figure 5.10 and 5.11. For both x
compositions, the spectra show similar behavior as the x = 0, a small increment of
intensity with decreasing temperature. The nematic fluctuation feature, QEP peak is
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not apparent in all three o values. This is not surprising because the samples do not
have Ty, namely do not show structure transition. Similar weak QEP feature in 122 is
reported in the composition in the SC dome [106, 128]. The temperature dependence
of the x(°™ follows the Curie-Weiss behavior, x{™ = C/(T' — T}) in the mean-field
framework. The small growth of QEP in the superconducting doping regime leads
to a very small or even negative Ty after fitting with Curie-Weiss line-shape.
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Figure 5.10: Temperature dependence of the Raman scattering spectra of x = 0.2.
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Figure 5.11: Temperature dependence of the Raman scattering spectra of x = 0.4.

The slow and small increment in the current study leading to a barely diverge
Xo“™ value. This is likely due to the little contributions of nematic fluctuations in the
electron-doped compound. Nematic fluctuation measurement should be conducted
in less F' content sample of the 1111 system. In this way, the relationship between
the xg“" and the T's, which is suppressed by F-doping, can be understood. Kaneko
et al. points out the LaFeAsO shows a QEP, which is ascribed to the electronic
nematic fluctuation. In his case, spin nematic fluctuation dominates rather than
the charge/orbital reported in most of the 122 systems. Worth to note that the
spin scenario nematic susceptibility is different from the charge/orbital shown in the
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Equation 5.3. The spin nematic susceptibility is proportional to the slope of the
XQEP-

Even though the current studies do not capture significant QEP peak in the chosen
x values, the increment of area under the Lorentzian centered at 0 cm~! in Raman
conductivity spectra hints the divergence of susceptibility. Simplicity, the nematic
susceptibility barely exists at x = 0 and increases when x = 0.2. The susceptibility
decreases when x value increases further from 0.2 to 0.4. Such anomalies at z = 0.2
was observed in the previous reported transport data [126].

5.4 Electronic Raman scattering spectroscopy in
superconducting state

Symmetry-resolved Raman scattering spectroscopy allows us to probe k-dependent
electronic state properties. As mentioned in the previous chapter, the Raman vertex
is simplified into effective mass fluctuation in the small momentum and energy
transfer limit. The symmetry properties and momentum dependences of the Raman
vertices are displayed in Figure 5.12. The Raman vertices for 122 systems were
calculated in the Refs. [129, 130]. Their results show that the electron pockets are
probed in the By, symmetry in their case, 1 Fe lattice. The B, and By, symmetry
are interchanged based on the choice of coordinate, either 1 Fe or 2 Fe lattice. Their
calculated A, symmetry will probe both the hole pockets and electron pockets, likely
due to the higher order of A , as shown in the Figure 5.12(d). In the current study,
Byy symmetry will probe the clectron pockets, and mainly the hole pockets from Ay,
symmetry.

The temperature dependence of Raman spectra were taken from temperature just
above the T,. down to the possible lowest temperature, 5 K. Remember that the
4 mW laser power was used in the superconducting state region, 4 K local heating is
expected, leading to the actual lowest temperature of 9 K in the current study.

(a) Big

(d) A14 in 2nd order

Figure 5.12: Symmetry properties and momentum dependences of the Raman vertices.
Thick solid inner square is the 2 Fe Brillouin zone while thin outer square is the 1 Fe
Brillouin zone [130].
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5.4.1 Ay, By, and B, spectra for z =0

The temperature dependence of A;, spectrum at = 0 is shown in Figure 5.13(a).
The electronic continuum spectrum at 42 K is flat in the normal state. When the
temperature is slowly cooled down to the 5 K, enhancement of spectral weight under
the Nd and As phonon mode can be observed. This enhancement is expected to
be the pair-breaking peak in the superconducting state. The spectral weight the
pair-breaking peak can be obtained by subtracting the normal state A, spectrum
from the superconducting state spectrum. The results are presented in Figure 5.13(b).
Suppression of spectral weight in the very low frequency region is obvious, indicating
the opening of superconducting gap. The spectral weight is transferred to the higher
frequency region at about 190 cm™!, notated by the black arrow.
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Figure 5.13: Temperature dependence of the Raman scattering spectra for x = 0
(T, = 41K) in A, symmetry.

The large dip appeared in the Figure 5.13(b) is due to the existence of Nd phonon
peak. The hardening and sharpening of Nd phonon peaks from 42 K to 9 K is
disturbing the subtraction process, leading to the occurrence of a dip. Alternative
way such as removing the Nd peaks and comparing the electronic continuum spectra
is not appropriate as the pair-breaking peak maybe removed during the process. In
spite of such a problem, the direct subtraction method are capable to capture the
pair-breaking peak around 190 cm™' in A;, symmetry.

The observation of the suppression of spectral weight can be done by focusing the
low-frequency region of \", as shown in Figure 5.14(a). If the 42 K spectrum was to
extrapolated to 0 cm ™, the x” will eventually reach zero. The suppression of spectra
weight kicks in when the sample enter SC state, and ¥~ become zero below 70 cm™!.
The complete suppression highlights that there is no particle-hole excitation with
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energy transfer smaller than 70 em™! at the Fermi level. A complete gap opening, so
called full-gap opening can be expected from the above finding. Another finding of
complete suppression of spectral weight can be observed from a different batch of
single crystal of # = O(sample B).
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Figure 5.14: Temperature dependence of the Raman scattering spectra for x = 0 in
Ay, symmetry, focusing at low frequency region.

The complete suppression of spectral weight observed in two different batches
samples of x = 0 indicate the full-gap opening in the A;, symmetry. Remember that
the A, symmetry mainly probes the hole pockets, thus zone centered hole pockets
should have a full-gap.

Figure 5.15(a) presents the temperature dependence of By, spectra in the SC
state. The Raman response spectra do no show any changes across the transition
temperature. Spectral weight suppression and peak formation are not observed in
B, symmetry as shown in the Y — X data, Figure 5.15(b).

The electronic continuum in the low frequency region is enlarged and displayed in
Figure 5.16(a). The electronic continuum in By, is temperature independent. This
feature is further reconfirmed by performing the same experiment on sample B in the
normal state and SC state. From the momentum dependence of the Raman vertice,
one notices that B, probes the areas with no F'S, thus the continuous spectra do
not provide any non-trivial information on the electronic properties of the sample.

The electronic information in the electron pockets can be obtained by performing
the temperature dependence of Raman spectra in the By, symmetry. As can be
noticed in Figure 5.17(a), emergence of spectral weight can be observed as the
temperature is lowered down to 9 K. Again, this is attributed to the pair-breaking
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Figure 5.15: Temperature dependence of the Raman scattering spectra for z = 0 in
B4 symmetry.
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Figure 5.16: Temperature dependence of the Raman scattering spectra for z = 0 in
B, symmetry, focusing at low frequency region.

peak in the SC state. The pair-breaking peak spectral weight can be obtained by
subtracting the normal state spectrum from the superconducting spectrum. The
results are displayed in Figure 5.17(b). The suppression of spectral weight at lower
frequencies can be observed. The formation of pair-breaking peak takes place at the

frequency about 140 cm™1.
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Figure 5.17: Temperature dependence of the Raman scattering spectra for z = 0 in
By, symmetry.
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Figure 5.18: Temperature dependence of the Raman scattering spectra for z = 0 in
By, symmetry, focusing at low frequency region.

In order to know the symmetry of the By, gap, a close-up figure in the low frequency
region is presented in the Figure 5.18(a). Different from the A;, spectra, the By,
spectra at 9 K, even though suppressed at low frequency area but do not display a
complete suppression of spectra,l weight. Similar residual intensity is observed on
sample B shown in Figure 5.18(b), signifying that the non-full gap behavior in the
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Byy symmetry is intrinsic for x = 0.

5.4.2 Ay, By, and By, spectra for z = 0.2

Similar low temperature dependence of A;, spectra were shown for z = 0.2 in
Figure 5.19(a). A slight enhancement of spectral weight can be seen in low frequency
region at 9 K. The extracted spectral weight related to a possible pair-breaking peak
is displayed in Figure 5.19(b). Noticeable pair-breaking peak can be detected only at
the temperature of 9 K. while the suppression of spectral weight can be noticed at
temperature below 19 K, signifying the opening of gap below 7,. The pair-breaking
peak is found at around 90 cm ™.
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Figure 5.19: Temperature dependence of the Raman scattering spectra for x = 0.2
in Ay, symmetry.

A close-up figure of the A, spectra is shown in Figure 5.19(c). The complete
suppression such as the case of x = 0 is not observed here. Namely, the full-gap
behavior is not observed at x = 0.2. The residual intensity of the spectra at the
lowest possible frequency (23 cm™!) should continues to drop to zero if the spectrum
is extrapolated to w = 0. A full-gap behavior may exist below the lowest frequency,
beyond the capability of the current setup.

The By, spectra were measured and plotted in the Figure 5.20(a). The continuous
spectrum does not show any temperature dependence similarly to the one for x = 0.
This is again due to the lack of electronic states in the momentum space probe by
B4 symmetry. Even though the ch — X data shows some changes at 24 K and 14
K, the close-up " in Figure 5.20(c) indicate that spectra shape barely changes. The
reason is most likely due to the experimental error, such as shifting of laser beam
spot.

Lastly, the By, spectra in the SC state and just above T; are presented in Fig-
ure 5.21(a). Obvious changes can be seen in the very low frequency region between
29 K and 9 K spectra. Pair-breaking peak is extracted and shown in Figure 5.21(b).
Interestingly, suppression of spectral weight is not obvious in the frequency cut-off
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Figure 5.20: Temperature dependence of the Raman scattering spectra for x = 0.2
in By, symmetry.

limit in my setup. Nevertheless, the evidence of pair-breaking peak is concrete as
the temperature dependence of the peak development is apparent in Figure 5.21(c).
Similarly to the By, for x = 0, the By, for 2 = 0.2 does not show a full gap behavior
and linearly drop to zero if the spectra is extrapolated to zero frequency. The absence
of suppression of spectral weight is probably due to the small gap and limitation of
cut-off frequency in my setup. The pair-breaking peak is estimated to be around
80 cm L.
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Figure 5.21: Temperature dependence of the Raman scattering spectra of = 0.2 in
By, symmetry.

5.4.3 Ay, By and By, spectra for z = 0.4

The sample with x = 0.4 has a low T, value of 16 K. Therefore, Raman scattering
spectroscopy was carried out only at two temperature points, above T, (20 K) and
the lowest temperature (9 K). The Ay4, By, and By, are presented in Figure 5.22. As
usual and expected, the B;, spectrum does not show any electronic changes between
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normal state and superconducting state. On the other hand, it was unexpected
that the A;, and By, spectra also do not show any suppression and formation of
pair-breaking peak. The possible explanation is the population of the pairing electron
at 9 K is not enough for the observation of pair-breaking peak with the relatively
low T, for x = 0.4. Interestingly, significant amount of residual intensity exist at the
very low frequency in both A;, and By,. The A, spectra even show an increasing
trend towards zero frequency. These behaviors are not visible in B, indicates that
the anomalies in the continuous spectra is likely from the electronic states of A,
(hole pockets) and Bs, (electron pocket).
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Figure 5.22: Temperature dependence of the Raman scattering spectra of x = 0.4.

The upturn of the intensity in A, spectra can be affected by the strong Rayleigh
scattering at zero frequency. The subtractive mode in my premonochromators stage
are able to eject most of the Rayleigh scattering light, thus should not affect the
frequency above 23 cm~!. If the Rayleigh scattering intensity were infiltrating above
the cut-off frequency, then the intensity should shoot up tremendously. Consequently,
the residual intensity should be related to some intrinsic properties of sample itself.

5.5 Comparison with the ARPES results

5.5.1 Fano asymmetry factor

As can be seen in Figure 5.8, the By, phonon barely have the asymmetry feature in
the case of x = 0. It is consistent with the previous reports on the 1111 system with
x = 0, that the phonon modes do not show asymmetry even with electron doping.
When the = value increases to 0.2, both of the Fe and O modes show asymmetry
feature. The 1/q value in Fe phonon reaches 0.15 at 40 K. This corresponds to a
q value of 6.5, which is close to the ¢ value of -6 in the B, phonon at 340 cm™" of
YBCO [131]. The asymmetry factor magnitude increases with further P-doping. The
1/q doubles in the the magnitude as the x value increases from 0.2 to 0.4.

The current result shows the presence of electron-phonon coupling in axial mode
phonons. The electron-phonon coupling emerges and increases as the x values
increases. Note that the increment of the electron-phonon coupling in the B, mode
is accompanied by the decrease of T, values. In fact, the role of electron-phonon
coupling in pairing is unclear. Theoretical study claimed the relative high T, values
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in LaFeAsO are hardly explainable by electron-phonon coupling, which predicted
el-ph coupling constant A = 0.21 and T, = 0.8 K [15]. The existence electron-phonon
coupling can be observed through the anomaly in the phonon width or the direct
observation of Fano line-shape. The Fano line-shape was reported previously on the
parent compound of LnFeAsO (Ln=La,Nd,Sm). It was observed in the in-plane
infrared phonons of Fe-As and Re-O, yielding the presence of electron-phonon
coupling [132]. However, no observation of axial phonon anomalies was reported
in the NdFeAsO,_,F, at T., highlights the absence of electron-phonon coupling in
pairing [101].

The theoretical study of the z position effect on the LaFe(As,P)O shows that
change of FS topology is predicted [34]. For instances, the d,, hole F'S sinks below
the Fermi level and another d,» hole FS rises as the z position is reduced, namely
reducing the hp, values. Such interchangable FS by fine tuning the hp, values,
will lead to a different FS nesting condition. Similar FS topology changes was
observed in the current ARPES study, that a d,, hole F'S appeared when x = 0.4.
Furthermore, the electron FSs change from the propeller shape to circular one when
the x increases from 0 to 0.4. The raising of this d,, hole band and the changes of
electron FSs, which signify different F'S nesting condition, may cause the emergence
of the electron-phonon coupling, although it is unclear whether the el-ph coupling is
related to superconductivity or not.

5.5.2 Superconducting gap

Superconducting gap is one of the important parameter to describe the pairing
mechanism of the superconductors. The superconductivity in the conventional
superconductors can be described by the Bardeen—Cooper—Schrieffer(BCS) theory.
The BCS theory describes the formation of Cooper pair in the presence of attractive
potential, which is generally attributed to the electron-lattice interaction. BCS
theory predicts the ratio of the zero temperature of the energy gap on the T, one as
below:

2A(T = 0) = 3.528kpT,.. (5.4)

In general, the ratio of the superconducting gap to the kgT, can be used as a
measure to deduce whether the compound is in weak or strong coupling regime.
The gap ratio 3.528 marks the limits of the weak-coupling regime. The cuprates,
unconventional superconductors often has a gap ratio higher than 5, which is beyond
the limit of BCS theory. Unlike the single band cuprates, the multi-band nature of
the IBSs tends to have multi-gap features, due to the predicted five bands lying close
to the Fermi level. The determination of SC gap become complicated as there are
five FSs located in different momentum region. Sophisticated experimental method
and single crystals are needed to tackle the multigap issue.

Symmetry resolved electronic Raman scattering spectroscopy (ERS) adopted in the
current study are capable to measure the superconducting gap in hole and electron
pockets separately. Likewise, angle-resolved photoemission spectroscopy(ARPES) is
another popular spectroscopy for the superconducting gap measurement, credit to
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its momentum resolved power and direct observation of band dispersion of electronic
state. However, each of them has its pros and cons. ERS is a bulk sensitive,
but the detected pair-breaking peak is the summation of all the gap information
from the FS in the zone center (zone corner) in A, (Bs,) symmetry. Numerical
calculation is needed to estimate the gap value and gap function. On the other
hand, gap determination by ARPES method is straightforward. The gap function
can be determined by measuring the gap values on the kg of the FS. The only
disadvantage is the surface sensitivity of ARPES. Nevertheless, the superconducting
gaps of NdFeAs; ,P,(O,F) obtained from both ERS and ARPES are compared in
Table 5.1.

Table 5.1: Superconducting gap of NdFeAs;_,P,(O,F).

A,meV (gap ratio,2A/kgT, )
x T, Raman ARPES
Ay By Hole Electron

NdFeAs(O,F) 41 11.8 (6.7) 8.7 (4.9) 9 (5.1)
NdFeAs)sPo2(O,F) 24 5.6 (5.4) 5 (4.8)
NdFeAso,GPOA(O,F) 16

The Aj4 spectra for x = 0 shows that the A is about 11.78 meV, which is slightly
larger than the 9 meV observed in the ay d,. FS in the ARPES result. Remembering
that there is another ag d,» huge FS observed in the zone center, the 11.8 meV gap
values is likely the average value of the gap values for .y and a3 F'Ss, since A, probes
both of the hole FSs. My previous gap measurement on the huge az FS showed a
consistent result of 16 meV with the one reported by Kondo et al. [94], the average
gap value of 15 meV with anisotropy of 20% around the as FS. Noted that the
incipient band with d,, orbital mentioned in the ARPES chapter, also shows a sharp
peak at 16 meV in SC state (Figure 4.32). Similar opening of superconducting gap at
the hole band below the Fermi level in NdFeAsOggFg.4, T.= 38 K was reported [95].
Note that the 16 meV peak does not represent A value, since the band does not
cross the Fermi level. Hence, this is reasonable that the 9 meV and 16 meV gap
values from the ARPES result corresponds to the average 11.78 meV gap value in
the zone center.

The evidence of full gap behavior in the A;, indeed consistent with the conventional
s-wave or slightly anisotropic s-wave behavior in the d,» FS reported in Kondo
et al. [94]. The present A;, spectra showed that all the hole FSs should have full
gaps, since the spectral intensity was suppressed to zero at A = 4.34 meV. However,
the complete suppression is absent in the A;, spectra of = 0.2. The possible reason
is that the SC gap value is much smaller than that for x = 0, thus the complete
suppression occurs at a much lower frequency, below the cut-off frequency of 23 cm ™1,
Take the example of x = 0, the SC energy peak at 11.78 meV while the smallest gap
possible is 4.34 meV. The approximate 7.5 meV SC gap width is even large than
the SC gap peak energy for x = 0.2. The gap function is expected to be an s-wave
function but a nodal gap can not be excluded. The determination of gap function
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should be done by ARPES, however, the experiment is not successful and thus the
comparison of SC gap between ERS and ARPES is not available.

The B,y gap for in both 2 = 0 and 0.2 showed smaller SC gap energy than those for
the A,,. The pair-breaking peaks in & = 0 are obvious, and the 9 K spectrum does
not show a full gap behavior. ARPES would be the best approach to determine the
gap function of the electron pockets. However, the weak and propeller shape electron
FS is hindering the SC gap determination. Despite the difficulty, Charnukha et al.
reported the A = 5 meV at the center of the propeller electron F'S in NdFeAsOg ¢Fg.4,
T.= 38 K [95]. The higher value of gap energy and the linear spectra shape at low
frequency in my By, result, possibly indicate the presence of multi-gap feature in
electron pockets. The scenario of two gaps, which made up of one small and one big
gap values, can be deduced here. It is worth to mention that the possibility of nodal
gap function in the electron pockets can not be excluded.

Beside ERS and ARPES, several gap determination techniques, such as point-
contact spectroscopy(PCS), penetration depth, specific heat, muon-spin rotation/
relaxation(uSR) are commonly applied. However, these measurements have neither
symmetry nor momentum resolved capability, meaning that the obtained gap value is
the summation of the gap value in the entire Brillouin zone. Literally, a summation
of five band gaps if exist. In early, Martin et al. reported the London penetration
depth variation of NdFeAsOgoF; follow T2 at low temperature, which signifying
nodeless behavior [55]. The recent uSR result underlined that the NdFeAsOg 5F¢ 35
can be describe by two s-wave gap model, with A; = 5.2 meV and A, = 3.5
meV [133]. Adamski et al. even claimed that the H.(T) in NdFeAsOgoFo; with
T, =45 K can be described by two s-wave gap, with A; = 2.2 meV and Ay = 11.5
meV [134].

In fact, most of the London penetration depth, A\ can be fitted by using two s-wave
gap model in the As-end compound in the 1111 system. The fitting will often result
in one small and one big gap values. Two nodeless gap features are reported in
most of the PCS and tunneling spectroscopy experiment in 1111 system. [64-73].
Interestingly, some of the Ag values from the fitting are close to 2 meV, which
corresponds to 2Ag of 30-40 cm™!. The By, spectra at 9 K for = 0 shown in
Figure 5.18, has a peak-like structure at about 38 cm™!. Thus, the linear spectra
shape in the By, is likely due to the presence of very small SC gap instead of the
node.

The difference in the SC gap energy will lead to a different gap ratio. The
comparison of the gap ratio from different families of ferropnictides, cuprates and
other unconventional superconductors was done by Inosov et al. [135], as shown in
Figure 5.23. The ferropnictide stands out as the coupling strength ranged from weak,
near the BCS limits, to strong regime. The IBSs here is represented by a two-gap
SC, a large and a smaller gap as indicated in red region and blue region. The gap
ratio is claimed to be related to T, as the gap ratio increases with T, for both IBSs
and cuprates.
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Figure 5.23: Gap ratio from different families of ferropnictides, cuprates and uncon-
ventional superconductors [135].

The gap ratio 5-7 in NdFeAs; ,P,(O,F) from my result lies in the red region,
consistent with other IBSs. The gap ratio of A, decreases from 6.7 to 5.4 as the
T, decreases from 41 K to 24 K. The relationship between the gap ratio and T, is
comparable with the data point in Ba;_,K,FeyAss and Ba(Fe;_,Co,)2As,, consistent
with the trend of 2A/kgT, ~ 4.0 + 0.06 K~'T,.. However, the gap ratio between
z =0 and 0.2 in By, are relatively the same, even though the T is different. This
indirectly hints that the electron bands may be unrelated to the lowering or raising
the T, by phosphorus doping.

The theoretical calculation indeed predicted that only d,, and ds,2_,2 hole bands
react to the chemical pressure mimicked by phosphorus doping [34]. The reduction of
gap ratio/coupling strength in A;, can be explained by possible two different pairing
mechanisms [126]. As reported in the ARPES section, the a; band shifts upward
and crosses the Fermi level, making a Lifshitz transition between z = 0.2 and 0.4.
The incipient band with d,, orbital character shows apparent SC condensation at
x = 0. It should be responsible for the change of gap ratio in A;, with increasing
x value. Similar strong electron coupling on bands without Fermi surfaces can be
observed in LiFe; ,Co,As [90]. The specific band is reported to host the largest
SC gap among other bands. The gap ratio is about 7 and decreasing to 6.4 as it
crosses the Fermi level. This explains that the Ay, gap ratio is decreasing as the x is
increased, as the Lifshitz scenario is similar.

As can be seen in Figure 5.23, IBSs tends to have a gap ratio smaller than the
weak coupling limits. Even though the current ERS and ARPES SC gap do not
capture this smaller gap, the linear By, spectra shape in a very low frequency region
can be attributed to the presence of such a small gap as mentioned above.
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Chapter 6

Conclusion

6.1 Single crystal growth

In this work, I have successfully synthesized single crystals of LaFeAs; ,P,O (0.3 <
z < 0.7) and LaFeAsO,_,H,. From the result of T and c-lattice constant, it was
expected that single crystals obtained by high pressure method have <10% oxygen
deficiency. The growth of the heavily electron doped crystals of LaFeAsO,_,H,
was not successful. Instead, the optimum doped LaFeAsOgoHy; was synthesized
although the nominal concentration of hydrogen was much higher.

6.2 Superconducting gap and band structure of
NdFeAs;_ ,P,0Oy¢F(y: observed by ARPES

I have investigated the electronic band structure of NdFeAs; ,P,O¢oFo1 by ARPES.
The measurement was focused at the zone center. Four hole bands, a1, as, a3 and
a new discovered vy were observed at x = 0. The as and a3 bands remain barely
unchanged with P-doping. The d,, v band is observed below the Fermi level. This ~y
band shifts down with increasing x. Both the d,, orbital character and the systematic
shifting of band energy suggest that this band is the missing F'S predicted at (7, )
in the five band model of full-gap s+ spin fluctuation. However, the ARPES result
shows that this d,, v band is far from the Fermi level, which contradicts with the
theoretical calculation.

Besides, the oy band just below the Fermi level at x = 0, rises with increasing x
and crosses the Fermi level at 0.2 < z < 0.4. This Lifshitz transition of d,. /. a;
band was reported to be related to the anomalies observed in the transport study. S-
polarization ARPES result further reveals an incipient band with d,, orbital located
in the binding energy of the band top of ;. The systematic band shifting of a; and
incipient d,, band can be explained by the band splitting scenario. Furthermore,
the incipient d,, band is found to experience SC condensation in the SC state for
x = 0. This suggests that the d,, orbital on the incipient band is playing a role in
the pairing mechanism for the As-end compound. Besides, the a5 for z = 0 is found
to have 9 meV SC gap. The SC gap measurement was not successful for z = 0.2 and
0.4.
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6.3 Raman scattering spectroscopy

Raman scattering spectroscopy was successfully performed on the NdFeAs;_,P,OgoF¢ 1.
For = 0, Nd and As phonon modes can be observed in A;, symmetry, while Fe
and O phonon modes are observable in B;, symmetry. With P-doping, the number
of phonon modes in A, symmetry increases and become complicated. This could be
due to the structure distortion by P-doping. On the other hands, the number of
phonon modes in B;, symmetry remains unchanged. The Fe and O phonon become
asymmetric with increasing x, suggesting the enhancement of electron-phonon
interaction, which could be related to the FS topology change observed in ARPES.

The temperature dependence of Raman spectra in By, symmetry showed that
the signature of nematicity, QEP is barely observed for x = 0,0.2 and 0.4. Despite
its weak feature, nematic susceptibility enhances from = = 0 to 0.2 and reduces at
x = 0.4. Such anomaly may be related to the anomalies observed by transport and
ARPES;, since they occur near x = 0.2.

By using symmetry resolved electron Raman scattering spectroscopy, I manage
to measure the SC gap of hole pockets and electron pockets separately. For x = 0,
pair-breaking peaks was clearly observed at 190 cm ™!, and the spectral weight was
fully suppressed below 70 cm—1 in Ay, (hole pockets). This is a clear indication of full
gap behavior. In contrast, the By, (electron pockets) spectra showed a pair-breaking
peaks at 140 cm~! and linear spectral shape at low-energy limit. This hints a multi
gap or anisotropy gap behavior is preferred in the electron pockets, but nodal-gap
can not be excluded. For x = 0.2, pair-breaking peak can be observed at 90 cm ™
and 80 ecm™' in Ay, and By, symmetry, respectively. Full gap behavior can not be
observed. Pair-breaking peak was not observable for x = 0.4. The low T, could be
the reason for the absence pair-breaking peak in x = 0.4 and absence of full gap
behavior in x = 0.2.

The gap ratio, 2A /kgT, is about 5 for electron pockets for z = 0 and remained
unchanged when x = 0.2. In contrast, the gap ratio of hole pocket reduces from
6.7 to 5.4 when x increases from 0 to 0.2. The change of gap ratio could be related
to the reduction of T, from 41 K to 24 K with 20% P-doping. This suggests that
the high T, at x = 0 mainly come from the hole pockets contribution but not the
electron pockets.

6.4 Overall Summary

Overall, the current work explains the importance of orbital character and FS
topology in the different pairing mechanisms of 1111 systems. «; band and its orbital
character are dominant in switching pairing mechanisms. The nesting between the
small dxz/yz a; FS and small electron I'S are of importance in region x > 0.4. With
decreasing bond angle, Lifshitz transition occurs at 0.2 < x < 0.4 and a4 band sinks
below the Fermi level. The incipient band with d,, orbital is the critical component
for high T, As-end compound. The full gap is observed on the hole FSs at x = 0.
The gap ratio indicates strong coupling and supports the domination of hole bands
on the T, variation in isovalent doping.
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6.5 Future works

The single crystal growth of LaFeAsO;_,H, in SC3 and AFM3 nced to be continued.
The study of electronic states in SC3 may shed light on the high T, As-end compound.
Observation of the evolved electron pockets by ARPES may reveal the actual band
structure of the propeller shape electron FS.

In the case of NdFeAs; ,P,0Oq9Fg 1, due to the time limitation, I did not investigate
the electron FS. However, it is important to investigate the electron F'S from the view
point of spin-fluctuation theory. The orbital character and band evolution of electron
F'S need to be understood and discussed together with my current result. These will
give an insight on the fundamental nature of two different pairing mechanisms.

The A, phonon of P-end compound need to be investigated to understand the
complex phonon behavior by P-doping. Besides, nematic fluctuation and their role
in the two different types pairing mechanisms need to be figured out by carrying out
Raman scattering spectroscopy on LaFeAs; ,.P,O.
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Figure A.1: Photon energy dependence of NdFeAsOggFg; in P-polarization.
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Figure A.2: Photon energy dependence of NdFeAsOggFy 1 in S-polarization and the
relationship to k, with 12 eV inner potential.
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Figure A.3: Photon energy dependence of NdFeAsqgPy20¢9Fg1 in P-polarization.
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Figure A.4: Photon energy dependence of NdFeAssP20g9F1 in S-polarization
and the relationship to k£, with 12 eV inner potential.
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Figure A.5: Relationship between photon energy and the k, of NdFeAsy P 4O00.9Fo1
with 12 eV inner potential.
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Figure A.6: Photon energy dependence of NdFeAsy 4Py.60¢9Fo.1 in P-polarization.
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Figure A.7: Photon energy dependence of NdFeAsq 4P 500 9F.1 in S-polarization
and the relationship to k, with 12 eV inner potential.
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