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Abstract

In this thesis a systematic light scattering study of the newly discovered iron-based
superconductor Ba(Fe;_Coy)aAss is presented. The main focus is placed on the study
of electronic properties in a doping range x in which magnetism and superconductivity
are in close proximity. The experiment affords a window into band and momentum-
dependent electronic properties. The magnetic order is predominantly itinerant. The
structure of the superconducting gap indicates that the coupling potential may result

from magnetic fluctuations.

Zusammenfassung

In dieser Arbeit wird eine systematische Studie des kiirzlich entdecktem Eisen-basierten
Supraleiters Ba(Fe;_,Coy)oAsy mittels inelastischer Lichtstreuung préasentiert. Das Haup-
taugenmerk liegt dabei auf der Untersuchung der elektronischen Eigenschaften in dem
Dotierungsbereich x, in welchem Magnetismus und Supraleitung nahe beieinanderliegen.
Das Experiment bietet einen Einblick in die band- und impulsabhéngigen elektronischen
Eigenschaften. Der Magnetismus ist vornehmlich itinerant. Die Struktur der Energie-

liicke zeigt, dass die Kopplung von magnetischen Fluktuationen kommen konnte.
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Chapter 1

Introduction

Superconductivity in iron based superconductors (FeSCs) [1, 2] at transition tempera-
tures T, in excess of 50 K [3] was at least as unexpected and ground breaking as T,
values close to 40 K in MgBs, [4] or Ba-La-Cu-O [5]. It was not only the perspectives
of applications of the FeSCs but also the rich variety of new ordered phases next to
superconductivity that triggered an avalanche of research activities comparable to that

in the cuprates.

Similarly to the cuprates, the FeSCs are layered materials and exhibit a magneti-
cally ordered phase in close proximity to superconductivity. However, as opposed to
undoped cuprates where the antiferromagnetic insulating phase is well described by a
Mott-Hubbard model [6], undoped FeSCs stay metallic at low temperatures and exhibit
a spin-density-wave. The magnetic ordering temperature Tspw is at or slightly below
Tro where a structural tetragonal to orthorhombic phase transition occurs. Both, the
magnetic and the structural phase transitions are continuously suppressed upon dop-
ing. When Tspw and Tro approach zero, the superconducting transition temperature
T. reaches its maximum [7]. The superconducting phase in the FeSCs is not separated
from the magnetically ordered phase, as for cuprates, but there is a doping region where
superconductivity and magnetism coexist microscopically [8]. The pairing correlations
leading to superconductivity in the cuprates are substantial only in the d-wave channel
[9], while in the FeSCs they are proposed to be substantial in the s-wave as well as in
the d-wave channel [10].

All these observations make it plausible that magnetism and superconductivity are
intertwined, and the exclusive study of the superconducting properties aims too short.
For this reason, the evolution of the electronic properties as a function of doping will be
studied in detail starting from undoped Ba(Fe;_,Coy)2Asy having long-ranged magnetic

order below Tspw and will cover the range up to doping levels where no magnetism
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exists any further. The magnetism itself is already complicated in that a more itinerant
magnetism is expected from the nesting between the electron and hole pockets as also
observed by inelastic neutron scattering experiments [11] while Raman experiments are

more indicative of localized spins [12].

In any case the magnetic phase below Tspw is more stripe-like, as opposed to the
checkerboard-like magnetic phase in the cuprates [13]. The stripe-like magnetic phase
is accompanied [14] or even preceded [7] by a nematic phase [15] below Tro where the
tetragonal symmetry of the lattice is broken already in the paramagnetic phase [16].
Since the magnetic and structural transitions follow each other closely up to optimal
doping [7], an intimate relation between both seems plausible [17]. However, it is un-
clear whether the nematic order is driven by the orbital order which induces magnetic
order [18] or if a breaking of the tetragonal magnetic order (without breaking the spin ro-
tational symmetry) induces orbital order [19]. This might be possible since the electron
Fermi surfaces at (m,0) and (0, 7) consist of different orbitals [20]. Then, the structural

transition is induced by magnetic fluctuations [19].

The carrier dynamics in the normal state are reported by several authors to be strongly
band dependent [21, 22, 23] although none of the experiments performed so far is bulk
sensitive and has a sufficient momentum resolution to observe the carrier properties of
the bands separately. Independent of this, the origin of the different carrier dynamics

on the electron and hole bands is not yet clear.

Superconductivity is the most intensively studied phase in the FeSCs. Due to multiple
bands cutting through the Fermi level different gap symmetries seem possible, and there
is general agreement that the gap in most FeSCs has an extended s-wave symmetry.
Nevertheless, this does not answer the question about the momentum dependence of the
gap at optimal doping, the doping dependence of the gap and the underlying pairing

Iinteraction.

Several of these questions can be addressed with light scattering experiments. The
importance of electronic Raman scattering (ERS) is mainly based on its finite momentum
resolution [24]. In the study of the FeSCs the finite momentum resolution enables one
to investigate the hole and electron bands separately [25, 26]. In addition, ERS is less
sensitive to surface effects due to the finite penetration depth of visible light and has
a good energy resolution. This enabled a detailed study of the electronic properties
of the cuprates in the normal [27] and superconducting state [28, 29, 30]. In the case
of a localized spin model described via a Heisenberg model it is possible to study the

strength of the magnetic interactions via two-magnon excitations [31, 32, 33]. Thus,




ERS is a powerful tool for the investigation of the electronic properties of the FeSCs in
the magnetically ordered phase, the normal and the superconducting state. To obtain a
complete picture of the carrier dynamics the FeSCs are investigated via ERS as a function
of doping, temperature, uniaxial pressure, excitation energy and light polarization.
The work is organized as follows: After an overview over the characteristics of the
FeSCs in chapter 2, chapter 3 introduces the theoretical aspects of ERS and the formation
of density waves. In chapter 4 the investigated samples as well as the experimental setup
are presented. The magnetic properties of BaFesAsy, as seen via the Raman spectra
for high and low energy transfer, are discussed in chapter 5. In chapter 6 electronic
properties in the normal state for differently doped Ba(Fe;_,Coy)aAsy are presented.
The origin of the band dependent carrier dynamics and the nature of the fluctuations
will be addressed. The results and the analysis of the spectra in the superconducting
state at optimal doping and the evolution of the spectra with doping is presented in
chapter 7. Here, a more complete picture of the gap structure at optimal doping and its

evolution with doping is obtained.







Chapter 2

The iron based superconductors

In this chapter basic properties of the iron based superconductors (FeSCs) in the normal
and superconducting state will be reviewed. Special emphasize is placed on the 122’

compounds and their properties relevant for the presented study.

2.1 Basic properties

2.1.1 Materials

There are several different crystal structures of FeSCs [35, 36, 37, 38, 39]. The four
most frequently studied crystal structures, the so called ’1111°, '122°, ’111" and 11’
compounds, are shown in Fig. 2.1.

In 1995 Zimmer et al. [40] studied the series of LnFePO (Ln = La - Nd, Sm, Gd)
which crystallizes in the ZrCuSiAs type structure. Although superconductivity at 6 K
was reported for LaFePO in the thesis of Zimmer [41], the first publication in a scien-
tific journal is that by Kamihara and coworkers in 2006 [1]. These '1111’ compounds
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Figure 2.1: Crystal structures of different FeSCs. (a) LaFePO (’1111") (b) BaFeaAsy ('1227)
(c) LiFeAs (’111’) and (d) FeSe ("11’). The shaded area denote the FeX-layers. From
[34].
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Figure 2.2: Schematic structure of the unit cell of FeSCs. (a) FeX layer. + and — designates
the position of the X atom above and below the Fe layer. (b) Layered structure with
alternating FeX and spacer layers. (c) b-axis view of the FeX layer. « designates the
X-Fe-X bond angle in the FeX, tetrahedron.

exhibit the highest transition temperature (7,) among all FeSCs with 7, = 56 K for
Sry_,Sm,FFeAs [3]. The 122’ compounds crystallize in the ThCrySiy structure and are
the best investigated FeSCs due to the availability of relatively large high quality single
crystals. The highest T, in the so called 122’ compounds is observed in Ba;_, K FesAsy
with T2 = 38 K [42]. The '111’ compounds crystallize in the tetragonal CusSbh struc-
ture. A representative is Li;_sFeAs which turns superconducting at 7)** = 18 K [43]. A
member of the ’11’ compounds is FeSeq 5Teq 5, which crystallizes in the a-PbO structure.
Here, thin films with 7* = 17 K were grown [44].

2.1.2 Structure

Similarly to the CuO, layer of the cuprates, the unit cell of all FeSCs is composed of
quasi two dimensional (2D) conducting FeX layers where X is a pnictogen (As or P) or
chalcogen (Te, Se or S) [45]. The FeX layers are separated by an oxide ("1111’), an ionic
(’122” and '111") or by no layer ('11’) [Fig. 2.1, 2.2(a) and 2.2(b)]. Due to the layered
structure, the materials are expected to exhibit strongly 2D electronic properties.

The X atoms in the FeX layers are displaced by ¢/8 in c-direction with respect to the
Fe layer. This is illustrated in Fig. 2.2(c). If the angle « of the X-Fe-X bonds in the
FeX, tetrahedron approaches the ideal angle of 109.47°, T, is reported to be maximal
[46].

In the following, Ba(Fe;_,Coy)2As,, a member of the '122’ compound class, will be
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Figure 2.3: Displacement patterns of the Raman active lattice vibrations in BaFesAsy with
the corresponding vibrational frequency. The two E; modes in (c) and (d) are strongly
mixed.

studied. Only for completeness some properties of the 122’ materials will be compared

with properties of other FeSCs.

2.1.3 Raman active lattice vibrations in 122’ compounds

In the Raman spectra of tetragonal BaFe;As,, four different phonons are expected with
eigenvectors transforming like Aj,, By, (one each) and E, (two phonons) symmetry [47].
The modes correspond to in-plane (E;) and out-of-plane vibrations (A,, Byg) of Fe
and As atoms and are displayed in Fig. 2.3. From shell model calculations the expected
frequency for the modes are 183 cm™" for the Aj, and 203 cm ™ for the By, phonon. The
E, phonons are strongly mixed and expected at frequencies of 111 em™" and 335 cm™
[47].

2.2 Phase diagram

The control parameter in the phase diagram of the FeSCs can be doping or pressure.
Doping is the replacement of, for instance, one Ba atom in BaFeyAsy by a K atom.
The neutral Ba atom has an electronic configuration of [Xe]6s? while the neutral K
atom has an electronic configuration of [Ar]4s’. Hence, one hole is added to the unit
cell by this replacement (hole doping, Ba; K FeyAsy) [42]. The replacement of one Fe
atom with configuration [Ar]3d®4s? by a Co atom with [Ar]3d74s? in the conducting FeX
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Figure 2.4: Phase diagram of the ’122’ superconductor (a) Ba;_xKyFeaAsy (hole doped) [48]
and (b) Ba(Fe;_xCoyx)2Asy (electron doped) [7]. SC denotes the superconducting and
SDW the spin-density-wave phase. 1., Tspw and Tro indicate the superconducting,
SDW and tetragonal to orthorhombic transition temperature, respectively.

layer leads to superconductivity in Ba(Fe;_Coy)aAse with T = 26 K [7]. Here, Co
doping should add one electron per Co atom to the conducting (FeAs)™ layers [49, 50].
However, this extra d electron is proposed to be located within the muffin-tin sphere
of the substituted site. Then, the main effect of Co doping is to add impurities to the
system and the Co atoms acts as an isovalently doped atom [51, 52]. However, also by
isovalent doping superconductivity can be introduced: here, an As atom ([Ar]3d'%4s%4p?)
in BaFeyAs, is replaced by a P atom ([Ne|3s23p?) leading to T™* = 30 K [53] or Fe is
replaced by Ru ([Kr]4d"5s') leading to 7™ = 22 K [54]. Alternatively, the FeSCs turn
superconducting through the application of pressure [55, 56, 57] with T™** = 30 K in
BaFesAs, at a pressure close to 55 kbar [56].

Figs. 2.4(a) and 2.4(b) show the phase diagrams of hole doped Ba;_ K Fe,Asy and
electron doped Ba(Fe;_(Coy)aAss, respectively. Both phase diagrams are rather similar
and resemble those of the cuprates, ruthenates or heavy fermion superconductors for the
close proximity of magnetism and superconductivity.

The undoped parent compound is a bad metal and has a tetragonal lattice with a
remarkably longer c-axis compared to the nominally equivalent a- and b-axes. At room
temperature the ground state is non magnetic [7, 50, 58]. Cooling leads to a small
tetragonal-to-orthorhombic (TO) distortion for T < Tro with a ~ 1.008-b [59] and a
spin-density-wave (SDW) ground state for T < Tspw = Tro. In the orthorhombic phase
the Fe-Fe bonds along the a-axis, ap., are slightly longer than along the b-axis, bg..

Then the sample forms domains where ag, and bg. are interchanged. This is illustrated
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Figure 2.5: Twin boundary between two domains in the orthorhombic phase of BaFesAss.
The Fe-Fe bonds along ap, are slightly longer than along bgr.. The sample forms domains
where ap. and b, are exchanged. Between the two equivalent domains a twin boundary
forms (black dashed line). Adapted from [60].

in Fig. 2.5. The domains have a stripe like phase with a thickness of less than 10 pm

and are separated by twin boundaries [60].

With doping the structural and the magnetic transitions are continuously suppressed
with still Tro > Tspw and superconductivity emerges. The doping level, where T, is
maximal, is called optimal doping, while for lower (underdoped) as well as for higher
doping levels (overdoped regime) T, is reduced and may disappear. Between under-
and overdoped samples there is a striking difference in that for overdoped samples no
magnetic order is present and 7, decreases slowly with doping as for Ba(Fe;_,Coy)2Asy
or may even survive as for KFeyAsy with 7, = 3 K [61]. On the underdoped side there is
a coexistence region of magnetism and bulk superconductivity where both phases coexist
without phase separation in Ba(Fe;_,Coy)2Asy and Ba; K FesAs, [8, 62, 63].

The order of the phase transitions is not yet clear. By early nuclear magnetic resonance
(NMR) studies on BaFeyAsy [64], muon spin relaxation and x-ray studies on SrFesAs,
[65], and neutron diffraction studies on CaFegAs, [66] a discontinuously and often hys-
teretic structural phase transition was reported suggesting a first order transition. Pratt
et al. saw via their neutron and x-ray diffraction studies that both transitions are of
first order. They occur simultaneously in BaFeyAs, and split for finite Co doping. At
finite doping the magnetic transition is of second order [62]. Wilson et al. saw in their
neutron diffraction study both phase transitions in BaFeyAsy to occur simultaneously
and without any hysteresis arguing for a second order phase transition [67] while Kim
and coworkers observed in their x-ray studies a second order structural transition at
134.5 K followed by a first order magnetic transition at 133.75 K [68].
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Figure 2.6: 3D view of the Fermi surface (FS) of the (a) ’1111’ compound LaFeAsO;_,F, [69]
and (b) "122’ compound BaFegAss [70]. The FSs consist mainly of two hole barrels at the
I" point and two electron barrels at the M point. The barrels of the 122’ compound are
stronger warped than the barrels of the '1111° compound. The colors of the FS sheets
indicate the different Fermi velocities (blue denotes low velocity).

2.3 Normal state properties

2.3.1 Electronic structure

The electronic properties of the FeSCs are determined by the Fe atoms [69, 71, 72]. The
Fermi surface (FS), which has contributions from all five possible Fe 3d orbitals [10, 69],
is very similar for the different compounds. Figs. 2.6(a) and 2.6(b) show the BZ of
11117 and 122’ FeSCs, respectively, as obtained via local density approximation (LDA)
[69]. For both materials the BZ contains four cylindrical F'S sheets having a similar
cross-section. Two barrels around the I" [(0,0)] point of the BZ have hole character
while two barrels at the M [(7, )] points have electron character. The 2D character of
the FS sheets is more pronounced for the '1111" superconductors where the FS is only
little warped along k, [Fig. 2.6(a)], while for the '122’ compounds there is a remarkable
dispersion in k, direction [Fig. 2.6(b)] [69, 70]. The average Fermi velocity on the electron
band is remarkably larger than that on the hole bands'® as illustrated by the colored FSs
in Fig. 2.6. This indicates heavier charge carriers on the hole bands [69]. Due to the
similar shape of the barrels the hole and electron bands are approximately connected

via the nesting vector (m,7) [23, 73]. Also the effect of doping can be investigated

IThe average Fermi velocities in the '1111’ superconductor LaFeAsO;_,F, are 0.81 x 107 cm s—! (in-

plane) and 0.34 x 107 cm s™! (c-axis) for the hole pockets and 2.39 x 107 cm s~! (in-plane) and
0.35 x 107 cm s~ (c-axis) for the electron pockets [69]

10
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Figure 2.7: 1-Fe and 2-Fe unit cell and BZ of the FeSCs. (a) 1-Fe (solid lines) and 2-Fe unit
cell (dashed lines). (b), (c¢) 1-Fe (solid lines) and 2-Fe BZ (dashed lines). The red ellipses
mark the electron and the blue circles the hole bands. Due to backfolding the electron
bands intersect each other in the 2-Fe BZ in (c) as opposed to the 1-Fe BZ in (b).

theoretically via LDA [70] and density-functional-theory (DFT) calculations [74]. The
density of states (DOS) at the Fermi energy is found to be only weakly doping dependent
in contrast to what one expects from the presence of a rigid band model [70]. The main
effect of doping is rather a change of the sizes of the electron and hole pockets. Hence,
doping leads to a reduction in the degree of nesting of the FSs [70].

The two electron and two hole pockets in the BZ of undoped "1111" and ’122" FeSCs
as well as the change of the sizes of the FS sheets upon doping is in principle veri-
fied by angle-resolved-photo-emission spectroscopy (ARPES) experiments [75, 76, 77,
78, 79]: Upon hole doping, the electron pockets become smaller and the hole pockets
are expanded [61] while upon electron doping the central hole pockets are observed to
shrink and the electron pockets grow in size [80]. The latter is observed in overdoped
Ba(Fe;_,Coy)2As, indicating that Co substitution introduces additional electrons in the
unit cell as opposed to the discussion in Sec. 2.2 that the extra d electron of Co is located

within the muffin-tin sphere of the substituted site.

2.3.2 Orbital character of the bands

The five bands crossing the Fermi level Fr originate in first order approximation from
the five Fe 3d orbitals d,,, dy., dy., dya—y2 and ds,2_,2 [10]. This makes the FeSCs more
complicated than the cuprates where the only conduction band consists of one single

orbital, the copper d,2_,2 orbital hybridizing with the oxygen p, , orbitals [81].

—y

Due to the importance of the Fe atoms for the electronic properties of the FeSCs the
so called 1-Fe BZ will be applied in this thesis. The 1-Fe BZ [solid line in Fig. 2.7(b)] is
derived from the square lattice of the Fe atoms and the corresponding unit cell contains

only one Fe atom [solid line in Fig. 2.7(a)]. The 2-Fe BZ in Fig. 2.7(c) is derived from

11
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Figure 2.8: Orbital character of the bands. Shown are the electron (3;) and hole bands («a;)
in the 1-Fe BZ for electron (n=6.01) and hole doping (n=>5.95). For hole doping there
emerges a third hole band at (7, 7) which is referred to as the v band. From [84].

the crystallographic unit cell containing two Fe atoms [dashed line in Fig. 2.7(a)]. As
illustrated in Fig. 2.7(b) the 1-Fe BZ is rotated by 45° and has twice the size of the
2-Fe BZ [dashed line in Fig. 2.7(b)]. In addition, the electron bands in the 1-Fe BZ are
unfolded and sit at the X [(, 0)] points of the BZ as opposed to the folded electron bands
of the 2-Fe BZ which are located at the corner ([(7,7)] points) of the BZ [Fig. 2.7(c)].
To illustrate the orbital character of the bands, the results of a five orbital tight-
binding model solved in random-phase-approximation (RPA) are presented in the 1-Fe
BZ in Fig. 2.8 [20]. In RPA, both hole bands have predominantly d,. and d,, character
while the electron bands consist of d,,, d,. and d,, orbitals. This result is by and large
corroborated by polarization dependent ARPES studies which reveal little variation in
the orbital nature of the hole bands? [78, 82]. Due to the orbital character of the bands
the relevance of orbital ordering phenomena in the FeSCs has been emphasized early
[85]. Additionally, the observed strong anisotropies of the mobilities, Fermi velocities and
masses between the hole and electron bands can be explained via the orbital character

by intra- and interorbital scattering [86].

2.3.3 Nematic phase

A nematic phase breaks the rotational symmetry of a lattice spontaneously while pre-

serving the translational and mirror symmetry [15, 87]. The nematicity manifests itself

2experimentally it was reported that the hole band consist of d,, and d,./d,. orbitals [78, 82, 83]
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Figure 2.9: Temperature dependence of the in-plane resistivity along the ferromagnetic a (pq,
green) and antiferromagnetic b direction (pp, red) of detwinned Ba(Fe;_xCoyx)2Asa. Solid
and dashed vertical lines indicate the structural and magnetic transition temperature,
respectively. From [60].

in a large and strongly temperature dependent anisotropy of the electronic response to
a small symmetry breaking external field [88]. Such an anisotropy is observed in trans-
port measurements where the resistivity along the a- and b-axes, nominally equivalent
in a tetragonal lattice, is different for detwinned Ba(Fe;_,Coy)2As, (Fig. 2.9) [60] and
Eu(Fe;_xCoy)2Asy single crystals [89]. Also by means of neutron scattering [90] and
scanning tunneling experiments [91] an in-plane anisotropy along the equivalent a- and

b-axes was detected.

Hence, in the FeSCs the phase below Tro breaks the tetragonal Cy symmetry, and
the quantum fluctuations associated with this phase are nematic in character [92]. Nev-
ertheless it is unclear whether the structural phase transition and therefore the nematic
order is induced by magnetic fluctuations due to the onset of antiferromagnetic or-
der [19, 93, 94] or by orbital ordering phenomena in the quasi 1D d,, and d,, bands
[18, 95, 96].

2.4 Magnetism

Magnetism is not only a candidate for driving the Tro phase transitions. Due to the
close proximity of magnetism and superconductivity in the phase diagram, magnetic
and spin fluctuations are also believed to be important for the superconducting pairing
mechanism [97, 98, 99, 100].
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Figure 2.10: Magnetic order and coupling between nearest and next nearest neighbors. (a)
The spins of the Fe atoms are antiferromagnetically ordered along the c- and the a-axis
and ferromagnetically aligned along the b-axis of the 1-Fe unit cell (from [101]). (b)
Coupling between nearest (J;) and next nearest neighbors (J3). The coupling between
nearest neighbors may be different along the a- and b-axis (from [33]).

2.4.1 Magnetic order

The magnetic order below Tspw is illustrated in Fig. 2.10(a). It is ferromagnetic along
the b- and antiferromagnetic along the a- and c-axis as shown by neutron diffraction
experiments [101, 102]. The ordered Fe moments in the ab-plane are roughly 0.36 g
in '1111° [101] and 0.9 up in 122’ compounds [102, 103]. This is remarkably smaller
than the theoretically expected values of roughly 2.3 up per Fe atom [104]. The large
discrepancy is attributed to the dichotomy between the theoretically calculated moment
which is formed due to local Hund’s rule spin alignment and the dynamically screened
moment which is determined experimentally [105].

The resistivity p in detwinned samples is larger along the ferromagnetic b- than along
the a-direction as illustrated in Fig. 2.9 [60, 89] contrary to the expectation that scat-
tering from spin fluctuations results in a larger resistivity along the antiferromagnetic
direction [89]. The discrepancy of p between the a- and b-axis is largest for underdoped
samples with = = 0.025 while it is small for the undoped sample and weakens toward
optimal doping. For overdoped samples it is entirely absent [60].

For the nature of the magnetism in the FeSCs a band-like itinerant [106] and a Mott-
like [6] localized model [93], are conceivable. On the one hand, the undoped and un-
derdoped compounds exhibit long range magnetic order at low temperatures. On the
other hand, even the undoped FeSCs stay metallic without indications of any insulating
behavior. This dichotomy is also observed in an optical study where transport is argued
to be between an itinerant and a localized picture [107]. For the explanation of the

experimental data an anisotropic in-plane exchange coupling Ji, — J1» — Jo model, as
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Figure 2.11: Impact of the magnetic order on the unit cell and the BZ. (a) The magnetic
order introduces a magnetic unit cell (green line) which is a factor of two larger than
the 2-Fe unit cell (red dashed line) and a factor of four larger than the 1-Fe unit cell
(blue line). (b) The doubling of the unit cell cuts the first BZ into half. The correlated
backfolding of the BZ projects the electron band (blue ellipse) onto the hole bands (red
ellipse) and a new FS is formed (doted lines). At the spots where the electron and hole
FS intersect the SDW gap (green ellipse) opens up.

shown in Fig. 2.10(b), is theoretically suggested [108, 109]. In an INS study by Zhao et
al. the magnetism in the parent compounds is reported to be neither purely localized
nor purely itinerant [90]. Since the data at low and high energy of an INS study by
Ewings et al. cannot be fitted with a single parameter set in a local moment model
and the spectra only weakly change upon warming through Tspw, an itinerant picture

is reported to better explain these data [11].

2.4.2 Fermi surface reconstruction below Tgpw

In both, the itinerant and the localized picture, the onset of magnetic order below Tspw
doubles the crystallographic unit cell as illustrated in Fig. 2.11(a) [110]. Hence, the
antiferromagnetic BZ has only half the size in comparison to the non magnetic 2-Fe BZ.
The correlated backfolding of the 2-Fe BZ projects the electron bands onto the hole bands
as shown in Fig. 2.11(b). At the intersection points of both FSs an at least nodal [111]
SDW gap opens up [112]. Here, ARPES [113] and quantum oscillation (QO) experiments
[110, 114, 115] provide evidence that the newly constructed FS consists of several small
pockets. While in early ARPES studies the reconstruction of the FS was not observed
[116], in later studies it is concluded that there are large exchange splitting phenomena
in the SDW state leading to band splittings and possibly gaps [117]. Just recent ARPES
studies were capable to fully reproduce the reconstructed FS as seen via QO experiments

[118]. However, these studies reveal that the electronic structure cannot be explained by
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Chapter 2 The iron based superconductors

a band folding and F'S nesting picture alone. Rather, the magnetostructural transition
accompanies the orbital-dependent modifications in the electronic structure which has
been detected by linearly polarized laser ARPES [119]. While the splitting of the bands
is a genuine feature of the magnetic phase, the importance of the orbital character of the
multiband FeSCs was pointed out in the interpretation of an ARPES study of detwinned
BaFe,As, single crystals [120].

2.5 Superconducting properties

In close proximity to the magnetic phase superconductivity emerges. Imprints of the
magnetism on superconductivity are expected if the two phases are interrelated. This
holds particularly true for quantities such as the superconducting gap. The magnitude
and symmetry of the gap is one of the most studied properties of the FeSCs. Knowledge
about the gap size and symmetry would put some constraints on the nature of the pairing

mechanism.

2.5.1 Electron-phonon interaction

The strength of the electron-phonon interaction was calculated early via first principle
approaches and found to be too weak to explain the high T.’s [121]. This is corrobo-
rated by INS studies. These studies observed for different compounds a phonon density
of states which is in good agreement to the theoretical considerations. The analysis of
the data indicates only weak electron-phonon coupling [122, 123, 124]. Hence, also the
experimental results are not compatible with a conventional electron-phonon mediated
superconductivity. Nevertheless, an isotope effect on Ba;_ K, FesAsy samples was re-
ported with values of a = 0.4 [125, 126] which is a rather sizable effect close to that
of BCS phonon-mediated superconductors (o« = 0.5). The contradiction between weak
electron-phonon coupling and a sizable isotope effect was explained via a spin-fluctuation
pairing model [99]. Thus, there is general agreement that alternatives to the phonon

mediated superconductivity in the FeSCs are needed.

2.5.2 Gap symmetry and gap structure

In the absence of spin-orbit coupling the total spin S of a Cooper pair is either S = 0
or S = 1. From measurements of the Knight shift [127, 128, 129, 130, 131, 132] and

Josephson tunneling experiments [133] it is well established that the Cooper pairs form
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(c) €

anisotropic s* wave nodal s* wave d wave
Figure 2.12: Symmetries of the energy gap in momentum space: (a) anisotropic s*-wave (b)
nodal s*-wave and (c) d-wave. Red (blue) denote a positive (negative) sign of the order
parameter. e and h indicate the electron and hole bands, respectively.

a spin singlet state. Hence, in a 3D tetragonal system, there are several possible repre-
sentations how the order parameter transforms under 90° rotation and other operations
of the tetragonal group. This includes A, (s-wave) and By, (d-wave) [132]. Fig. 2.12
shows the case of an extended s*- and a d-wave gap. The extended s*-wave gap changes
sign between the hole and electron bands, but, as opposed to the d-wave, it does not
change sign if the crystal axes are rotated by 90°.

Apart from these symmetry considerations, the gap structure A(k), which describes
the k-dependent variation of the gap magnitude within a given symmetry class, is a
matter of current research in the FeSCs. For an anisotropic s* gap [Fig. 2.12(a)] the
magnitudes of the gaps on the electron and hole bands change as a function of k but
there is no sign change of the order parameter on one band. Nevertheless, osculating or
kissing nodes [134] may occur where the minimal gap approaches zero. This is opposed
to the nodal s* gap where true nodes occur on the electron bands due to the sign change
of the order parameter. Here, the sign on the hole pockets is still opposite to the average
sign on the electron bands [132]. Since these so called true nodes are not imposed by
symmetry they are often called accidental [132]. A d-wave gap structure is shown in
Fig. 2.12(c). Since the d-wave gap transforms like By, symmetry the gap is k dependent
and changes sign on the hole band. Therefore, true nodes are imposed by symmetry
on the hole bands. The sign of the gap on the electron bands changes on the nearest

neighbor bands. Here, the gaps may be isotropic as well as anisotropic.

17






Chapter 3

Theory

In this chapter basics about the theory of electronic Raman scattering are discussed.
The main focus is placed on theoretical concepts relevant for this thesis. For details the

reader is referred to a comprehensive overview in [135] and references therein.

3.1 The Raman effect

In a Raman scattering experiment photons with energy hAw; and momentum k; are
focused on a sample. Most of the photons are scattered off elastically and only the minor
part is scattered inelastically. The energy hw, and momentum k, of these inelastically

scattered photons is analyzed. Energy and momentum conservation require that

R = hw; — hw; energy conservation (3.1)

q=k; —k; momentum conservation (3.2)

(a)

V—gr—=-- \ V=== ==
(@, k)

MV

f ——  f f —

(2, q)

Figure 3.1: Energy scheme of the Raman process. i and f are the initial and final energy level,
respectively, and v is a virtual energy level. w;, and k; 5 are the energy and momentum
of the incoming and scattered photon. Only the Stokes process 2 > 0 is shown.
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Figure 3.2: Schematic Raman spectrum with excitations on the Stokes (2 > 0) and Anti-
Stokes side (€2 < 0). The Raman intensity I(£2) on the Stokes side is higher than on the
Anti-Stokes side. The peak at 2 = 0 originates from elastically scattered light.

where A is the energy and q the momentum transfered to the electron. In the scattering
process an electron absorbs the energy hw; of the incoming photon and is transfered to a
higher energy level. From this excited level the electron relaxes and emits a photon with
energy hws as illustrated in Fig. 3.1. In the Raman experiment one distinguishes between
the Stokes process (ST, w; > w;), where excitations with energy 2 are created, and the

Anti-Stokes process (AS, w; < wy), where excitations with energy 2 are annihilated.

A schematic Raman spectrum is shown in Fig. 3.2. It displays the number of scat-
tered photons I(2) versus the Raman shift 2, which is given in units of wavenumbers
(8.065cm™ = 1 meV). The peak at = 0 originates from the elastically scattered
photons and the peaks at €2, and 25 from the excitations created in the sample. In the
AS spectrum the peaks occur at the same energy but are lower in intensity since the
number of excitations in the sample decreases with temperature. Due to time-reversal
symmetry and phase space arguments, the intensity of the ST (Igr) and AS spectrum
(Ias) are related by the principle of detailed balance via

I QN e
e (g) e 0

with kg the Boltzmann constant. Via the comparison of Ist and g the temperature

T of the sample in the laser spot can be estimated.
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3.2 Electronic Raman scattering

For a theoretical description of electronic Raman scattering, the interaction part of the

N electron Hamiltonian coupled to an electromagnetic field,

N
€

Hiw = 5o 3 b Ale) + A) D+ 5 > Alr) - Alr) (3.4)

o 2

is introduced where e and m is the charge and mass of the electron, respectively. p, and
r; are the momentum and position of the i electron, respectively, and A(r;) the vector

potential.

Raman scattering measures the total cross-section of all electrons illuminated by the
light [136]. The scattering intensity N (2, 7)) of inelastically scattered light is propor-
tional to the differential photon cross-section

° 820— 20}5

NQ,T - — iR 3.5
( >O(8§28w5 ", (3.5)

which gives the probability that the incident photon with energy w; is scattered into a
solid-angle interval between Q and Q+dQ in an energy window between w, and w,+ dws.

ro = €2 /4megmc? is the Thompson radius of the electron and

R=— % S exp(—BE) | Mri[*6(Ep — By — 19) (3.6)

IF

with 0 = 1/kgT, Z the partition function and Mp; =< F|M|I >, where |F >,|I >
are the initial and final states, respectively. M is the effective light scattering operator
and contains the electron-photon interaction. The electron-photon interaction is given
by Eq. (3.4) which shows that the contributions to Mp; originates from three terms:
the first two terms couple the electron’s current to a single photon and the last term

couples the electron’s charge to two photons [135].

In the limit of small momentum transfer to the electron, q is small with respect to the
Fermi momentum, |q| < kr and the limit ¢ — 0 is applicable. Then, the evaluation of
the matrix elements My is simplified. Assuming that the intermediate many-particle
states only differ from the initial and final states by single-electron excitations, which is

exact only for non-interacting electrons, the matrix element, simplified using commutator
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algebra, can be written as [135, 136]

Mpp =) ap < Flétesll > (3.7)
a?lB

with ¢t and ¢ the electron creation and annihilation operators, respectively, and

Yo = Pa(Q)Ei6 +iz Pa P s + -2 0P . (3.8)
= Pep iU o —\Es —Ey +hwi  Bo— Ey — hu,

Va3 1s the scattering amplitude indexed by quantum numbers o, 3. It depends on the
£ >1is

initial, intermediate and final states of the electrons. pifg(%,s) =< a|p-e; e b.T
the momentum density matrix element with the polarization vectors of incident (e;) and
scattered light (e;). pa(q) is the matrix element for single-particle density fluctuations.
If the energy of the incoming or outgoing photon equals the energy gap separation
between the bands for interband transitions, v, g and therefore the matrix element My ;

diverges and the scattering may be resonant.

Hence, R in Eq. (3.6) depends on v and can be expressed via the dynamical effective

density-density correlation function S,,(q, 2, 7). With this replacement, Eq. (3.5) reads

Via the fluctuation-dissipation theorem S,,(q, 2,7 is related to the imaginary part of

the Raman response function x”(q, {2) and can be written as

! [14+n(Q,T)] X5, (a, Q) (3.10)

™

S’Y’Y(q7 Q7 T) =

where n(Q2,T) is the Bose distribution function

n(QT) = — (3.11)

ersT —1

Hence, via Eq. (3.9) and (3.10) the Raman scattering intensity is related to the Raman

response function and reads

N(Q,T) = Ry - [1+n(Q,T)] 'Xf)//'y(qa Q) (3.12)

with R, a symmetry-dependent factor absorbing all frequency and temperature inde-
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pendent constants. The scattering amplitude ~ is proportional to the Raman matrix

elements and depends on the incident and scattered light polarization vectors as
Yk @) =Yk, aefel. (3.13)
"%

The Raman vertex 7,,(k,q), with p,v = z,y, 2, itself depends non-trivially on the
energy of incoming and scattered photons and the initial, intermediate and final states
of the electrons.

The polarization dependence of v, ,(k, q) can be expressed using group theory argu-
ments. Since the Raman fluctuations vary along the same directions as the polarizations
of incoming and outgoing photons which induce the fluctuations, the Raman fluctuations
obey the same symmetry rules governing the scattering geometry. Thus, the Raman ver-
tex can be decomposed into basic functions of the irreducible point group of the crystal

&, [137, 138, 139, 140, 141]

v(k,q—0) = yr(q— 0)®L (k). (3.14)

L is an irreducible representation of the point group of the crystal and the polarization
direction of incoming and scattered photons determine which set of L contributes to the
sum. Alternatively, assuming that the energies of incoming and outgoing photons are
vanishingly small with respect to the distance between conduction band and intermediate
state, hiw; s < |€x, — €x|, the scattering amplitude simplifies to the well known effective-

mass approximation [142]

P 0%
a = ek
uhy

M?V

e (3.15)

In this approach the Raman vertex depends on the curvature of the conduction band
and the polarization vectors of incident and scattered light. Thus, the sensibility of
the Raman vertex in different k-space regions in the BZ can be calculated given the

knowledge of the band dispersion.

3.3 Raman response function

For the calculation of the Raman response the contribution originating from different

Feynman diagrams must be added up [135]. The leading contribution comes from the
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polarization bubble shown in Fig. 3.3

where the dashed and solid lines cor- | J
respond to photonic and fermionic “\ ,"l
propagators, respectively. ~ repre- XW = 7 \
sents the Raman vertex containing / N

the details of the electron-photon in-

teraction. For the determination of Figure 3.3: Feynman diagram of the polarization
bubble. Dashed and solid lines represent pho-
tonic and fermionic propagators, respectively.
~ denotes the k-dependent Raman vertex.

the Raman response one generally
needs to take the effects of vertex cor-
rection into account. Since these cor-
rections are shown to produce only minor corrections in the By, and By, spectra [143],
they will be neglected in the following. Then, the Raman response function x,, in the

normal state reads [144]

. 1 . . .
X%(% iw) = B Z MG (k, 1w )Gk — q,iw' — iw). (3.16)
k,iw’

with h = kg = 1. G(k,iw’) is the fermionic propagator and iw = 2n7T and iw’ = (2n +
1)nT are the bosonic and fermionic Matsubara frequencies. The electronic propagator
is renormalized due to impurities or electron-electron interactions. Using the Dyson

equation, the renormalized Green’s function reads
Gk, iw) ™t = GOk, iw) ™ — B(k, iw) (3.17)

where G(©) is the bare propagator and ¥ (k, iw) = ¥'(k, iw)+i%"(k, iw) is the self energy,
which is generally complex. ¥”(k, iw) can be associated with the damping of the particle
motion and ¥'(k, iw) is the energy shift of the excitation due to interactions. The gauge-
invariant and hence charge-conserving form of the total Raman response reads [143]
) ) [X%(iw )}2
Xor (iw) = X2 (iw) — | (3.18)
" i X (iw)

where x.1 and x1; are obtained via the replacement y(k) = 1. Since the scattering cross-
section is proportional to the imaginary part of the response function, the imaginary part

of Eq. (3.18) must be calculated after the analytic continuation to real frequencies.
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3.3 Raman response function

3.3.1 Normal state

For the calculation of the response in the normal state the bare electronic propagator is

expressed via GO (k,iQ2) ™! = iQ — & and therefore the Green’s function reads

1

Gl i) = 76— & — B(k, Q)

(3.19)

&k = €x — p is the quasiparticle energy and €, and p the band dispersion and chemical
potential, respectively. Inserting this expression of the Green’s function into Eq. (3.16)
and taking the imaginary part, one obtains after performing the sum over the fermionic

Matsubara frequencies and the analytic continuation
X2 (q, Z / 6w, k)G (w + Qk + q) [nr(w) — np(w+ Q)] (3.20)

with np(w) the Fermi Dirac distribution function. This equation is usually evaluated in

the limit q — 0.

3.3.2 Superconducting state

In the superconducting state the response is given in Nambu notation [145] in particle-
hole space via the 2 x 2 Pauli matrices 7,—¢_ 3. In the BCS approximation and for singlet

pairing, the Green’s function is written as a matrix and is expressed via

Q70 + &3 + AxTy

G(k,iQ) = - B

(3.21)

with E = & + A} the quasiparticle energies, & the band dispersion and Ay the energy
gap. The Raman vertex is given via the replacement 1 — 4% = %73, and Eq. (3.16)

reads

1 . .
X2, (q,iw) = BTr > Gk, iw) Gk — q, i’ — iw). (3.22)
k,iw’

For materials with n bands crossing the Fermi level, the Raman spectra in the absence
of Coulomb screening, charge backflow and after performing the Matsubara frequency

summation is given in the limit g — 0 by [146]

Xy (82 ZZ’% Ak, Q), (3.23)
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where

(3.24)

Ma(k, ) = tanh (En<k>> 4] An(k) 2 /E,(K)

2kpT ) AE2(k) — (RS2 4 i5)?
is the Tsuneto-Maki function for the n** band.

To model the spectra, band structure effects are neglected and all Fermi surface sheets
are taken as circles. The imaginary part of Eq. (3.24) at T' = 0 after integrating over

energies reads [147]

" - " _ NF,” 2 | AH(Q) ‘2
) =@ =258 [awiem S, 6

with the real parts determined by Kramers-Kronig transformations. This expression
indicates the interplay of anisotropies of the Raman vertices and the energy gap on each

band.

3.4 Momentum resolution of the Raman response

The importance of ERS is based on the finite momentum resolution of ERS [ Eq. (3.14)
and (3.15)]. In this section the sensitivity of the Raman vertex in the first BZ of the
FeSCs and the proper alignment of the incoming and outgoing photons to access these
symmetries is described. Due to the importance of the Fe atoms for the electronic

properties, the electronic or 1-Fe BZ is used which is derived from the 1-Fe unit cell (c.f.
Sec. 2.3).

3.4.1 The Raman vertex

According to Eq. (3.14), the Raman vertex can be decomposed into basis function of
the irreducible point group of the crystal. The FeSCs crystallize in a tetragonal lattice
obeying the Dy, symmetry group and the leading order contribution to the relevant

symmetries are

®4,, (k) = constant + cos(kya) 4 cos(kya) + ...,
®p,, (k) = cos(kea) — cos(kya) + ..., (3.26)
®B2g (k)

sin(kya) sin(kya) + .. ..

The momentum-dependence of the Raman vertex in the first BZ is illustrated in

Fig. 3.4 displaying contour plots of the leading order basis function of Eq. (3.26). The
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A B

19 29

Figure 3.4: Momentum-dependence of the BZ harmonics in the 1-Fe BZ. Color and white
regions mark where the vertex is maximal and minimal, respectively. The white dashed
lines mark where the vertex is identical zero. Red circles and blue ellipses indicate the
position of the hole and electron bands, respectively.

maximal and minimal values are represented by color and white, respectively. The
electron and hole bands are indicated as blue and red ellipses, respectively. From the
figure it is clear that the A;, vertex is largest in regions of the BZ where the hole bands
are located. While the By, vertex is extremal at the electron bands, the By, vertex is
sensitive in regions where no bands cross the Fermi level.

The symmetry of the Raman vertex is described sufficiently by the symmetry consid-
erations of Eq. (3.14) which will be applied throughout this work. The effective-mass-
approximation, as evaluated in Sec. 7.5.2; brings only minor correction to the above
symmetry considerations. Thus, in B;, symmetry the electron bands are mainly probed
while the A, vertex is, in principle, sensitive to the electron and hole bands. Since the
A, vertex is modified by charge backflow effects the largest contribution comes from
interband scattering involving more the hole bands. By, symmetry, in contrast, does not

probe any band according to the lowest order approximation of the Raman vertex [25].

3.4.2 Selection rules

To probe the response in different symmetries, the polarization states of incoming and
outgoing photons need to be adjusted. As reference for the polarization vectors the 1-Fe
unit cell is chosen and Z and ¢ polarizations are aligned along the Fe-Fe bonds. 2’ and
' polarizations are rotated by 45° with respect to & and ¢, respectively, and hence point
along the axes of the crystallographic unit cell.

The contribution to one single symmetry cannot be accessed individually but always
the sum of two symmetries is projected out by one polarization combination of the pho-

tons in crystals obeying the Dy, symmetry group. This is illustrated in Fig. 3.5, where
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Figure 3.5: Scattering geometry of incoming (blue arrow) and scattered photons (red arrow)
and projected symmetries in a tetragonal Dy crystal. The red circles mark the position
of the Fe atoms and the solid and dashed lines are the 1-Fe and 2-Fe unit cell.

the polarization states of incoming and outgoing photons are shown and the projected

symmetries are indicated. To extract the contribution from one single symmetry one

has to measure at least four different polarization combinations including both com-

binations with circularly polarized photons. For consistency checks and to perform a

fully symmetric polarization analysis, a complete set of all six different in-plane light

polarization combinations, as shown in Fig. 3.5, is measured in this study. Using the

linear combinations

]Alg =
IA2g =
[Blg =

IBQg =

Wl Wl Wl W+~

(xz + 2’2" + RR)

2

1

(zy+ 2"y’ + RR) — 3 (rz + 2’2" + RL)
1

(zy + 2’2’ + RL) — 3 (zz +2'y' + RR)

1
(zx + 2’y + RL) — 3 (ry + 2’2" + RR)

(xy + 2’y + RL)

the contributions in individual symmetries are accessed.

(3.27)
and
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3.5 Extended relaxation function analysis

For the quantitative description of the Raman spectra in the normal state an extended
relaxation function analysis, which is similar to the memory-function analysis of the
optical conductivity [148], can be applied. Via this analysis dynamic mass enhancement

factors and Raman relaxation rates are calculated.

For the analysis, the Raman susceptibility is written in terms of a memory-function

via

nl@.7) = g (325)
with
M., (Q.T) = iT(Q,T) + QNQ, T). (3.29)

Here, 1 + A\(Q,T) = m*(2,T)/m is the dynamic mass enhancement factor with the
bare electron mass m, and I'(£2,T) is the dynamic Raman relaxation rate. Thus, the
imaginary part of the Raman susceptibility reads

Qr(Q,T)

D) = P+ T T (3:30)

For the further analysis one uses the functions

[(Q,T) = —R@ (3.31)
and o
20 [ I(ET
OK(Q,T) = —7p/dg 62(5—’ Q)Q (3.32)

0
Eq. (3.32) is obtained by the Kramers-Kronig transformation of Eq. (3.31). p denotes
the principle value of the integral. Inserting Eq. (3.31) and Eq. (3.32) into Eq. (3.30)

and separating real and imaginary part, one obtains

B I1(Q,T)
reT) = R[I(Q,T)]2 +[QK(Q,T)]2’ (3:33)
1+ AQ,T) = R K(©,T) (3.34)

[1(2, T)? + [QK (2, T

which are also related by a Kramers-Kronig transformation. The constant R is fixed by
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Figure 3.6: (a) Direct and (b) crossed Feynman diagrams for the fluctuation contributions

to the Raman response. Dashed and solid lines denote collective modes and fermionic
propagators, respectively. The dots represent the Raman vertices.

a sum rule
Qe

R=Z / 40 1(Q,T) (3.35)
"
originating from the causality of the response function. To guarantee the convergence
of Eq. (3.35), a cutoff frequency €. is introduced which is typically of the order of
the bandwidth. Whenever x”(2) is constant, the dependence of the integral on €. is
logarithmic. If x”(£2) decays, Eq. (3.35) converges. Details of the analysis can be found
in earlier publications [149, 150].

In the limit 2 — 0 Eq. (3.33) gives the static Raman relaxation rate I'o(T"). ['o(T)
is inversely proportional to the initial slope of the Raman spectra and represents the
inverse of the two particle lifetime 7(7"). Thus, T'o(7) x 1/7(T) x p(T) holds with
p(T) the dc resistivity in a metal. Therefore, I'o(7") can, in principle, be compared to
the relaxation rates obtained from transport measurements. For the comparison p(7T)
needs to be converted into units of wavenumbers. In a Drude model I'fj(T") and p(T") are

related as [149]
Io(T) =

T - 1.08-p(T) - w (3.36)

with p(7") the resistivity in units of pQcm and wy; the plasma frequency in units of eV.

3.6 Fluctuation contribution to the Raman response

The importance of fluctuations above T, was originally emphasized by Aslamazov and
Larkin [151]. This work was extended to the particle-hole channel for 1D charge-density-
wave systems [152, 153]. The latter work is reconsidered in 2D for the Raman response
and the presented model is originally calculated to express the Raman response contri-

bution due to collective charge-order (CO) excitations associated to stripe fluctuations
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in the cuprates [154]. According to this work, a Raman active excitation originates from
the exchange of two fluctuations with opposite momenta ). and —@).., hence preserving
Qiota] = 0. The Feynman diagrams, contributing to the process, are shown in Fig. 3.6.
The CO fluctuations provide an additional channel for the Raman response beside the
polarization bubble presented in Sec. 3.3.

Evaluating the diagrams in Fig. 3.6, the contribution from fluctuations can be ex-
pressed via

242

Ay = A2 /0 T2 (b — Q/2) — bz + /2] = [F(el) - F(z1)]. (3.37)

2y —2C

Here A is a fitting parameter independent of temperature and Raman shift to adjust the

intensity of the fit to the intensity of the experimentally obtained data and
2 = (2£Q/2) [14 (2 £0/2)%/97] . (3.38)

b(z) is the Bose distribution function and

F(z) =+ {arctan (%> _ arctan (T)] | (3.39)

z z z

The ultraviolet cutoff €y, generally of the order of a few hundred wavenumbers, is of the
order of the phonon energy coupling to the electrons and driving the system near the
charge ordering instability [155]. The effective mass of the fluctuation propagator m(7T')
in Eq. (3.39) depends only on the temperature and is the only fitting parameter in this
approach.

3.7 The spin-density-wave

Below Tspw underdoped FeSCs are magnetically ordered and exhibit a SDW ground
state. In the SDW ground state the spin density is a spatially varying wave having a
period of d = 7w /kr with kp the Fermi wavevector as illustrated in Fig. 3.7(a). Since
both spin directions modulate with the same phase but are shifted by =, there is no
spatial variation of the charge density [156]. Due to the spin density modulation, a new
periodicity of the lattice with lattice constant Ispw = d > a develops with a the lattice
constant in the paramagnetic state. The new periodicity leads to a reconstruction of
the bands in the BZ as shown in Fig. 3.7(b) for a half filled band. Consequently, the

band is intersected and there occurs a new BZ boundary at 7/d < w/a. At the new BZ
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Figure 3.7: Dispersion relation in the SDW ground state for a half filled band (thick red
line denotes the filled band). (a) In the SDW state the spin density p(r) for both spin
directions is spatially varying with a periodicity of d = 7/kp. d is the new lattice
constant. (b) Due to the new periodicity of the lattice in the SDW state the BZ becomes
smaller and a gap Agpw opens on the new BZ boundary (dashed green lines). Ep denotes
the Fermi level in the SDW state. Adapted from [156]

boundary a SDW gap Agpw is introduced which opens on, at least, parts of the F'S and
leads to a decrease of the kinetic energy. The size of Agpw in a mean-field approach can

be expressed in the weak coupling BCS relation [156] via
2A8w = 3.53 - Tyow - (3.40)

This is, strictly speaking, valid only for 1D electronic properties. With increasing 3D
character of the electronic properties, T4 continuously decreases and the transition

may even be completely removed [156].
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Chapter 4

Samples and experimental details

In this chapter details of the investigated samples and the experimental setup are pre-

sented. Additionally, aspects for the data analysis are introduced.

4.1 Samples

For the investigation of the electronic properties of FeSCs via ERS high quality single
crystals with a minimal size of approximately 1 x 1 mm? are desired. These requirements
are fulfilled by Co doped BaFesAss crystals. The Ba(Fe;_(Coy)2Ass samples are prepared
and characterized in the group of Ian Fisher at Stanford University [7]. The crystals
were grown from self-flux. Ba and FeAs in a molar ratio 1:4 with additional Co were
placed in an alumina crucible and sealed in a quartz tube. The mixture was heated up
to 1150°C and held at that temperature for 24 h. At 1000°C the remaining flux was
removed. The crystals have a platelike morphology with the c-axis perpendicular to the

plane [7].
4.1.1 BaFGQASQ

Tro | alA b[A] c[A] | a[A]  Db[A] c[A]
Tspw (300 K) (20K)
BaFeyAs, || 134 K | 3.963  3.963  13.017 [ 5.615 5574 12.945

Table 4.1: Parameters of the studied BaFesAss sample, with the corresponding structural and
magnetic transition temperature Tro and Tspw, respectively. The lattice parameters in
the tetragonal and orthorhombic phase are given at 300 and 20 K, respectively. Data
are taken from [157].
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BaFeyAssy crystallizes in the body centered tetrag-
The
lattice parameters are given in Tab. 4.1. The Fe-
Fe nearest neighbor distant is a/ V2. The con-
ducting (FeAs)~ layers are separated by approxi-
mately 6.5 A [158]. Between the (FeAs)~ layers

are insulating layers of Ba?T atoms which are be-

onal ThCrySiy structure shown in Fig. 4.1.

lieved to transfer electrons to the conducting lay-
ers [35, 157]. The tetragonal structure suffers a
small orthorhombic distortion below 134 K con-
comitantly with a transition to an antiferromagnet-
ically ordered SDW ground state. The resistivity of

twinned samples is shown in Fig. 4.2. It is mainly

Figure 4.1:
Ba(Fe;_xCox)2Ass.

O Ba

o As

o Fe/Co

Crystal structure of

constant between 300 and 134 K and suffers a sudden drop at 134 K. At low temper-

atures the temperature dependence is weak. The residual resistivity ratio is roughly

2.8.

4.1.2 Ba(Fel_XCOX)QASQ

The studied Ba(Fe;_Coy)2Ass samples are listed in Tab. 4.2. Doping BaFeyAs, with

Co atoms leads to a random substitution of Fe atoms and reduces the c-axis length

slightly while the a-axis length remains mainly unaffected [160]. This results in lattice
constants of a = 3.964 A and ¢ = 12.980 A for overdoped Ba(FegoCog1)2Asy [50]. The

Co concentration was determined by microprobe analysis and the measured dc resistivity

Ba(Fe;_Coy)aAss T. AT. | Tro | Tspw X comment | sample ID
BaFe;As, - - 134 K | 134 K 0 unstressed Bal22
BaFeyAs, - - 137 K | 145 K 0 stressed Bal22s

Ba(Fe1.955Coo.045)2A82 14 K 2K 68 K 60 K 0.045 | unstressed UD14
Ba(Fe;.949C00.051)2As2 || 18K | 1K | 52K | 37K | 0.051 | unstressed UD18
Ba(Fe;.945C00.055)2As2 || 22 K | 1K | 33K | 30 K | 0.055 | unstressed UD23
Ba(Feq.930C00.061)2As2 || 24 K | 0.5 K - 0.061 | unstressed | OPT24
Ba(Fe1.915C00.085)2As2 || 22K | 1K - 0.085 | unstressed 0D22

Table 4.2: Table of the studied Ba(Fe;_xCoy)2Ass samples, with the corresponding supercon-
ducting transition temperature T, and width AT, structural and magnetic transition
temperature Tro and Tspw, respectively, doping level x and sample ID used in the text.
The structural and magnetic transition temperature of the stressed sample Bal22s are

a guess from the data in [159].

34



4.2 Experimental Details

25 T T T T T T T T T T

_'/' Ba(Fe Co ) As,
1—+—x=0
—=—x=0.016

20r
x=0.025
i —+—x=0.035
I x=0.045

—=—x=0.051
1 ——x=0.061
—«—x=0.070*%
—=—x=0.085
{—=—x=0.109
—=—x=0.140
—=—x=0.184

P,/ P, (300K)

00 s 1 s 1 s 1 s 1 s 1 s
0 50 100 150 200 250 300

T(K)

Figure 4.2: DC resistivity of differently doped Ba(Fe;_xCoy)2Ase single crystals. The data
are offset for clarity. From [7].

of the investigated samples are displayed in Fig. 4.2. While the underdoped samples
display a resistivity anomaly where the resistivity increases at low temperature before it
falls to zero at T, the resistivity of optimally and overdoped samples, where no magnetic
order is present, decreases monotonously with the temperature. Hall measurements show
that the dominant charge carriers in Ba(Fe;_Coy)oAsy are electrons [22, 50].

Co doping introduces superconductivity for 0.035 < z < 0.14 and suppresses the
structural and magnetic transitions. The maximal 7, is 24 K for x = 0.061. For
x > 0.061 the structural and magnetic transitions have disappeared entirely. The T, of
each sample is determined via the measured resistivity [7] and the third harmonic of the
susceptibility which has the advantage to be contactless. The latter method is described
elsewhere in detail [161, 162].

The penetration depth of visible light is, according to measurements of the optical
constants during this thesis, roughly 30 nm. Thus, also bulk properties of the material
are probed via ERS. Nevertheless, it is essential for the experiment to have a flat and

shiny surface which is obtained via sample cleavage.

4.2 Experimental Details

The experimental equipment of the ERS setup is described elsewhere in great detail

[150, 161, 163, 164]. Here, relevant features of the setup including the detwinning device
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Figure 4.3: (a) Photograph and (b) schematic sketch of the in-situ detwinning device. The
sample (6) is sandwiched between the cantilever (3) and he sample holder (7). With
screw (1) the cantilever is fixed on the sample holder. Using screws (4) and brace (5)
stress can be applied to the sample. The thickness of the space holder (2) is a = 0.8 mm.
From [166].

for the samples and the light source for the experiment are introduced. Finally, details

of the data analysis are presented.

4.2.1 Sample holder

The sample is mounted on the cold finger of a cryopumped *He flow cryostat with
a vacuum of better than 10° mbar and an accessible temperature range of 1.8 < T <
340 K. The temperature of the sample holder is measured via a Si-diode. The orientation
of the crystals is determined via a Laue picture [164]. The proper adjustment of the
polarization state of incoming photons with respect to the crystal axes is described in a
recent work [165]. Details of the cryostat can be found elsewhere [163].

Without uniaxial stress the samples were mounted on a copper block to maintain good
thermal contact to the cold finger. For the mounting GE Varnish was used which has
a finite elasticity at low temperatures [164]. A finite elasticity at low temperatures is
necessary since the FeSCs are rather sensitive to uniaxial stress [57, 166]. Details of the
mounting of the sample are described in [150].

In the orthorhombic phase ag. > bg. holds. Here, the sample is twinned forming
domains where ap, and bp, are exchanged. These domains are smaller than the laser
spot on the sample [60] which has a size of roughly 50 x 100 pm (see Sec. 2.2). Thus,

the spot illuminates several domains and the measured Raman response is an average
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over the response of many domains. In order to measure the response from a single
domain, uniaxial pressure is applied and the sample is detwinned. The sample holder
for applying uniaxial stress is shown in Fig. 4.3 [166]. The applied stress is in the range
15 < P < 35 MPa which is sufficient to fully detwin the sample [60]. Details can be
found in [166].

4.2.2 Light scattering Setup

The setup for the Raman experiment is schematically shown in Fig. 4.4. Via mirror
M1 the light source for the experiment, either a diode-pumped solid state (DPSS) or an
Argon ion laser (see Sec. 4.2.3), can be selected. To adjust the beam diameter of the
DPSS laser to the larger beam diameter of the ion laser (Tab. 4.3), the beam diameter of
the DPSS laser is expanded with two lenses L1 and L2, which have a focal length of 30
and 40 mm, respectively. The first pinhole system eliminates contribution of the plasma
radiation from the laser medium with a higher divergence than the coherent laser light.
Via the combination of a prism monochromator (PMC) and a spatial filter S2 plasma
lines, which differ by more than 30 cm™! from the laser line, are removed. The power
and polarization state of the incoming light can be adjusted via the combination of a
A/2 retardation plate, a Glan-Thompson polarizer and a Soleil-Babinet compensator.
To maintain a homogeneous Gaussian beam profile, the light is filtered via the spatial
filter S3 before the beam is focused on the sample surface with the achromatic lens LS.
The photons scattered off inelastically of the sample are collected with an objective lens

(02) and focused on the entrance slit of the spectrometer.

On its way to the spectrometer the polarization state of the scattered photons is
selected by the combination of a A /4 retardation plate and a polarizer. A /2 retardation
plate rotates the polarization of the scattered photons into the direction of maximal
sensitivity of the spectrometer. The spectrometer consists of two stages where the light
is dispersed by a grating in the first stage. Via an intermediate slit between the two
stages, the bandwidth of the light can be determined before the second grating reverses
the dispersion of the first grating. Hence, an image of the entrance slit is generated at the
exit slit having a bandwidth determined by the intermediate slit. After the spectrometer
the beam is focused on a liquid nitrogen cooled CCD chip [150]. Further details of the
setup can be found in [161].
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Figure 4.4: Schematic sketch of the Raman experiment. For details see the text. From [161].

4.2.3 Light source

In an ERS experiment one out of 10 incoming photons is scattered inelastically per
second, meV bandwidth and steradian. Thus, a light source, which emits a large number
of coherent photons at a fixed energy, is required. Additionally, a constant output power
and a high beam stability over a long time period is a prerequisite for the light source.
These requirements are fulfilled by lasers where up to now an Ar ion laser, Coherent
Innova 304, was used. For the rapid evolution of DPSS lasers, nowadays also frequently
doubled DPSS lasers are suitable and a Neodymium doped YAG laser, Klastech Scherzo-
DENICAFC-532-300, was additionally installed in the lab.

The advantage of the ion laser is that the wavelength of the emitted photons can be
tuned to discrete wavelengths in the range 458 < Ay < 514 nm, while the DPSS laser
emits at only one fixed wavelength of Aoy = 532 nm. The advantage of the DPSS laser
is to have a power consumption which is by more than two orders of magnitude lower
than that of the ion laser and the absence of a large scale water cooling system while
the beam parameters of the ion and the DPSS lasers are similar. The specifications of
both lasers are tabulated in Table 4.3. Since a typical measurement of the FeSCs last
roughly 14 h there is a remarkable reduction of power consumption with the application
of the DPSS laser while the spectra, which are generally measured at only one A, are

unchanged to within the experimental resolution.
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Specification H Coherent Innova 304 \ Klastech Scherzo-532-300 ‘
output wavelength [nm] 458 nm < A < 514 nm 532
output power [mW]| 100 < P < 1500 300
output power stability +0.5% < 2%
beam diameter (1/€?) [mm] 1.5 1.0
beam divergence [mrad] 0.5 diffraction limited
beam pointing stability [urad/K] <5 <10
transverse mode structure TEMgyq TEMgqq
optical noise [rms| 0.2% (10Hz to 2MHz) | < 0.3% (10Hz to 10 MHz)
cooling water air
controller size [mm?| 533 x 543 x 193 164 x 109 x 45
laser head size [mm?| 1225 x 150 x 179 160 x 109 x 98
weight (all) [kg] 81 <2
power consumption [kWh)] 15 0.1

Table 4.3: Specifications of the Ar ion laser (Coherent Innova 304) and the DPSS laser
(Klastech Scherzo-532-300).

4.2.4 Calibration of the setup

For the absolute determination of the Raman spectra over a wide frequency range the
experimental setup needs to be calibrated. The experimentally determined number of
photons N, scattered into an energy interval Aw, and a solid angle AQ, depends on
several experimental parameters. It can be expressed as [167] [c.f. Eq. (3.5)]

d*o

N ws,Aws,Aﬁ =rly—T (w, AwSAQ 4.1
( ) =l () (1)

where o is the light scattering cross-section for certain polarizations. T'(w;) is the trans-
mission coefficient of the entire setup including the spectrometer and the CCD camera.

The transmission through the spectrometer and the sensitivity of the CCD camera
are measured separately and are shown in Fig. 4.5 together with the energy interval
Aw, which gives the energy dependent resolution of the spectrometer. Aw, can be
determined by the intermediate slit. For a given spectrometer geometry the dependence
of Aw, on wy can be calculated. As shown in Fig. 4.5, Aw, decreases roughly linearly
with decreasing energy of the scattered photons [150].

The spectra throughout this thesis are presented in units of counts per second and
Milliwatt (counts s™' mW™!) if not indicated differently. They are divided by T'(ws)
and normalized to a fixed resolution Aw, = 10 cm™' at 458 nm. Further details of the

calibration procedure are described elsewhere [150].
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Figure 4.5: Sensitivity calibration of the experimental setup (from [150]). Shown is the
efficiency of the gratings E and the quantum efficiency of the CCD camera QE in percent.
The bandwidth Awy of the spectrometer is given for a fixed width of the intermediate
slit of 550 pm on the right hand scale.

4.2.5 Determination of the spot temperature

The temperature of the sample in the illuminated spot is crucial for the interpretation

of the Raman spectra.

Probe temperature in the normal state

For the determination of the sample temperature in the normal state one usually takes

advantage of the principle of detailed balance as given in Eq. (3.3) [135] and obtains

- 2
T(Q):—@ln Nas (wi =0
k‘B NST wZ+Q

(4.2)

with Ngr and Nag the intensities of the Stokes and anti-Stokes spectrum, respectively.
w; is the energy of the incoming light, €2 the Raman shift and kg the Boltzmann constant.
With this relation the temperature of the sample in the laser spot can be estimated to
within a few degrees. This is, in general, sufficient [150] although the determination of

T via Eq. (4.2) is precise only if Nag is remarkably greater than zero.
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Sample temperature in the superconducting state

For this reason the estimation of the sample temperature via Eq. (4.2) is problematic
below T,. Here, Nag is close to zero. In addition, the temperature increase AT per mW
absorbed laser power has a remarkably temperature dependence for T" < T, since the
heat transport in the samples is strongly temperature dependent [168].

To obtain a reasonable estimate of the sample temperature in the spot position, the
spectra are measured at different temperatures T}, of the sample holder and with different
absorbed laser powers P [163]. If a spectrum, which is measured at Tj; < 7. with an
absorbed laser power P, is identical to a spectrum measured at Ty, < Tjo < T with
laser power P, < Pj, the temperature increase per mW absorbed laser power, AT /AP,

can be calculated via

This immediately leads to
Thy — Thy
AT/AP = — 4.4
jaP— (4.4

which is the temperature increase of the sample in the illuminated spot for a given
absorbed laser power AP.

This method is applicable only if there are strongly temperature dependent features
in the spectrum. Since the superconductivity induced features have, in general, a pro-
nounced temperature dependence, it gives a relatively precise estimate of the sample
temperature in the spot position. It is applied also in the normal state if there are
strongly temperature dependent features in the spectra necessitating the knowledge of
the exact temperature of the sample at the spot position, for instance in close proximity

to a phase transitions.

4.2.6 Subtraction of the laser line

For the study of the superconducting gap structure it is essential to measure data points
close to the laser line at 2 = 0. For these low energies the relevant superconductivity
induced features occur and the response may be close to zero for a fully gapped su-
perconductor. However, the analysis of the low energy spectra is impeded by a finite
contribution to the spectra from the laser line. This contribution sits on top of the
response and originates from Rayleigh scattering and absorbed molecules of the resid-

ual gas on the sample surface. Not surprisingly, this effect is most pronounced at low
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Figure 4.6: Subtraction of the laser line contribution from the spectra. From the raw data
(symbols) in (a) the normal and (b) superconducting state a Drude function multiplied
by Q (orange) is subtracted. This spectrum represents the contribution of the laser line
The red full line is a Lorentzian fit to the laser line contribution. The symbols and full
lines are the spectra before and after the subtraction of the Lorentzian fit to laser line,
respectively.

temperature.
Since the normal state Raman spectra for 2 — 0 can be approximated as [169, 170],
y Q-1?

X'(QT) ~ Am, (4.5)
the low energy contribution of the laser line can be estimated. This is illustrated in
Fig. 4.6(a). To separate the contribution of elastically scattered light, the Drude like
response is subtracted from the spectra. The resulting contribution of the laser line is
fitted by a Lorentzian which is subtracted from the Raman spectra above and below T..
The spectra before (symbols) and after the subtraction of the laser line (solid lines) for
T > T, and T' < T, are shown in Fig. 4.6(a) and 4.6(b), respectively.

4.2.7 Extraction of the electronic continuum

For the analysis of the dynamic carrier properties the bare response from the carriers is
required meaning that the contribution of the phonons needs to be subtracted [150, 164].

The subtraction of the phonons from the spectra is demonstrated in Fig. 4.7. For the
subtraction, the spectra measured at different temperatures are averaged (black line).
The electronic contribution to the obtained average spectrum is fitted by an analytic ap-
proximation (red). After the subtraction of this function from the average spectrum, the

contribution originating solely from phononic excitations (blue) is obtained. This phonon
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Figure 4.7: Subtraction of the phononic modes from the spectra. The spectrum represented
by the black solid line is the average of the spectra measured at different temperatures. It
is fitted by an analytic approximation (red solid line). The contribution from phonons to
the spectrum (blue solid line) is the difference of the average spectrum and the analytic
approximation.

spectrum is subtracted from the Raman spectra at different temperatures yielding the
purely electronic Raman response. Since the lineshapes and central positions of some
phonons have a remarkable temperature dependence, this is not always a straightforward
procedure and some artifacts resulting from contributions of phonons may survive in the
spectra. Nevertheless, the procedure turns out to be useful and reliable in most of the

cases.
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Chapter 5

Magnetic properties of BaFeoAso

In this chapter results on BaFe,As, will be presented. The main focus is placed on the
magnetic properties and the phase transition to the spin-density-wave (SDW) state at
134 K.

5.1 Experimental results

The experiments were performed on samples Bal22 and Bal22s (Tab. 4.2). For compar-
ison spectra of Ba(Fe;_,Coy)2Ass samples at finite doping (UD23, OPT24 and OD22 in

Tab. 4.2) are presented in order to explore the boundary of the magnetic phase.

5.1.1 Raman active phonons in Ba(Fe;_Coy)As;

In Fig. 5.1 the experimentally observed phonon modes in the Raman spectrum of
BaFeyAsy are shown. The spectrum is measured at a temperature of 130 K, excitation
at Aexe = 532 nm and a spectral resolution of roughly 7 em™!. Incoming and outgoing
photons are align parallel to the axis of the crystallographic unit cell. In the spectra
all four Raman active phonons, introduced in Fig. 2.3, are visible. The E, phonons
are observed since the incoming photons have a finite projection onto the c-axis of the
crystal in the scattering geometry of the experimental setup similar to [171]. One E,
phonon is located at 270 cm™! and has only small intensity. The other E, phonon has

an energy of 135 cm™!.

Thus, for both E, modes there is a relatively large discrep-
ancy of approximately 20% between the shell model calculations (c.f. Sec. 4.1) and
the experiment. This is also observed in other Raman studies [47, 171, 172]. The A,
phonon is observed at a frequency of 180 cm™', while the By, phonon is at a frequency

of 215 cm™! for T = 130 K. Hence, the Aj, and By, phonons are in good agreement
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Figure 5.1: Experimentally observed phonon modes of BaFeyAsy at 130 K in yy polariza-
tion. (a) The positions and symmetries of all four phonon modes are indicated. The
symmetries correspond to the crystallographic unit cell. (b) Zoom in of panel (a).

with the theoretical predictions (Sec. 4.1) as also observed in other experimental Raman
studies [47, 171, 172, 173].

5.1.2 Electronic Raman spectra

For the reasons discussed in Sec. 2.3, the 1-Fe unit cell is applied in the following. In
this notation B, and By, symmetry are exchanged and the By, phonon is observed in
the By, spectra. The fully symmetry-resolved (see Sec. 3.4) low energy Raman response
of pseudo-tetragonal BaFeyAsy, with Tspw = 134 K for © < 1000 cm ™! is presented in
Fig. 5.2. Spectra at temperatures above (150 K) and below Tspw (130 K and 50 K) are

L and the spectral resolution is

shown. They are measured with a step width of 5 cm™
set to 6.5 cm~!. The temperatures indicated in the figure correspond to those in the
laser spot. For T' > Tspw, the phonons superposed on the spectra appear only in the
Ay, and By, symmetry of the 1-Fe unit cell as expected from symmetry considerations
(see Sec. 5.1.1). Due to the orthorhombic distortion of the lattice below Tro, the A,
phonon at 185 cm™! is also observed in the By, spectra.

Apart from the phonons, there is a strong redistribution of the electronic continuum
upon crossing Tgpw. This is seen most clearly in By, symmetry [Fig. 5.2(c)], for which
it has been discussed before [174, 175]. At T = 150 K the spectrum exhibits a peak
centered at roughly 120 cm~t. At T = 130 K, the low energy intensity is strongly
reduced along with an increased intensity at higher energy. In the 50 K spectrum

the response below 400 cm™! is further suppressed resulting in a step-like feature at

Q ~ 400 cm~!. At higher energy around 850 cm™! the intensity has increased further.
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Figure 5.2: Low energy Raman response of BaFeyAsy as a function of symmetry and tem-
perature. The spectra are measured above, below and well below Tspw = Tro = 134 K.
The dashed and solid vertical lines at 390 cm™! and 850 cm™!, respectively, mark the

energy where the step and the peak maximum in the By spectra at 50 K are located.
The ellipse in (a) emphasizes the enhanced intensity in the Ay spectrum.

A similar but less pronounced redistribution of spectral weight is observed in the A,
and By, spectra upon crossing Tspw [Fig. 5.2(a) and 5.2(d), respectively]. However,
the By, spectrum at 1" = 50 K exhibits enhanced intensity for €2 > 800 cm~'. The Ay
response suffers an even weaker change upon crossing Tspw [Fig. 5.2(b)]. The intensity
gets remarkably suppressed only at 50 K resulting in a response very close to zero below
250 cm ™!, There is no enhanced intensity observed for £ < 1000 cm™!. In general, the

I as indicated

Aye, Big and By, spectra exhibit all suppressed intensity below 400 cm™
by the dashed lines at 390 cm™! in Fig. 5.2. The Ay, spectrum, in contrast, exhibits
a peak between 300 and 400 cm™! [black ellipse in Fig. 5.2(a)] and is reduced only for
Q < 300 cm™!. The solid lines at 850 cm™! in Fig. 5.2 indicate the energy of the By,
peak for T" = 50 K. This is at roughly the same energy as the A, peak at 50 K while

the peak in the By, spectrum is shifted to higher energy.

The temperature dependence of the RR (Aj; +Ay,) and xy (Biz +As,) spectra of
Bal22 for T' < Typw is displayed in Fig. 5.3. Since the Ay, response is weak and ex-
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Figure 5.3: Raman response of BaFeyAsy below and above Tspw in (a) Ajg and (b) Big
symmetry. Upon cooling the low energy Bi, intensity decreases rapidly crossing Tspw =
134 K. In A, symmetry there is only a weak temperature dependence of the spectra.

hibits only little temperature dependence, it is not subtracted from the spectra. The
Ay, response [Fig. 5.3(a)] changes only slightly with temperature. Here, the intensity

L upon crossing Tspw = 134 K. The loss of intensity in this

decreases for 2 < 300 cm™
energy range saturates for the lowest temperatures and the spectrum at 10 K is almost
energy independent below 250 cm™! with an intensity of roughly 0.2 countss 'mW~!.
The increase of the A, spectra for {2 — 0 indicates the insufficient suppression of elas-
tically scattered light at low temperature. Above approximately 600 cm™! the intensity
increases with decreasing temperature developing a peak centered at roughly 850 cm™!
for T < 50 K. Qualitatively the same just with a stronger redistribution of spectral
weight is observed in the By, spectra [Fig. 5.3(b)]. Here, the response at 7' = 135.5 K is
peaked at around 100 cm ™! for reasons which will be discussed in Sec. 5.3. At T = 130 K

L and

the low energy response is considerably smaller than at 135.5 K for €2 < 500 cm™
the intensity below roughly 150 cm™! is reduced by more than 60%. Thus, crossing
Tspw leads to a collapse of the low energy B, response within 5.5 K. The low energy
spectral intensity saturates for 7' < 50 K and is practically energy independent below

! and an intensity of

250 cm~!. This results in a step in the spectrum at 390 cm™
roughly 0.1 counts s 'mW ™! corresponding to approximately half of the intensity of the
Ay, spectra at this temperature and energy. For > 500 cm™! the intensity increases
with the temperature decreasing below Tspw exhibiting a maximum at around 750 cm ™!

at 130 K. For T < 50 K this peak has shifted to 850 cm ™!,

The above spectra are measured on a twinned sample. Thus, they are an average

over many twin domains in the orthorhombic state. Since the electronic response from
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Figure 5.4: Raman spectra on BaFesAsy at T = 50 K with (a) and without uniaxial stress (b)
along the Fe-Fe bonds. The light polarizations are aligned parallel (xx) and perpendicular
(yy) to the direction of applied stress as illustrated in the insets. While the xx and yy
spectra measured without uniaxial stress are identical within the experimental error, the
spectra measured with light polarizations parallel (xx) and perpendicular (yy) to the
applied stress differ strongly between 250 < < 1250 cm™!. Data taken from [166].

a single domain measured in direction and perpendicular to the direction of applied
stress is reported to be different [60, 176, 177, 178], the samples are detwinned via the
application of uniaxial stress along the Fe-Fe bonds. The spectra measured without
and with applied uniaxial stress are shown in Fig. 5.4(a) and 5.4(b), respectively. They
are measured with light polarizations parallel and perpendicular to the direction of
applied stress' as indicated in the figure. Fig. 5.4(a) shows that, apart from the low
energy response which is superposed by elastically scattered light, the xx and the yy
spectra are identical without uniaxial stress. As opposed, the response for these two
polarization combinations differs remarkably in the range 250 < Q < 1250 cm™! if
the sample is detwinned via the application of uniaxial stress [Fig. 5.4(b)]. While the
step-like feature around 390 cm~! appears at the same energy for both polarization
combinations, the peak around 850 cm™! shifts to lower energy in the xx spectra while
it shifts to higher energy in the yy spectra. This anisotropy of the response measured
parallel and perpendicular to the direction of applied stress is robust if the sample is
rotated by 45° [166]. This provides evidence that the anisotropy is not related to extrinsic
effects such as the experimental setup but is an intrinsic property of the sample.

Fig. 5.5 displays the A, and B, spectra of Bal22 for 7' > Tspw in small temperature
steps. The Ay, spectra [Fig. 5.5(a)| exhibit only a very weak temperature dependence

Ixx and yy designates measurements parallel and perpendicular to the direction of applied stress,

respectively
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Figure 5.5: Temperature dependent Raman response of BaFeyAsy above Tspw in (a) Aqg
and (b) By, symmetry. The low energy B, response increases rapidly with decreasing
temperature approaching Tspw = 134 K. In the Aj, spectra there is only a weak
temperature dependence observable.

above Tspw. Between 300 and 200 K the intensity grows weakly for © < 500 cm™!

while for T' < 200 K neither the spectral shape nor the intensity changes as a function
of temperature. This is in contrast to the By, response [Fig. 5.5(b)]. Upon lowering the
temperature the spectra gain continuously in intensity for Q < 500 cm™!. This results
in a peak at Q ~ 120 cm~! in the 150 K spectrum. At 140 K this peak has grown in
intensity and shifted to lower energy. For > 500 cm™! the spectra are only moderately

altered with temperature and fall on top of each other between 900 and 1000 cm™!.
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Figure 5.6: Pressure dependence of the 150 K spectra of BaFesAsy. The spectra of samples
Bal22 and Bal22s, both measured without uniaxial pressure, are almost identical. The
spectrum of sample Bal22s measured with uniaxial pressure exhibits reduced intensity
for 2 < 200 cm™!. Data from [166].
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The dependence of the By, response upon uniaxial pressure at 7" = 150 K > Tspw is
shown in Fig. 5.6 [166]. The spectra are measured with and without uniaxial pressure
at the same temperature and spot position on the sample. The figure shows that the
response in the range 15 < Q < 300 ecm™! decreases little in intensity upon applying

uniaxial pressure.

Fig. 5.7 exhibits the temperature evolution of the A, By, and By, response at high

energy up to 5600 cm~!. Here, the Ay, response is not subtracted. For Q > 1000 cm™*

1

the spectra are measured with excitation at 514.5 nm, a step width of 50 cm™ and

a spectral resolution of 27 ecm™! close to the laser line and 10 cm™' at 700 nm. In
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Figure 5.8: High energy Raman response of BaFeyAss as a function of symmetry and temper-
ature. The spectra are measured above, below and well below Tspw = 134 K. The down
pointing arrows indicate the energy where the 50 K response is enhanced with respect
to the response at higher temperature.

contrast to the changes below 1000 cm™!, there is only weak variation in the spectra
above 1000 cm™'. Around 5000 cm™! the By, spectra as well as the A, and Ba,
spectra exhibit intensities of roughly 2countss™'mW~'. The Aj, spectra fall on top
of each other for T > 100 K in the entire energy range while for 7" < 100 K there is
enhanced intensity in the range 600 < Q < 2200 cm™! [Fig. 5.7(a)]. The By, spectra
[Fig. 5.7(c)] are also identical above roughly 2200 cm ™! and exhibit an enhanced intensity
for 800 < 2 < 2200 cm™! below 50 K. In contrast, the enhanced intensity in the By,
spectra in the range 600 < € < 2000 cm™! is observable already just below Typw at
130 K and gets more pronounced with decreasing temperature.

To study the contribution of the As, response to the spectra at high energy, a complete
symmetry analysis of the spectra was performed. Fig. 5.8 shows the symmetry resolved
Raman spectra of sample Bal22. The spectra are presented at 50, 100 and 150 K and
are more noisy than the spectra displayed in Fig. 5.7 due to the subtraction procedure in
Eq. (3.27). The high energy spectra are nearly symmetry independent with a maximum

of approximately 1 counts™'mW™! at roughly 5000 cm™'. The A;, response is enhanced
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Figure 5.9: High energy Raman spectra of Ba(Fe;_xCox)2Ass. (a) Spectra at different doping
levels measured with Aexe = 514.5 nm. The doping levels cover a range from undoped
to overdoped samples. The spectrum of the optimally doped sample is multiplied by
0.5. (b) Spectra of OPT24 in six different light polarizations. The spectra are measured
at 30 K with Aexe = 458 nm and exhibit a weakly polarization dependent shape and
a relatively high intensity compared to the spectra at other doping levels in (a). The
vertical line indicates the highest energy transfer of (a).

for 1200 < © < 2200 cm™! and the B response in the range 800 < 2 < 2200 cm~ ! only
at 50 K as shown by the down pointing arrows in Figs. 5.8(a) and 5.8(d), respectively,
while the B, intensity increases already for 7' < 130 K. The A, response changes
weakly above 1000 cm™! [Fig. 5.8(b)] and shows an enhanced intensity in the range
1400 < ©Q < 2300 cm™! at 50 K. For none of the spectra a peak in the high energy
response is observed.

Fig. 5.9(a) displays the high energy Raman spectra in A,, + B, symmetry as a
function of doping for 0 < x < 0.085. The spectra are measured up to a Raman shift
of 5600 cm~! with excitation at 514.5 nm. The intensity of the spectrum of sample
OPT24 is multiplied by 0.5 to enable a comparison of the spectral shape. Apart from
the response below 1000 cm ™! the spectra of the samples Bal22, UD23 and OD22 are
very similar. These spectra increase roughly linearly in the range 1000 < € < 4000 cm ™!
and saturate at higher energy at an intensity of approximately 2 count s 'mW~!. There
is no peak-like structure in the studied energy range. This is opposed to the spectrum of
optimally doped Ba(Fe;_,Coy)sAsy (OPT24). Here, a peak at approximately 3500 cm ™!
is observed. Fig. 5.9(b) shows the spectra of sample OPT24 for all six polarization
combinations measured with an excitation wavelength of 458 nm up to a Raman shift
of 8000 cm™! (1 eV). The high energy spectra have approximately twice the intensity
of the spectra presented in Fig. 5.9(a). The intensity and the spectral shape of the high
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energy response change only little as a function of light polarizations, and there is a

broad peak with a maximum at roughly 5000 cm™.

5.2 Nature of the magnetism

Due to the close proximity of magnetism and superconductivity in the phase diagram,
spin fluctuations are believed to play a key role for the superconducting pairing mech-
anism in the FeSCs [97, 98, 99, 100, 179, 180]. While the relevance of spin excitations
is generally accepted, the nature of magnetism remains a fundamental open question.

Raman scattering may help to discriminate between a local and an itinerant model.

5.2.1 Indications of localized spins?

It is clear at first glance that the high energy response in Bal22 is different from that
in undoped cuprates [135]. This is not completely unexpected since Bal22 is still a
metal while undoped cuprates are antiferromagnetic insulators. However, some similar-
ities exist with spectra of doped cuprates [167, 181]. Therefore, the Raman response
of localized spins with a strongly frustrated J;-J> and an unfrustrated but anisotropic
J1a-J1p-J2 interaction [Fig. 2.10] for nearest (J;) and next-nearest neighbors (.J3) inter-
actions was calculated in a Heisenberg model. The results of this study are reproduced
in Fig. 5.10(a). For frustrated as well as unfrustrated interactions sharp features are
predicted to appear in the A, and By, spectra [33]. The energy of these peaks de-
pends on the coupling strength J; and J; and is generally expected in the energy range
2000 < Q < 3000 cm L.

In the spectra presented here [Figs. 5.7, 5.8 and 5.9(a)] no sharp peaks are observed
in this energy range. This is at variance with the results of Sugai et al. who find
broad peaks around 2300 cm™! with a FWHM of 500 cm™! in the spectra of BaFe,As,
[Fig. 5.10(b)] as well as of Ba(Fe;_xCoy)2As, and Feji,Te,_,Se, [12, 182, 184, 185] for
all light polarizations. These peaks are claimed to originate from spin excitations, and,
in a study by Okazaki et al. [12] of the same group, it is argued that the peak energy
of the two-magnon peaks is explained reasonably using the coupling constants Ji,, Ji
and .J; derived from inelastic neutron scattering (INS) studies [90, 109, 186].

The only high energy spectra which are compatible with the study of Sugai et al. are
the spectra of sample OPT24. These spectra exhibit a broad and pronounced peak which
is mainly polarization independent [Fig. 5.9(b)]. If this peak should indeed originate from

two-magnon excitations one would expect that the energy hardens and the intensity
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Figure 5.10: Theoretically calculated high energy Raman response of two-magnon excita-
tions and experimentally observed response of BaFesAsy. (a) Two-magnon response of
localized spins calculated for an unfrustrated and a frustrated model (see text) using a
Heisenberg model. From [33]. (b) Experimentally observed high energy Bi, response of
BaFeyAsy. From [182]. For comparison, the optical conductivity o;(w) at 10 K obtained
by Hu et el. [183] and the DOS of the spin waves obtained by Han et al. [109] and
Ewings et al. [179] are shown. The left pointing arrows demonstrate the reduction of
the two-magnon peak energy due to the magnon-magnon interaction energy according
to the study of [182].

increases towards lower doping levels where the magnetic order is more long ranged such
as observed for the cuprates [167, 187]. Since for Bal22 (Figs. 5.7 and 5.8) no peak in
the high energy spectra is observed, the occurrence of a pronounced peak in the spectra
at optimal doping is rather surprising. Moreover, the broad peak in the spectra of sample
OPT24 has shifted to lower energy when the energy of the exciting laser light is increased
from 2.4 eV [Aexe = 514.5 nm, Fig. 5.9(a)] to 2.7 €V [Aexc = 458 nm, Fig. 5.9(b)]. While
the energy of the exciting light has changed by AQ. = 2400 cm™!, the peak shifts
by AQpeax = 1500 cm™! to a Raman shift of Qpeax = 3500 cm~!. Thus, the absolute
energy of the peak structure stays almost constant at roughly Q?,ZZk = 16300 cm~t. This
suggests that the observed peak is not related to the Raman effect but to fluorescence
[163]. The fluorescence affects mainly the high energy spectra and may originate from
the sample or, possibly, from the glue which is used to mount the sample on the copper
block (Sec. 4.2). The fluorescence can, in addition, explain the high intensity and the
weak polarization dependence of the spectra [c.f. Fig. 5.9(b)]. Hence, the spectra of
sample OPT24 are most likely superposed by fluorescence which exceeds the response

of the charge carriers.

Another possible origin of the peak in the spectra of Sugai and coworkers may be
traced back to artifacts of the sensitivity correction [167]. According to Eq. (4.1), the

presented spectra are divided by the transmission of the setup 7'(ws) and the energy
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Figure 5.11: High energy Raman spectra with (black) and without (red) correction for the
energy dependent resolution of the spectra Awg. (a) The spectrum of BaFegAsy is
measured with Aexc = 514.5 nm to a Raman shift of 5600 cm~! and (b) the spectrum of
optimally doped Ba(Fe;_Coy)2Asy with Aexe = 458 nm to a Raman shift of 8000 cm~!.

dependent resolution Aw, of the spectra. If the spectra are not divided by Aws, one
obtains the red spectra shown in Fig. 5.11. Here, the spectra of undoped [Fig. 5.11(a)]
and optimally doped Ba(Fe;_Coy)2Ase [Fig. 5.11(b)] are presented with (black) and
without (red) correction for Aws. In the spectrum of BaFesAs, a broad feature at
roughly 4000 cm ™! is generated by omitting the correction for Aw,. In the spectrum of
the optimally doped sample, where the response is measured up to 8000 cm ™!, a peak
is present already in the corrected spectrum and moves substantially to lower energy in
the uncorrected spectrum. This could explain the broad peaks in the spectra of Sugai

and coworkers.

Summarizing, in the spectra presented in Figs. 5.7 and 5.8 neither above nor below
Tspw a structure, which could be assigned to two-magnon excitations, is found below
0.7 eV. However, even for the largest magnetic couplings reported in the literature
[11, 179, 188, 189] two-magnon excitations are expected in this energy range. Thus,
based on the presented data the existence of two-magnon excitations can be excluded
signaling the failure of the Heisenberg model in the description of the magnetism. This
is an argument in favor of itinerant rather than localized spins in the iron pnictides. In
the case of itinerant spins it is worth analyzing the rapid loss of spectral weight, shown

in Fig. 5.2, in terms of the opening of a SDW gap below Tgpw.
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Figure 5.12: Loss of low energy spectral intensity and initial slope of the BaFesAss spectra
in By, symmetry. (a) Loss of spectral intensity in a range up to 150 cm™*
of temperature. Si50(7") denotes the integrated intensity in the range between 15 and
150 em™!. The structural and magnetic transition at Tspw = 134 K is indicated by
the dashed vertical line. (b) Initial slope of the By, spectra of BaFepAsy at the lowest
measured temperatures. The red line is a simulation of the spectra with an -5
of the slope.
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variation

5.2.2 Signatures of the spin-density-wave

In Fig. 5.12(a) the loss of spectral weight in By, symmetry below Tspyw is demonstrated.

Here, the integrated By, intensity between 15 and 150 cm™,

150 cm~1
Siso(T) = /1 L d(@.T (5.1)
is shown as a function of temperature. Between 300 and 135.5 K, Si50(7") increases
strongly as will be discussed in the next section. As soon as Tspw = 134 K is crossed
[red dashed line in Fig. 5.12(a)], Si50(7") decreases by almost 70% from 7' = 135.5 to
130 K, i.e. in a temperature interval as small as AT = 5.5 K. At lower temperatures
S150(T') decreases moderately and finally saturates for 7' < 100 K retaining roughly 10%
of S150(135.5 K). This is in agreement with the small By, intensity in the range 15 <
Q < 250 em™! [Fig. 5.3(b)] for T < 50 K with values of roughly 0.1 countss™'mW~!.
In addition, Fig. 5.12(b) shows that the spectra for 7' < 50 K follow nearly a VQ
dependence over roughly 100 cm~!. This means that the Raman spectrum at the lowest
temperatures extrapolates to zero for {2 — 0 and therefore argues for an energy gap
with deep minima or nodes on the electron bands instead of a small but finite gap. Such
a partial energy gap in the SDW state is in agreement with theoretical considerations
that the SDW gap cannot acquire a full gap [111]. Via QO [110, 114], ARPES [113]
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Figure 5.13: Dynamic conductivity spectra of BaFesAsy and orbital character of the bands
near the Fermi level. (a) Dynamic conductivity below 2500 cm™! for different temper-
atures (from [183]). The figure shows the clear suppression of spectral intensity upon
entering the SDW state. (b) Orbital character of the bands near the Fermi level. The
blue (1) and cyan arrow (2) indicate the intraorbital and interorbital transitions that give,
according to [190], rise to the step at 400 cm~! and the peak at 890 cm™!, respectively.

and optical conductivity studies [183] a partial gap in the SDW state is experimentally
observed. Thus, the low energy Raman response is suppressed due to the opening of a
SDW gap.

Along with the depletion of low energy spectral weight, a pronounced structure occurs
in the spectra for T' < 50 K. Independent of pressure, a step at roughly Q = 400 cm™!
(Q49), in the Asg, Byg, and By, spectra and a peak at 850 cm™ (2320, ) in the A, and
By, spectra is observed [Figs. 5.2(c) and 5.3(b)]. Similar features below Tgpw are also
reported from other authors but the origin is unclear: In a Raman study of Chauviere
et al. on BaFeyAsy with a similar By, spectrum the features at 400 and 850 cm™?
are attributed to two different SDW transitions [174]. In optical spectroscopy studies on
samples of undoped MFe;Asy (M = Ba, Eu) and underdoped Ba(Fe;_Coy)2Ass [21, 183,
190, 191, 192] a similarly pronounced redistribution of spectral weight below Tspw is
observed. The spectra of an optical study on BaFesAsy by Hu et al. [183] are reproduced
in Fig. 5.13(a). In this study the first peak is located at 360 cm ™" and the second peak at
890 cm ™! corresponding to gap values of 2A /kgTspw = 3.5—3.6 and 9—9.6, respectively.
This double peak structure was identified with two SDW gaps opening on different bands
below Tspw. In this study it could be derived that about 88% itinerant carriers were
removed by the gapping of the FS. In another optical conductivity study on BaFe;As,
by Yin et al. both features are attributed to orbital transitions as predicted by DMFT

calculations [190]. The corresponding transitions are shown in Fig. 5.13(b).
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For uncovering the origin of Q4% it is important to note that Q% is independent
of the applied uniaxial stress [Fig. 5.4(a)], gets rapidly smeared out with increasing
temperature and is unobservable for T > 130 K [Fig. 5.3(b)]. Below 400 ¢cm™!, the
response is only suppressed in the Ag,, By, and By, spectra as demonstrated by the
dashed lines in Fig. 5.2. In the A, spectra the intensity is reduced for Q < 300 cm™!,
while for 300 < © < 400 cm~! a peak appears. If the steps in the spectra of different
symmetries are associated with orbital transitions, the enhanced intensity in the B,
spectra can only originate from transitions between the 22 —y? and the 322 — 2 orbitals.
The Aj, step can only be induced by intraorbital transitions while the step in B,
symmetry can be induced by zy — 322 —r? and xz < yz transitions [174]. Thus, many
participating orbitals are needed to explain why the features occur in all four symmetries.
Additionally, if Q0 is of orbital nature, it is unlikely that it occurs at a similar energy
in the spectra of different symmetries. This makes an orbital transition as the origin of
Q% unlikely. Rather, orbital transitions might be at the origin of relatively weak and
broad peak structures between 1000 and 3000 cm™!

in the A, Ags and By, spectra at
50 K although it is not yet clear why these peaks are observed only for 7' < 50 K. Those
peaks are shown by the down pointing arrows in Fig. 5.8. For instance, it is found that
there are transition from the 322 — r? to the zy orbitals [193]. The excitations originate
from charge modes and have an energy of 150 meV at the zone center if a renormalization
factor of two is taken into account to adjust the single particle LDA calculations to the
interacting electrons as observed in the experiments [80, 194, 195, 196]. These transitions
are Raman active and have By, symmetry. Therefore, they can explain the increased

By, intensity observed for 850 cm™ < Q < 1600 cm ™! at 50 K.

If QX% originates from a SDW gap, which is in agreement with the robustness of the
peak against uniaxial pressure (Fig. 5.4) [166, 197] and a recent ARPES study [113],
the excess Aj, intensity between 300 and 400 cm™! for 7' < 50 K, needs an explanation
[Fig. 5.3(a)]. Here, the optical study of Yin et al. on BaFesAsy helps. In this study the
peak in the optical spectrum at 370 cm™! is assigned to intraorbital transitions between
the d,. orbitals [dark blue arrow in Fig. 5.13(b)] [190]. Since such intraorbital transitions
are observable in A;, symmetry, they may allow an explanation of the increased intensity
between 300 and 400 cm™" in the Ay, spectra. Therefore, Q% can be assigned to the

SDW. The A, response for 300 ecm~! < Q < 400 cm™! is superposed by intraorbital

transitions which enhance the response in this energy range.

Q8% is found in By, and in Ay, symmetry at 50 K (Fig. 5.2). A possible way to

eak

explain the origin of 2% which is not yet observed in ARPES data [113, 118, 119], is to

peak>
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Chapter 5 Magnetic properties of BaFeyAso

investigate the temperature dependence of the peak. In By, symmetry the peak is located
at Q = 850 cm™" for T < 50 K [Fig. 5.3(b)]. With increasing temperature Q520, loses
slightly intensity and moves toward lower energy. At T' = 130 K the peak is clearly visible

but is located at roughly 750 cm™!. Such a temperature dependence is expected for a

850

mean-field transition and is an argument in favor of the SDW origin of the peak. If Q277

indeed originates from the SDW, the size of this SDW induced peak QEEX normalized
to Tspw, Qig;f{v/kBTSDw = 0.1, exceeds by far the BCS weak coupling value of 3.53 for
an isotropic gap in a mean-field approach [Eq. (3.40)]. This suggests that the transition
temperature Tspw = Tro in BaFeyAs, is largely reduced from the respective mean-field
transition temperature Tyr. Such a reduction of the phase transition below Ty may
primarily arise from fluctuations in the range Typ > T > Tspw = Tro [155, 198, 199].
These fluctuations will be studied in the following section. In addition to the temperature
dependence, the pressure dependence of this peak can help elucidating its origin. Fig. 5.4
shows that the peak in A, + By, symmetry splits upon applying uniaxial stress. In the
xx spectra, measured with polarizations in direction of the uniaxial stress, enhanced
intensity is observed with a maximum in the range 800 < € < 820 cm~! while the
yy response, measured with polarizations perpendicular to the direction of the applied

stress, is enhanced with a maximum in the range 870 < Q < 920 cm~!. This pronounced

850
peak

the electronic bands are expected to shift differently in the direction and perpendicular

pressure dependence of {2 favors band folding effects as the origin of the peak since
to the direction of applied stress [176]. Thus, the temperature and pressure dependence

of Q529 argues for a SDW origin of this feature.

5.2.3 Conclusion

The lack of spectral features corresponding to two-magnon excitations of localized spins
in the high energy spectra of BaFeyAsy (Figs. 5.7 and 5.8) argues more for the itinerant
than for the localized nature of the spins. The itinerant nature of the spins is consistent
with the opening of a SDW gap which only partially gaps the FS. For higher energy
two features occur in the spectra where both of them can be assigned to the SDW via
the analysis of the spectra under uniaxial stress. The observation of itinerant spins in
Ba(Fe;_Coy)2Ass is in agreement with LDA calculations [113] and INS experiments
[11, 106].
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Figure 5.14: Raman relaxation rates of BaFesAss in the static limit and resistivity data
obtained from the same sample. The plasma frequency wy and the value of the static
rates at 300 K are in good agreement with data from optical spectroscopy [183].

5.3 Evidence for fluctuations above Tspw = 110

The presence of fluctuations in the reponse for T' > Tspw = Tro will be investigated.
Such fluctuations are suggested by the data shown in Fig. 5.12(a) where Si50(7") grows
by a factor of approximately 5 in the temperature range 300 > T > 135.5 K with a

tendency to diverge toward Tspw.

5.3.1 Indications of fluctuations

An increase of the initial slope of the Raman spectra translates into a decrease of the
carrier relaxation rates via the Shastry-Shraiman relation [169]. Therefore, static Raman
relaxation rates I'g(7") in the limit Q@ — 0 (Sec. 3.5), are derived from the spectra and
compared to the resistivity measured on similar crystals [7]. The results are displayed
in Fig. 5.14. For T' < Tro = Tspw the By, spectra are superposed by the A;, phonon
at 185 cm™! due to the structural distortion of the lattice. Additionally, the intensity
of the spectra is reduced due to the SDW gap. Here, Fglg(T) is determined from the
spectra for Q < 150 cm~!. This low energy response can be associated with the carriers
which are not gapped by the nodal SDW gap. The resistivity can be expressed in units of
wavenumbers via Eq. (3.36). The plasma frequency is 1 eV and acts as fitting parameter
to adjust the resistivity data to the Raman relaxation rates and is in agreement with
wy obtained from optical conductivity at room temperature [183].

Fig. 5.14 displays T4(T) for u = Ay, By, and I4(T). Below Tspw Iy 8(T) increases
slightly with decreasing temperature and therefore has a trend opposite to I'4(7"). For
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T > Tspw H(T) exhibits a remarkable temperature dependence approaching Tspw in
both symmetries. While FOA '8(T") decreases moderately between 300 and 140 K by about
30%, FOBlg (T') decreases by a factor of 5.5 in the same temperature range. Such a sym-
metry dependence of I'j(T") is in agreement with the distinct temperature dependences
of the spectra [Fig. 5.5]. Hence, from Fig. 5.14 it is clear that I';'#(T") heavily overesti-
mates the temperature dependence of I'j(T") which decreases by roughly 20% between
300 K and Tspw. This observation is reminiscent of Raman studies of underdoped
Las_«SryCuO,4 where fluctuating stripe order [200] leads to a low energy peak in the
Raman spectra [154, 161, 201, 202, 203].

The interpretation of the increased low energy Raman response in terms of fluctuations
is also in agreement with a theoretical study [199]. There, it was proposed that, if the
electron-phonon interaction A is small but exceeds a critical value \., nematic order and
fluctuations (Sec. 2.3.3) occur in a material having a charge-density-wave (CDW) at low
temperature. In a Raman spectrum A can in principle be extracted from an asymmetric
Fano lineshape [204] of the phonons [205, 206, 207]. The observation that the lineshape
of all four Raman active phonons occurring in the spectra (Fig. 5.1) is symmetric, as
also observed in other ERS studies [47, 171, 172, 173], argues for a vanishingly weak X in
agreement with theoretical considerations [121]. Nevertheless, changes of the frequency
and linewidth of the By, phonon upon crossing 7, [208, 209] and of the A;, phonon
upon crossing Tspw are observed [174]. Thus, the change of the phonons linewidth and
frequency indicate that there is a small but finite A, as proposed theoretically [210].

An anomalously low energy response above Tspw is also reported in other Raman
studies and interpreted in terms of the response from magnetic fluctuations which su-
perpose the response from the electronic continuum [174, 182, 211, 208] as observed in
magnetic insulators [212]. In the earlier studies the response from fluctuations was not

further analyzed. It turns out that the response can be understood quantitatively.

5.3.2 Theoretical model of fluctuations

Due to the absence of the f-sum rule in Raman spectroscopy [137, 142], scattering
from fluctuations can open a new channel. The related response is superposed on the
continuum of particle-hole excitations [213] which is expected to resemble transport
properties [149]. Assuming that the resistivity is temperature independent between
300 K and Tspw, which is approximately justified by transport data [7], the electronic
continuum is expected to change only weakly for 7" > Tgpw. Therefore, an analytic

approximation of the 300 K spectrum, x/”(€,300 K), is subtracted from the response

a
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Figure 5.15: Difference spectra Ax”(,T) = x"(,T) — x2(€,300 K) (symbols) and calcu-
lated response from fluctuations (solid lines) for BaFegAso. The inset shows the tem-
perature dependence of the effective mass which acts as the only fitting parameter. For
details see the text.

at lower temperatures to extract the low energy response superposed on the electronic
continuum. The resulting difference spectra Ax” (€2, T') are shown as symbols in Fig. 5.15
with Ax"(Q,T) = x"(Q,T) — x2(Q,300 K). Ax"(Q,T) is close to zero at 1000 cm™*
where the Raman spectra x” (€2, T) for different temperature merge. For T' = 250 K the

difference spectrum exhibits a broad but weak peak around 300 cm™!.

For decreasing
temperature the low energy peak gains continuously intensity and shifts to lower energy
while the high energy part of Ax” (€2, T) is practically unaffected. At 140 K the intensity
of the low energy peak at 60 cm™! has increased by approximately a factor of 7 with
respect to that of the peak of Ay” (2,250 K).

For the analysis of the response a theoretical model of dynamic charge order or charge
fluctuations is applied [154]. The response from fluctuations can be expressed as (see

Sec. 3.6)

AX"(Q,T) = \? /OOO dz [b(z — Q/2) — b(z + Q/2)] Z;*%Z% [F(z2) = F(zy)]. (5.2

Here, A is a fit parameter independent of temperature and 2 to adjust the intensity
of the spectra, b(z) is the Bose function. F(z) depends on wy and m(7T) where wy is
an ultraviolet cutoff and m(T) is the mass of the fluctuation propagator. The results

of the fitting procedure are shown as solid lines in Fig. 5.15. The free parameters for
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Chapter 5 Magnetic properties of BaFeyAso

the calculation of the theoretical spectra are obtained from an optimal fit to the 180 K

L'and A = 0.2. These parameters are kept constant

spectrum yielding wy = 400 cm™
for all temperatures. At high energy the calculated spectra have a small intensity of
roughly 0.05countss™'mW™1 at 1000 cm™! mainly independent of the temperature.
The increasing intensity and decreasing energy of the peak maximum with decreasing
temperature is well reproduced by the theoretical spectra. The only fitting parameter,
tuned to mimic the temperature dependence and intensity of the spectra, is the mass of
the fluctuation propagator m(T'). It is shown in the inset of Fig. 5.15 to decrease ap-
proximately linearly at high temperatures before it tends to saturate at very small values
for Tspw < T < 150 K. The agreement of the calculated spectra with the experimental
data is almost quantitative. The strong temperature dependence is basically described
by the temperature dependences of m(7") and the Bose function b(z). This justifies the
approximation made to separate Ay” and strongly supports the interpretation of the
low-energy Raman response in terms of fluctuations.

Thus, it is demonstrated explicitly that the anomalous low energy Raman response
is a superposition of a mainly temperature independent electron-hole continuum, as
suggested by the weak temperature dependence of p(7), and a strongly temperature
dependent response of a fluctuating order. Here, the observation of fluctuations indicates
that the combined structural and magnetic transition at 134 K is a second order phase

transition. Yet, the nature of the fluctuations has still to be determined.

5.3.3 Nature of the fluctuations

As the origin of the ordering fluctuations in principle two different possibilities are dis-
cussed: Via transport studies a resistivity anisotropy for stressed Ba(Fe;_Coy)oAsy
single crystals along the nominally identical a- and b-axis is observed. This resistivity
anisotropy increases approaching Tro from above. This is suggested to reflect fluctua-
tions which are associated with the structural phase transition in unstressed samples [60].
In an ARPES study [176] on detwinned Ba(Fe;_,Coy)2Ass single crystals an electronic
anisotropy in the orbital degree of freedom between the a- and b-axis develops well above
Tro. The temperature regime above Tt indicates the involvement of fluctuations of
possibly orbital origin [176]. In both studies this anisotropy has disappeared above max-
imally 150 K. Via INS Diallo et al. [214] studied paramagnetic excitations in CaFeyAss
above Tspw. For T' < 300 K they observed in-plane anisotropic spin-wave excitations
which are assigned to the anisotropy of the in-plane spin fluctuations in the paramag-

netic state. Harringer et al. [188] observed anisotropic short range magnetic exchange
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5.3 Evidence for fluctuations above Tspw = Tro

couplings in BaFeyAsy without an external driving field. These couplings are unchanged
upon crossing Tspw indicating a spin nematic fluid. Since the magnetic anisotropy and
the fluctuations in BaFeyAs, can be observed above Tspw = Tro and therefore in the
tetragonal lattice of the paramagnetic state, Harriger et al. proposed that the magnetic
fluctuations are intrinsically nematic [188]. Thus, the influence of magnetic interaction
in the FeSCs persists up to room temperature. Therefore, magnetic fluctuations could
explain the strong increase of the low energy Raman spectra better than orbital fluctua-
tions which are related to the structural transitions. Nevertheless, the observations that
the fluctuations are reduced upon the application of uniaxial stress (Fig. 5.6) is an argu-
ment in favor of orbital rather than magnetic fluctuations. This will be further analyzed
in Sec. 6.5 via the analysis of Co-doped samples where Tro and Tspw are separated in
temperature.

However, the abrupt loss of low energy spectral weight crossing Tspw, as demonstrated
in Fig. 5.12(a), can now be attributed to two different effects. On the one hand, the
scattering on fluctuations disappears as one enters the ordered state meaning the en-
hancement of the low energy Raman response disappears as soon as the temperature is
lowered below Tspw = Tro. On the other hand, there opens a nodal SDW gap below
Tspw which results in the depletion of the low energy Raman response (see Sec. 5.2.2).
Both effects in combination lead to the strong and abrupt loss of spectral weight upon

crossing Tspw.
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Chapter 6

Normal state properties at finite

doping

In this chapter, light scattering results of Ba(Fe;_Coyx)2Asy at finite doping are pre-
sented. The data are recorded in the normal state. For the discussion of the phonons
the reader is referred to Sec. 5.1.1.

The symmetry dependence of the spectra is analyzed via the momentum dependence
of the Raman form factors and discussed along with other experimental techniques. In
the last section the nature of the fluctuations, which have been observed in the low
energy response of Bal22 (Sec. 5.3), will be addressed via the detailed analysis of the

spectra of an underdoped sample.

6.1 Experimental Results

Experiments on Ba(Fe;_Coy)sAss were performed in the doping range 0.045 < z <
0.085 around optimal doping (samples UD14, UD18, UD23, OPT24 and OD22 in Tab. 4.2).
Fig. 6.1 shows a compilation of the A, and By, spectra as a function of doping just above
T. at roughly 25 K [Figs. 6.1(a) and 6.1(b), respectively] and at 300 K [Figs. 6.1(c) and
6.1(d), respectively]. All spectra include the A, response which is small at energies
below 1000 cm ™! [Fig. 5.2(b)]. At T'= 25 K the spectra are measured with a step width
of 5 em™!, a resolution of 6.5 cm™! and excitation at Aexe = 514.5 (UD14, UD18 and
UD23) and 532 nm (OD22). The optimally doped sample is measured with a step width
of 2.5 cm~! and a spectral resolution of 5 cm™! at Aexe = 514.5 nm. At 300 K the spectra
are measured with a spectral resolution of 6.5 cm™! and a step width of 5 cm™! except
for OPT24, where the measurement parameters are the same as at low temperature.

The Ay, spectra at low temperature [Fig. 6.1(a)] exhibit a weak doping dependence
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Figure 6.1: Doping dependence of the A, [(a), (c)] and Bi; Raman spectra [(b), (d)] of
Ba(Fe;_xCoyx)aAsy. The spectra are shown for 7' — T, at roughly 25 and at 300 K. The
spectra in (b), (c) and (d) are adjusted to each other in the range 180 < Q < 200 cm™!
to emphasize the low energy evolution of the spectra with doping. The raw data in (a)
indicate that even the overall intensity of the spectra is doping independent. For details
see the text.

below 2 < 250 cm™!. Shown are raw data emphasizing that the intensity as well as
the spectral shape is doping independent for 7' — T.. At € = 250 cm™! the electronic
continuum has a maximal intensity of roughly 0.5 counts s 'mW !, which is one order of
magnitude less than for cuprates. The variations in the response as a function of doping
for O < 25 cm™! are due to accumulating surface layers and, as a result, an insufficient
suppression of elastically scattered light. At 300 K [Fig. 6.1(c)], the Aj, spectra of
samples UD23 (z = 0.055), OPT24 (z = 0.061) and OD22 (z = 0.085) are adjusted
to that of sample UD18 (z = 0.051) by constant scaling factors of 0.87, 1.04 and 0.82,
respectively. Doping independently the spectra vary linearly with 2 and exhibit a little
smaller intensity around 250 cm™! than at 25 K. These universal A, spectra at low
and at high temperature indicate mainly doping independent properties of the carriers

on the central hole bands in the normal state.
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In contrast to the Ay, spectra, the By, spectra for ' — T [Fig. 6.1(b)] show a pro-
nounced doping dependence. The spectra of sample UD14 (z = 0.045), UD23, OPT24
and OD22 are adjusted to that of sample UD18 between 180 and 200 cm~! by constant
scaling factors of 1.4, 0.9, 0.8 and 0.9, respectively. This emphasizes the evolution of the

Uin the spectra of

spectral shape with doping. The enhanced intensity around 185 ¢cm™
samples UD14 and UD18 is due to the A;; phonon which is visible in B;; symmetry due
to the orthorhombic distortion of the lattice below Tt (c.f. Sec. 5.1.2). The initial slope
of the spectra varies non-monotonically with doping and is small for underdoped sam-
ples (UD14 and UD18), increases strongly towards optimal doping (UD23 and OPT24)
and abruptly decreases for the overdoped sample (OD22). Here, especially the strong
doping evolution of the spectra between the optimally doped sample OPT24 and the
overdoped sample OD22 is remarkable. For these two doping levels, T, differs by only
2 K with T, = 24 and 22 K for sample OPT24 and OD22, respectively. Nevertheless, the
normalized initial slope is remarkably reduced for sample OD22. This occurs although
neither sample OPT24 nor OD22 exhibits a transition to a magnetically ordered state at
low temperature. Thus, the possibility that the changes in the spectra are related to the
onset of magnetic order can be excluded for x > 0.061. At 300 K [Fig. 6.1(d)] the spectra
of sample UD23, OPT24 and OD22 are adjusted to that of sample UD18 by constant
scaling factors of 1.35, 1.35 and 1, respectively. Here, the spectra are independent of the
actual doping level.

These symmetry and temperature dependent variations in the spectra are observed for
at least two different samples at each doping level. Additionally, the differences between
the A, and By, spectra are observed with the spectra in both symmetries measured on
the same sample spot and within a short time period. Therefore, extrinsic reasons such

as inhomogeneities of the sample can be excluded.

In the following, the temperature dependence of the spectra at a fixed doping level
will be studied. Fig. 6.2 displays the spectra at different temperatures in A, [6.2(a)
- (e)], Big [6.2(f) - (j)] and By symmetry [6.2(k) - (o)] for 0.045 < = < 0.085. The
doping and temperature evolution of the phonons is in agreement with published data
and analyzed elsewhere [172, 215]. The Bs, spectra at optimal doping, where most data
are collected, have very low spectral intensity and increase approximately linearly with
Q. At 300 cm™! the intensity is still below 0.5 countss~'mW~! at low temperature and
decreases further with increasing temperature. A similarly small intensity and weak
temperature dependence is observed for all other doping levels. The low intensity of

the By, spectra can be explained with the By, Raman vertex which projects regions
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Figure 6.2: Temperature dependent Raman spectra of Ba(Fe;_Coy)2Ass for different doping

levels as indicated.

temperature in the spot position is indicated once per line.

(a)-(e) Aig, (f)-(j) Big and (k)-(0) Bgy symmetry. The sample
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Figure 6.3: Temperature dependent Raman response of sample UD18 with Tspw = 37 K
and Tro = 52 K. (a) The A, spectra are temperature independent while (b) the By,
spectra lose spectral weight below 250 cm™! for T' < 53 K.

of the BZ where no bands cross Ep (see Sec. 3.4). The A;, spectra, where mainly
the hole bands are probed, exhibit more intensity than the Bj, spectra and exceed
0.5 counts s'mW™! for low temperature around 300 cm™! [Fig. 6.2(a)-(e)]. At optimal
doping [Fig. 6.2(d)] the spectra lie on top of each other for T > 100 K. The strongest
variation in the spectra is due to phonons. At 30 K, the intensity abruptly increases
by approximately 20% while the overall shape is preserved. The same is observed for
the 50 K spectrum (not shown here). The spectra at the other doping levels exhibit a
similar shape but there is a stronger and more continuous evolution of the spectra as
a function of temperature on the overdoped side [Fig. 6.2(e)]. For underdoped samples
[Fig. 6.2(a)-(c)] the temperature dependence of the spectra is weak.

The By, spectra are shown in Fig. 6.2(f) - (j). The spectra have a similar energy
dependence as those in By, symmetry for 200 < 7" < 300 K but exhibit a little more
intensity. For lower temperatures the response changes drastically: at optimal doping
[Fig. 6.2(i)] the intensity grows little around 300 cm™!, while for Q < 100 cm™? it
increases remarkably leading to a much steeper initial slope of the spectra at lower
temperature. The 30 K spectrum is measured down to Q = 7.5 cm™! and is nearly

constant over the entire energy range down to 10 cm™!.

The decrease in intensity for
2 — 0, expected from the antisymmetry of x”(2), is seen just for the lowest measured
energy. This causes a very steep initial slope of the 30 K spectrum. A similar trend
with temperature is observed for the slightly underdoped sample UD23 [Fig. 6.2(h)]. For
the overdoped sample OD22 [Fig. 6.2(j)] the initial slope of the spectra increases also

monotonically with decreasing temperature but the change of the spectral shape is less
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Figure 6.4: Temperature evolution of the B, Raman intensity of the underdoped sample
UD18 at Q = 70 cm™'. The data is measured with the absorbed laser power indicated and
a spectral resolution of AQ = 50 cm™!. The indicated temperature is the temperature
of the sample holder. The inset shows a zoom into the data around Tspw and Tro.
The data points are taken at 70 cm~! (black) and 100 cm~! (green) and measured with
1 mW absorbed laser power.

pronounced. Here, the overall temperature dependence of the By, spectra is similar to
the Ay, spectra [Fig. 6.2(e)]. For underdoped samples UD14 and UD18 [Fig. 6.2(f) and
6.2(g), respectively], the initial slope changes lesser with temperature. In addition, the
spectra have an energy range where the intensity for " — T, is lower than the intensity
at T'= 100 K.

This anomalous temperature dependence of the spectra of underdoped samples is
illustrated in more detail in Fig. 6.3 which presents the A, and By, spectra of sample
UD18 for temperatures around Tspw = 37 K and Tro = 52 K. While the A, response is
temperature independent in the range 28 < T < 73 K [Fig. 6.3(a)], the By, spectra suffer
a loss of spectral weight for 7' < 53 K and © < 250 cm™! [Fig. 6.3(b)]. In contrast to the
undoped sample Bal22, the loss of low energy spectral weight sets in less abruptly and
no enhanced intensity at higher energy is observed. In addition, the spectral intensity

is already reduced at T' > Tro > Tspw-

For the further investigation of the temperature evolution of the spectra close to
Tspw and Tro, the Raman intensity 1(2,T) at = 70 and 100 cm™! is measured with a

' on a second sample. Fig. 6.4 presents I(70 cm™*, T)

spectral resolution of A2 = 50 cm™
measured with different absorbed laser powers. The presented data are not divided by

the Bose factor and the temperature increase due to the absorbed laser power is not taken
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Figure 6.5: Temperature dependent Raman response in Bi, symmetry for (a) underdoped
(UD18, x = 0.051) and (b) overdoped Ba(Fe;_xCox)2Ase (OD22, z = 0.085). Only the
low energy response of sample UD18 increases for decreasing temperature down to 70 K
leading to a clear change of the spectral shape with doping. The spectra of sample OD22
increase in the entire energy range with only little variation in the spectral shape.

into account. Rather, the temperature of the sample holder is indicated. (70 cm™!, T')
saturates for 50 < T' < 70 K clearly above Tt in agreement with the data presented
in Fig. 6.3(b). For lower temperature I(70 cm™!,T') decreases roughly linearly down to
T =40 K. Around Tspw, (92,7 is constant and decreases again for 7' < 35 K as shown
in detail in the inset of Fig. 6.4 where the spectra measured at Q = 70 and 100 cm™!,
both measured with 1 mW absorbed laser power, are compared. For 20 < T' < 30 K,

I(70 ecm™,T) and 1(100 cm™!, T') saturate.

The By response of sample UD18 for T" > 53 K > Tro > Tgpw is displayed in
Fig. 6.5(a) in small temperature steps. In this temperature range the spectral shape
changes strongly with temperature due to the continuous increase of the low energy
response with decreasing temperature. For T" < 150 K the spectra have enhanced inten-
sity below 300 cm~t while for Q > 300 cm™! the spectra are nearly constant. This is
similar to the spectra of sample Bal22 but the low energy peak is a less pronounced [see
Fig. 5.5(b)]. For comparison Fig. 6.5(b) shows the By, spectra of the overdoped sam-
ple OD22 above T, in small temperature steps. This sample shows neither a structural
nor a magnetic transition. In contrast to the response of sample UD18 [Fig. 6.5(a)],
the spectral intensity increases with decreasing temperature in the entire energy range

exhibiting a temperature independent linear energy dependence for € > 400 cm ™!,
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Chapter 6 Normal state properties at finite doping

6.2 Anisotropic carrier properties in the normal

state

For a quantitative description of the carrier dynamics as a function of temperature and
doping, the Raman spectra (Fig. 6.2) are analyzed using a memory function analysis.
This analysis has been introduced in Sec. 3.5. For the analysis solely the response
from the electronic continuum is relevant. Hence, the phononic contribution to the
response needs to be subtracted from the spectra (c.f. Sec. 4.2.7). Since this is not a
straightforward procedure due to the temperature dependence of some phonons, there
may occur sharp features in the derived spectra of the mass enhancement factors and
relaxation rates. For small {2 the quality of the derived spectra may be reduced due to
the low intensity of the Raman spectra at small €2. This low energy response is strongly
weighted in the Kramers-Kronig analysis. Nevertheless, a good quantitative description
of the Raman spectra is possible via this analysis. The reliability of the analysis is
demonstrated by the comparison of the Raman scattering rates, as obtained from the

Raman spectra, and the measured dc resistivity.

6.2.1 Dynamic Raman relaxation rates and mass

renormalization

The dynamic Raman mass enhancement factors 1 4+ M(Q,T'), u = Ay, Byg, for samples
UD18, OPT24 and OD22, representative for the underdoped, optimally and overdoped
range, respectively, are displayed as a function of temperature in Fig. 6.6. For large
energies, 1 + M\ (Q,T) approaches values between 1 and 2. Thus, (2, 7)) > 0 holds
as expected since interactions enhance the band mass of the carriers. Toward lower
energy 1+ M(,T) increases roughly linearly and is independent of temperature for
Q> 300 cm™~!. Only for Q <250 cm™! 1+ M(2, T) exhibits a temperature dependence.
In this energy range 1 + A\*18(Q, T) increases continuously with decreasing Q having
generally steeper slopes at lower temperatures. In contrast, 1 + AB8(Q, T') varies non-
monotonically with decreasing Q and displays a maximum around 150 cm™* for 7" >
200 K [(d)-(f)]. For lower temperatures the maximum disappears and 1 + A\B&(Q, T')
increases monotonously with decreasing 2. In the static limit, 1+M*(€2, T') reaches values
between 3 and 6 with larger values for lower temperatures, which is usually attributed
to correlation effects, and is in good agreement to published data from optical studies
[216]. The divergence for T' > 200 K is most likely an artifact due to the reduced data
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Figure 6.6: Dynamic Raman mass enhancement factors in A, and By, symmetry for un-
derdoped [(a), (d)], optimal [(b), (e)] and overdoped [(c), (f)] Ba(Fe;_xCox)2Ase. The
Raman spectrum for the calculation of the data in (b) and (e) is measured at only one
temperature above 300 cm~!. Hence, there is only a weak temperature dependence of
the data in this energy range.

quality for 2 — 0.

The temperature dependent dynamic Raman relaxation rates I'*(€2,7T") in A;, and
Bi; symmetry are displayed in Figs. 6.7(a)-(c) and 6.7(d)-(f), respectively. As ex-
pected from the Raman spectra, I'4!8(Q, T) exhibits a much weaker temperature de-
pendence than T'B8(Q,T). For samples UD18 and OPT24 I'*'#(Q), T') o« Q holds in

almost the entire energy range and for all temperatures [Fig. 6.7(a) and 6.7(b), respec-
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Figure 6.7: Dynamic Raman relaxation rates in Aj, and Bi, symmetry for underdoped [(a),
(d)], optimal [(b), (e)] and overdoped [(c), (f)] Ba(Fe;_xCox)2Ass. The Raman spectrum
for the calculation of the data in (b) and (e) is measured at only one temperature above
300 cm~!. Hence, there is only a weak temperature dependence of the data in this energy
range.

tively]. The overdoped sample OD22 displays deviations from this frequency dependence
and TA8(Q, T) o Q holds only for Q > 250 cm~t. Below 250 cm~!, TA18(Q, T') tends
to saturate for 7 > 100 K [Fig. 6.7(c)]. At lower temperatures the rates continue to
decrease linearly with frequency. T®18(Q, T') o< 2 holds below 250 cm~* and T'®18(Q), T')
tends to saturate for smaller 2 for all doping levels and T" > 200 K. For T" < 100 K,

['Ble(Q), T) is linear over the entire energy range. The non-monotonic temperature de-
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Figure 6.8: Temperature dependent static Raman relaxation rates of Ba(Fe;_xCoy)2Asg for
different doping levels in A, (blue triangles) and By symmetry (red squares). The solid
black lines denote the dc resistivity measured on similar crystals. The plasma frequency
wp for the conversion of the resistivity data into units of wavenumbers is indicated in
each panel.

pendence of T'(2, 7 < 100 K) is a consequence of the reduced low energy spectral weight

at the lowest temperature as will be discussed in Sec. 6.5.1.

6.2.2 Static Raman relaxation rates

Fig. 6.8 displays the relaxation rates in the static limit Q — 0, T'}(7), as a function of
temperature for different doping levels. Also shown are the relaxation rates I'f(T) derived
via Eq. (3.36) from the dc resistivity p(7"), which is measured on similar crystals. The
plasma frequency w,, as indicated in the figure, is a fitting parameter here and chosen

to be temperature independent. It is taken to satisfy

1
DHT — T) = 5 [T0™(T — T) + T6"8(T — ) (6.1)

holds. wy; is of the same order of magnitude as the plasma frequency obtained from
optical spectroscopy studies [21, 183, 217].

The temperature evolution of I'j(T") depends strongly on the doping level. For the
overdoped sample [Fig. 6.8(e)], 'y (T') exhibits roughly a linear temperature dependence
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Figure 6.9: Doping dependent Raman relaxation rates of Ba(Fe;_xCox)2Ass in A, and By,
symmetry at fixed temperatures. (a) For T' — T, the A, rates are constant and the By,
rates exhibit a minimum at optimal doping. (b) For 7' = 300 K the A, rates exhibit a
minimum at optimal doping and the B, rates continuously increase with doping.

in both symmetries. This holds also true for T9(T). Hence, for sample OD22 I'{(T)
and I'(T) are similar and in good agreement to I'(T). This is different at and
near optimal doping [Fig. 6.8(d) and (c), respectively]. Here, Ta'8(T) is constant up
to roughly 200 K before it increases for higher temperatures while Fég (T increases
monotonically with temperature exhibiting an almost linear temperature dependence.
At optimal doping [Fig. 6.8(d)] T2(T) is roughly the average of I'38(T) and TE'8(T).
I0'8(T) varies by an order of magnitude between low and and high temperature ex-
hibiting values of I'§'#(30 K) = 30 cm™" and I'§'#(300 K) = 770 cm ™, respectively. The
small value of FOBlg (T') close to T, and the strong temperature dependence indicate that
the electrons scatter dynamically from still to be identified excitation rather than from
impurities. Hence, it argues for the excellent quality of the investigated sample. For un-
derdoped samples [Fig. 6.8(a) and 6.8(b), respectively] the dichotomy between T';'8(T)
and T'y'8(T) grows further. At lower temperature Iy "#(T)) of both underdoped samples
exhibits a minimum around 7' = 70 and 50 K, respectively. A similar minimum as a func-
tion of temperature is observed in transport measurements |[black solid lines in Fig. 6.8]
on underdoped Ba(Fe;_Coy)2Asy [7] and is associated with the magnetic/structural
transition. Via Raman spectroscopy this anomaly is found only in By, symmetry (elec-
tron bands), while the rates in A;, symmetry (hole bands) exhibit constant rates in this

temperature regime as investigated in detail for sample UD18 [Fig. 6.8(b)].

The anisotropy of the carrier properties in A, and B, symmetry is an interesting

similarity of the cuprates and FeSCs. However, for the cuprates, antinodal (B, sym-
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Figure 6.10: Raman relaxation rates in A, (blue triangles), Biy (red squares) and B,
symmetry (green diamonds) for (a) optimally and (b) overdoped Ba(Fe;_xCoyx)2Ass.

metry) and nodal quasiparticles (Bg, symmetry) are probed separately [135], while for
the FeSCs the hole bands (A;, symmetry) and the electron bands (B, symmetry) are
probed separately. In both cases there is a dichotomy of the relaxation rates for low dop-
ing levels near the magnetically ordered state while for higher doping levels, where the
materials become more conventional, the dichotomy is lifted and the carrier properties
are more or less isotropic [27, 167]. Thus, both, the cuprates and the FeSCs show their
Janus face in Raman scattering experiments [218] exhibiting doping dependent strongly

anisotropic relaxation rates.

Fig. 6.9 presents the doping evolution of T'f(T) at low and for high temperature. Just
above T, I’glg (T — T.) is doping independent with values between 350 and 400 cm ™.
F(]?lg (T — T,) is substantially smaller and shows a non-monotonic variation with doping
exhibiting a minimum right at optimal doping [Fig. 6.9(a)]. The monotonic doping de-
pendence of [4'8(T — T.) and the non-monotonic doping dependence of T¢'8(T — T,)
are direct consequences of the Raman spectra displayed in Fig. 6.1(a) and 6.1(b) where
it is shown that the A, response is doping independent while the B;, response exhibits a
doping dependent variation of the low energy response close to T,. At 300 K [Fig. 6.9(b)],
the trend is reversed. Here, the By, rates are larger than the A;, rates. Addition-

L at

ally, Fé '8(300 K) varies non-monotonically exhibiting a minimum close to 500 cm™
optimal doping, while Fglg(SOO K) increases monotonically with doping from 700 to
800 cm™!. This is not directly clear from Fig. 6.1(c) and 6.1(d), respectively, but results

from the variation of the Raman intensity at higher €.

Fig. 6.10 shows the temperature dependent relaxation rates of samples OPT24 and
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OD22 in Ay, Big and By, symmetry. At 300 K the By, and By, rates of both samples ex-
hibit values exceeding 800 cm™!. As expected from the spectra shown in Fig. 6.2(n) and
6.2(0), T5*8(T) of OPT24 exhibits only a weak temperature dependence [Fig. 6.10(a)]
while the temperature dependence of I§*#(T)) of OD22 is slightly stronger [Fig. 6.10(b)].
The same holds for T5'8(T): while Iy *8(T') of OPT24 is nearly constant, the temper-
ature dependence of T5'8(T) of OD22 is similar to I§'8(T). This suggests that the

electronic properties become more isotropic with increasing doping level.

6.2.3 Comparison to transport

Finally, the relation of the static Raman relaxation rates to the resistivity as a function
of doping at a fixed temperature is studied. Fig. 6.11 displays the doping evolution of the
resistivity at 7" = 25, 100 and 200 K, normalized to the corresponding value at 300 K,
p(T)/p(300 K), to avoid uncertainties in the geometric factor [219]. For comparison,
the doping evolution of I'j(T") /I'f (300 K) with ¢ = Aj,, By, for similar temperatures is
shown. The average of the A, and By, relaxation rates, as suggested by Matthiessen’s
rule in the presence of distinct k independent scattering mechanisms [220], normalized

to their room-temperature values,
o(T) 1| Ig(T) Lo 5(T)

av T) = — _ —+ 6.2
76" (T) [o(300K) 2 |I{'8(300 K)  I'S'(300 K) (62)

is shown by the orange symbols. The presented data are independent of fitting param-
eters, in particular, of the plasma frequency.

Fig. 6.11(c) shows that I'fj (200 K)/I'f (300 K) varies little and non-monotonically as a
function of doping and is close to p(200 K)/p(300 K). Hence, 7§ (200 K) is comparable
to p(200 K)/p(300 K) for all doping levels. This holds also true at 100 K [Fig. 6.11(b)]
although T'5(100 K) /T (300 K) increase monotonically with doping and ~§" (100 K) de-
viates from p(100 K)/p(300 K) especially at low doping. For T" — T. [Fig. 6.11(a)],
where T < Typw for underdoped samples, It'(T — T,)/T''%(300 K) is remarkably
smaller than p(25 K)/p(300 K) in the entire doping range and exhibits a minimum at
optimal doping while If*8(T" — T.) /T '#(300 K) is larger than p(25 K)/p(300 K) and is
maximal at optimal doping. Both effects compensate each other for x > 0.061 and the
absolute values of 4§V (T" — T¢) are in good agreement to p(25 K)/p(300 K) for both dop-
ing levels. For x < 0.061, the doping evolution of p(25 K)/p(300 K) is better mimicked
by T5'8(T — T,)/T5"%(300 K) although the latter exhibits much smaller values.

This demonstrates that the relaxation rates obtained from the Raman spectra are,
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Figure 6.11: Doping evolution of the Raman relaxation rates and in-plane resistivity of
twinned Ba(Fe;_xCox)2Asy single crystals at (a) 25 K (b) 100 K and (c) 200 K. The
quantities are normalized to their 300 K value. The A1, By, rates are shown by blue and
red symbols, respectively, and the transport data are indicated by black symbols. The

orange symbols indicate the average of the rates in Aj, and Biz symmetry. Resistivity
data from [7] and [219].

apart from the low doping low temperature regime, in good agreement to the relax-
ation rates obtained from resistivity measurement. The difference of {¥(T' — T)
and p(25 K)/p(300 K) in the low doping regime could be explained by the strongly
anisotropic mobilities and effective masses of the electron and hole bands [23, 115, 221,
222] and the strong mass enhancement toward low doping [223] reported by quantum
oscillation (QO) experiments. This may stronger weight the carriers seen via the By,
Raman response in transport measurements. Alternatively, this could be consistent with

the observation that the hole contribution to transport is only relevant at high tempera-

81



Chapter 6 Normal state properties at finite doping

1500

BaFe,As,
— 120K
— Total Fit
—— Interband transitions
T MIR-band

¥ Broad Drude
= Narrow Drude

1000+

G () (Qem)™

2

10! 10? 103 104

Frequency (em™)

Figure 6.12: Decomposition of the optical conductivity of BaFesAsy into a narrow (I'y) and
a broad (I'g) Drude term. Together with some Lorentz terms at higher energy the total
fit reproduces the optical spectrum in all detail. From [224].

ture for low doping [22]. Thus, for > 0.061 holes and electrons contribute similarly to
the transport for all temperatures. For x < 0.061 there is a reliable contribution from
holes to transport only at high temperatures while at low temperatures the transport is

dominated by the contribution of electrons.

6.3 Influence of the orbital character of the bands

Via ERS strongly band dependent carrier dynamics are observed (Fig. 6.8). This is
compared to the results of other experimental and theoretical studies and the origin of

the anisotropic carrier relaxation rates is discussed.

Carrier dynamics in optical spectroscopy

The analysis of optical reflectivity measurements on FeSCs [21, 183, 225] reveals that
o'(w,T) can be well modeled within a Drude-Lorentz approach. Via this approach
o'(w,T) for small w is purely phenomenologically decomposed into two Drude responses
as shown in Fig. 6.12: a narrow Drude term with a high conductivity and a small
relaxation rate and a broad Drude term with a small conductivity and a large relaxation
rate. Since optical spectroscopy measures a weakly weighted momentum average of the
carrier dynamics over the whole BZ, one may assume that the optical spectrum can be

decomposed into a sum of the A;, and By, Raman spectra. In this approach the narrow
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Figure 6.13: Real part of the Raman conductivity JL(Q) as a function of symmetry as calcu-
lated from the measured Raman response of Ba(Fe;_xCoy)2Asy via Eq. (6.3) (symbols)
and Drude fit to the data (solid lines) for (a) z = 0.051 and (b) z = 0.061. The devi-
ations from the Drude fit at low 2 come from an insufficient suppression of elastically
scattered light. All data are recorded at 30 K.

Drude term of the optical spectrum corresponds to the B;, Raman response where
mainly the charge carriers on the electron bands are probed and low relaxation rates are
found at low temperatures. On the other hand, the broad Drude term corresponds to
the A;; Raman response, where the carriers from the hole bands are mainly probed and

relatively large relaxation rates at low temperature are found.

To investigate this idea, the real part of the conductivity o’(€2, T') is calculated from the
measured Raman response in Ay, and By, symmetry via the Shastry-Shraiman relation
[169, 170]

X'(Q,T) x Q-0'(Q,T). (6.3)

The resulting Raman conductivities o7,(Q2,T) (u = Aig, Big) with T' — T, of underdoped
(UD18) and optimally doped Ba(Fe;_Coyx)2Asy (OPT24) are shown in Fig. 6.13(a) and
6.13(b), respectively, together with the corresponding Drude fits. While the results from
optical measurements with a narrow and a broad Drude term can indeed be reproduced
qualitatively, the analysis is impeded by the elastically scattered light, which sits on top
of the Raman response for  — 0 and results in deviations of o/, (€2) from the Drude
fit at low energy. Nevertheless, the comparison of the Raman relaxation rates and the
relaxation rates obtained in optical studies is possible.

In a study by Lucarelli et al. [21] the relaxation rates from the narrow, Iy, and broad

Drude term, I'g, were explicitly derived as functions of temperature for different doping

levels. The results of this analysis are shown in Fig. 6.14. I'y is a factor of 20 smaller
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Figure 6.14: Temperature dependence of the scattering rates of the narrow (I'y) and broad
(T's) Drude terms obtained from optical spectroscopy. The dashed-dotted, dashed and
dashed-dotted-dotted lines mark the structural, magnetic and superconducting transi-
tions, respectively. From [21]

than I'p for underdoped samples while the anisotropy decreases with increasing doping
level. For optimally doped and overdoped samples I'y is a factor of 10 smaller than I'g.
Therefore, optical spectroscopy observes a similar anisotropy of the relaxation rates at
low temperatures as Raman spectroscopy. However, there is a significant discrepancy
in the temperature evolution. In Raman spectroscopy, FoAlg(T ) > FOBlg(T ) holds only
at low temperature, while at high temperature I'5'8(T) is smaller than Tg'8(T) for all
doping levels [Fig. 6.9]. In addition, the anisotropy almost disappears on the overdoped
side [Fig. 6.10(b)]. In the optical study I'y and I'gz have a much weaker temperature
dependence over the doping range studied, and the anisotropy is still as large as one

order of magnitude for overdoped samples at high temperature.

Anisotropies in transport studies

In magneto-transport studies on Ba(Fe;_,Coy)2As,, the Hall coefficient is decomposed
into one contribution from the electron and one from the hole bands and it was found
that mainly the electrons contribute to the transport. The contribution of holes to
transport is negligible at low temperature for most doping levels [22]. At higher doping

levels the scattering rates extracted from the data are assigned to the electron bands
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and the T2 dependence of the rates 1/7 is consistent with a Fermi liquid picture. In
a magneto-transport study by Fang et al. [226] it was observed that the mobilities of
the electrons are about six times larger than those of the holes above the magnetic
transition of undoped BaFe;As,. With increasing doping, the mobilities of electrons and
holes become comparable but are still larger for electrons than for holes. This supports
a theoretical study where anisotropies of the charge carriers on the electron and hole
bands were proposed for the FeSCs [69]. DFT calculations predict a factor of three
difference in the Fermi velocities where that on the electron bands larger than that on
the hole bands [69].

Anisotropies in quantum oscillation measurements

Different charge dynamics on the electron and hole bands are also reported from QO
measurements. In measurements on ‘122’ [23, 223] and ’1111" FeSCs [221] the mass
enhancement factors are strongly band dependent. Additionally, a pronounced de Haas-
van Alphen signal is reported which is attributed to the electron bands. The mean free
paths of the carriers is calculated to be longer on the electron bands than on the hole
bands [222].

Anisotropic carrier lifetimes in ARPES

Via the analysis of ARPES data the carrier dynamics on the hole and electron bands
can be investigated separately. Additionally, the selection rules of ARPES enable one
to determine the orbital character of the bands [78, 227]. Although the details of the
orbital characters of the bands differ slightly from theory (see Sec. 2.3), different carrier
properties are found on the electron and hole bands. This originates from the anisotropy
between the d,, and d,./d,. orbitals where the lifetimes on the d,, are longer than those
on the d,,/d,, orbitals [83]. The shorter lifetime of the d,,/d,, orbitals is attributed to

a stronger interaction with spin fluctuations.

Anisotropic lifetimes in theoretical models

The ARPES results are in good agreement with an LDA calculation of Kemper et al.
[86]. In this study the effect of the multiorbital character of the electron and hole bands
is calculated and the scattering rates and the effect of quasiparticle scattering due to
spin fluctuations in a multiorbital model are investigated. The results are presented

in Fig. 6.15. According to this study the scattering rate on the d,, portions of the
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Figure 6.15: Theoretical predictions of the carrier dynamics in Bal22 in the limit 2 — 0.
(a) Inverse of the average scattering times for holes (a1, ag) and electrons (3, f2) in
a multiorbital model. (b) Raman scattering rate as function of doping in B, and B
symmetry. The By, curve is divided by 20 to enable a comparison. Data taken from [86].

F'S is small, while the d,. and d,, orbitals experience a larger scattering rate. This is
attributed to the fact that only the electron bands have contribution from d,, orbitals
and therefore the phase space for scattering events is smaller for the electron bands.
Thus, the lifetimes are longer on the electron bands (3, B2) than on the hole bands (ay,
az) [Fig. 6.15(a)].

The predicted By, and By, Raman relaxation rates are displayed in Fig. 6.15(b). The
rates in A, symmetry were not calculated since the calculation is very complicated due
to backflow effects. According to the model TH%® > I't'® in the entire doping range
and the anisotropy becomes smaller with increasing doping level in good qualitative

agreement with the experimental results (Fig. 6.10).

Summarizing, anisotropic scattering rates are observed in several experimental and
theoretical studies and there is growing evidence that the multiband and multiorbital
character of the FeSCs is at the origin of the large anisotropies of the carrier properties.
Although there is not yet an agreement concerning the orbital character of the bands,
the lifetimes on the electron bands are larger than on the hole bands at least for low
temperature. Hence, the difference in the A, and By, Raman scattering rates originates
from the orbital character of the bands and the scattering between the orbitals. It is
important to mention that in the theoretical model the interactions are kept low and
impurities are neglected [86]. Thus, a quantitative improvement between the theoretical
and experimental values of the relaxation rates by a factor of five is easily possible

[228]. The doping dependence of the theoretically obtained relaxation rates, which are
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predicted to decrease with increasing doping level [86], is in good agreement with the
Raman results presented here. Even if the magnitude of the relaxation rates agrees
only qualitatively, the Raman results support an interpretation in terms of magnetic

scattering.

6.4 Interplay of magnetic order and impurities

Yet, the non-monotonic doping dependence of Ty '#(25 K) and I'y *#(300 K) remains un-
clear. Naively, one expects that the scattering time 7(7') becomes shorter by the ad-
dition of impurities. Since doping generally adds impurities one would expect that
IH(T) < 1/7(T) increases monotonously with doping, at least, for low temperatures,
although in-plane Co doping acts only as a weak scatterer [22]. This is observed only

for T'§'#(300 K) [Fig. 6.9(b)].

To explain the non-monotonic doping dependence of I'j(T) the interplay of magnetism
and impurities is studied. When the magnetic order is continuously suppressed by
doping, the scattering from magnetic excitations is reduced. On the other hand the
increasing doping level enhances the impurity concentration and hence the scattering
from impurities. Both aspects are most relevant at low temperatures. Then, from
underdoped to optimally doped samples Flog "8(T — T.) decreases since the increased
scattering from impurities is overcompensated by the decreased scattering from magnetic
excitations. At optimal doping the influence of magnetism and the scattering from
magnetic excitations has disappeared. Then, scattering from impurities remains the only
contribution to Iy (7" — T.) which is smallest at optimal doping. With further doping
the number of impurities increases leading to an enhanced scattering from impurities
and therefore of I'y'8(T — T.). Since the influence of magnetic order is mainly observed
in By, symmetry, and the A, spectra are only weakly affected by magnetism (Fig. 5.3),
the described effects on FOAlg(T — T.) can obviously be neglected.

Thus, the non-monotonic doping dependence of Fglg(T — T¢.) with a minimum at
optimal doping [Fig. 6.9] is compatible with the interplay of magnetism and impurities.
At high temperatures magnetism has no influence on the carriers, and I'f'#(300 K)

increases monotonically with doping.
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Figure 6.16: Loss of spectral intensity below 150 cm™! as a function of temperature for
undoped (squares) and underdoped Ba(Fe;_xCoy)2Ass (triangles). Si50(7") denotes the
integrated intensity in the range between 15 and 150 cm™!. The structural and magnetic
transition for BaFeoAsy at T = Tspw = 134 K are indicated by the red dashed line.
The blue, green and orange dashed lines indicate the superconducting, magnetic and
structural transition temperature, respectively, of underdoped Ba(Fej_xCoy)2Ass.

6.5 Nature of the fluctuations in Ba(Fe; ,Coy)sAss

The nature of the fluctuations, which manifest themselves in an increased low energy
intensity in the By, spectra of Bal22 upon approaching Tspw from above [Fig. 5.5(b)],
is not yet clear. A similar although less pronounced increase of the low energy spectral
weight with decreasing temperature for ' > Tro > Tspw is observed in the By, spectra of
sample UD18 [Fig. 6.5(a)]. Here, the low energy By, response is less abruptly suppressed
below Tspw (37 K) and Tro (52 K) [Fig. 6.3(b)] than for sample Bal22 [Fig. 5.3(b)].
To illustrated this observation, Fig. 6.16 shows the integrated intensity of the spectra
between 15 and 150 ecm™!, Sy50(T) [Eq. (5.1)], of both samples. Similarly to SE3?2(T)),

SUDI8(TY) increases remarkably with decreasing temperature. However, as opposed to
SpPal22(T) which increases continuously for 7' > 134 K and abruptly collapses for T’ <

134 K, S3'8(T) is nearly constant between 73 and 53 K and decreases linearly below

53 K without a clear signature of a suppressed intensity below Tspw-.

This naturally raises the question of the relevance of fluctuations at finite doping and

a possible interplay with the SDW gap.
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Figure 6.17: Temperature evolution of the B1; Raman intensity of sample UD18. The data

are measured with a spectral resolution of AQ = 50 cm~! and different absorbed laser

powers as indicated. The data are an average of the data points at 70 and 100 cm ™!

The inset shows a zoom in to the data, measured at temperatures around Tspw and Tro
and with 1 mW absorbed laser power. The solid lines are guides to the eye.

6.5.1 Opening of a SDW induced gap

From Figs. 6.3(b) and 6.16 it is clear that the intensity of the low energy B, response
of sample UD18 is already reduced for T' = 38 K > Tspw. Below Tspw = 35 K no
sign of a further reduction of the spectral weight due to the opening of a SDW gap
is observed. Rather, SP0'8(T) decreases roughly linearly below Tro. For the search
of indications for the opening of a SDW gap, Fig. 6.4 exhibits data points at 70 and
100 cm ™! measured around Tgpw and Tro in 1 K temperature steps. Due to the large
spectral resolution, I(2,T) is essentially sensitive to the change of the spectra in the
range 20 < <120 cm~ ! and 50 < Q < 150 cm ™!, respectively. In this energy range the
strongest changes with temperature are expected. I(€2,T') is shown in Fig. 6.4. Since the
temperature increase due to the absorbed laser power is unknown, the data in Fig. 6.4
are shown as a function of the temperature of the sample holder and are not divided by
the Bose factor. From the inset of Fig. 6.4 it is clear that (2, T") is constant above and
reduced below T' = 35 K. This suppression can be associated with the opening of a SDW
gap below Tspw = 37 K and translates into a temperature increase in the illuminated
spot of 2 K per mW absorbed laser power. This is a reasonable value that compares

well with the analysis of the energy gain and loss spectra via Eq. (4.2).
Fig. 6.17 presents the Bose corrected data points of Fig. 6.4 versus the sample tem-
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Figure 6.18: Difference spectra Ax"(T,Q) = x"(T,) — x2(300 K, ) (symbols) and calcu-
lated response from fluctuations (solid lines) of underdoped Ba(Fe;_xCoy)2Ass. The
inset shows the temperature dependence of the effective mass which acts as the only
fitting parameter. For details see the text.

perature. Shown is the average of I(€2, T') measured at Q = 70 and 100 cm™! to improve
the signal to noise ratio. Here, I(2,T") decreases below Tspw = 37 K due to the opening
of a SDW induced gap. Hence, although S;0'8(T) is less abruptly suppressed below
Tspw than SP3'?2(T) (compare Fig. 6.16), the opening of an SDW induced gap below

Tspw can be also observed at finite doping.

6.5.2 Evidence against magnetic fluctuations

The presence of fluctuations at finite doping is studied via the response of an underdoped
as well as of an overdoped sample. For finite doping levels both, the magnetic and

structural transition are separated enabling the study of the nature of these fluctuations.

Fluctuations in the underdoped sample

To separate the response from fluctuations and the response from the particle-hole con-
tinuum, the same method as for Bal22 is applied (Sec. 5.3) and an analytic approx-
imation of the 300 K spectrum is subtracted from the spectra at lower temperatures.
The procedure is applicable if p(T") varies little in this temperature range. This is only
approximately justified by the transport data [7] [Fig. 6.8(b)]. The difference spec-
tra Ax"(Q,7T) = x"(,T) — x7(2,300 K) are presented in Fig. 6.18 as symbols. For
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6.5 Nature of the fluctuations in Ba(Fe;_Coy )y Ass

Ax"(Q,T) the spectral weight for © < 500 cm™! increases upon cooling and the peak

at low energy grows while the intensity for Q > 500 cm ™! is small.

The theoretical response from charge fluctuations, calculated via Eq. (5.2), is shown
in Fig. 6.18 by solid lines. The fits to the experimental data are obtained with A = 0.26
and wy = 400 cm~t. A as well as wy are adjusted for the 150 K spectrum and are kept
constant for all other temperatures. Only the mass of the fluctuation propagator m(T') is
varied to mimic the temperature dependence of the spectra. m(7T) is shown in the inset
of Fig. 6.18 and, similarly as for Bal22, m(7T') decreases linearly at high temperature
and tends to saturate below 100 K. The agreement between theory and experiment is
satisfactory over the entire energy range of 15 < Q < 1000 ecm™! for 73 < T < 250 K
showing that the increased low energy response of underdoped samples can be explained
by Eq. (5.2). For T' = 53 K the fit via Eq. (5.2) traces Ax”(Q2) only in the low energy
range. Above 70 cm™! Ax"(Q, T = 53 K) is remarkably reduced suggesting that already

for T'= 53 K > T the spectra cannot be explained via the response from fluctuations.

Fluctuations in the overdoped sample

Fig. 6.5(b) displays the By, response of OD22 for 2 < 1000 cm™' as a function of
temperature. At first glance there are two main features in the spectra: (i) in contrast
to Bal22 [Fig. 5.5(b)] the spectral intensity increases with decreasing temperature over
the entire energy range without exhibiting a low energy peak as observed in the spectra
of sample UD18 [Fig. 6.5(a)]. In addition, the low energy response increases much
weaker than for the undoped and underdoped sample. (ii) in the entire energy range the
spectra measured at T > 200 K lie below those measured at 7' < 150 K. The spectra
are separated from each other by an intensity gap of roughly 0.2 counts s 'mW~!. Thus,
AX"(,T) = X" (Q,T) — x7(€,300 K), which is presented in Fig. 6.19, is larger than
zero around 1000 cm ™! for 7' < 200 K. In addition, Ax”(£,200 K) is smaller than zero
for > 500 cm~!. All these facts suggest that the data cannot be fitted by a Raman
response of fluctuations. This is demonstrated in Fig. 6.19. The parameters for the
fit, which is adjusted to the 200 K spectrum, are wy = 150 cm™! and A = 3.2. Both
are unexpected values compared to the fitting parameters of samples Bal22 and UD18.
Conspicuously and less surprisingly, Fig. 6.19 shows that Ax” (2,200 K), for which all
parameters are optimized, is well reproduced by the fluctuation fit via Eq. (5.2) (solid
lines) except for the response around 1000 cm™!. Once the parameters are fixed the fit

cannot reproduce the spectra measured at 7' = 100 and 65 K.
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Figure 6.19: Difference spectra Ax"(T,Q) = x"(T,) — x2(300 K, Q) (symbols) and calcu-
lated response from fluctuations (solid lines) of overdoped Ba(Fe;_xCoy)2Ase. The inset
shows the temperature dependence of the effective mass which acts as the only fitting
parameter. For details see the text.

Nature of the fluctuations

Thus, the increased low energy response observed in the spectra of undoped and un-
derdoped samples, is compatible with the response from fluctuations in Eq. (5.2). The
fluctuations are only present for x < 0.061 while fluctuations in the spectra of an over-
doped sample can be excluded. This provides evidence that the fluctuations are related
to the magnetic and/or structural transition.

The poor agreement of Ax”(Q2,T = 53 K) with the theoretical fit (Fig. 6.18) suggests
that the response from fluctuations is reduced already at 53 K. This is in agreement
with the data presented in Fig. 6.17. Here, I(Q2,T) starts to decrease already above
Tro while it saturates in the temperature range above Tspw. Hence, only the structural
transition is accompanied by fluctuations suggesting a second order phase transition at
Tro. This provides compelling evidence that the fluctuations cannot be magnetic in
origin since the strongest fluctuations are expected close to the transition temperature.
Thus, one can conclude that the fluctuations observed for undoped and underdoped
Ba(Fe;_,Coy)2As, single crystals precede the structural transition and are most likely

of orbital nature.
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Chapter 7

The superconducting energy gap

In this chapter Raman results of Ba(Fe;_Coyx)2Asy in the superconducting state are
presented for different doping levels.

The quantitative analysis of the spectra reveals the size and momentum dependence
of the gap at optimal doping and its doping dependence. In the last section the location

of the gap maxima and minima on the electron bands is investigated.

7.1 Raman spectra of optimally doped
Ba(Fe;_Coy)sAs,

The spectra of the optimally doped Ba(Fe;_Coy)oAs, sample (OPT24, T. = 24 K) below
T, are presented. For the search for superconductivity induced features the samples is

illuminated with different excitation energy.

7.1.1 Resonance properties

For calculating the Raman vertices via the effective-mass-approximation in Eq. (3.15)
the occurrence of resonances in the response needs to be excluded. Resonance effects
occur if interband transitions are excited by the incoming photons. Then, the response
varies greatly as a function of the photon energy as observed for hole and electron
doped cuprates [161, 229, 230]. To study the presence of resonances, the optimally
doped Ba(Fe;_Coy)2Ass sample was excited with photons of energies of 2.7, 2.5 and
2.4 eV corresponding to Aexe = 458, 501 and 514 nm, respectively. Fig. 7.1 displays
raw data measured with parallel and perpendicular light polarizations of incoming and
outgoing photons below 7,.. The measurement parameters are given in Sec. 6.1. For the

studied photon energies neither the intensity nor the lineshape of the spectra changes
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Figure 7.1: Study of resonance properties of optimally doped Ba(Fe;_4Coy)2Assy in the su-
perconducting state. The excitation energies and polarization combinations of the light

are indicated. From [26].

as a function of the excitation energy. Thus, the Raman response of optimally doped
Ba(Fe;_<Coy)2Ass exhibits no indications of resonance properties in the superconducting
state between 2.7 and 2.4 eV. Similar results were obtained by Chauviere et al. [211] for
energies between 1.9 and 2.4 eV. Hence, the effective-mass-approximation is applicable

and the Raman vertices can be calculated via Eq. (3.15) (Sec. 7.5.2).

Rx"(Q,T) (counts s 'mwW™)

I

- Ba(Fe, ,,,CO, o), AS
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— 8K
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Figure 7.2: Polarization analysis of optimally doped Ba(Fe;_xCoyx)2Asy. The sample was
studied with six different light polarization combinations. The asterisk marks the position
of the E; phonon. This phonon is detectable only if the polarization of the incoming
photon has a finite projection onto the c-axis of the crystal.
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Figure 7.3: Symmetry dependent Raman spectra just above (30 K, symbols) and well below
T. (8 K, solid lines). The response shows clear superconductivity induced features in
Big and Ay, symmetry. The Ay, response is negligibly small in the investigated energy
range. From [25].

7.1.2 Complete symmetry analysis of the Raman spectra

To extract the contribution of each symmetry to the Raman response, a complete symme-
try analysis of the spectra is performed. As introduced in Sec. 3.4, linearly and circularly
polarized light is necessary to extract the pure symmetry components. Fig. 7.2 shows a
quantitative check of the consistency of the measurement. The spectra with the same
polarization state of the incoming photons are summed. According to Fig. 3.5, this sum

contains all four symmetry components

T + xY
ZL‘/[L’, + I/y/ = Alg + Agg + Blg + ng. (71)
RR+ RL

The sums of the spectra below (8 K) and above T, (30 K) have identical lineshape and
intensity for Q < 300 cm™! to within the experimental error. This provides evidence for
the proper adjustment of the power and polarization state of the photons. The peak at
135 em ™!, marked by an asterisk, originates from an E, phonon and is observed only for
2’ and R polarized incoming photons having a finite projection onto the c-axis of the
crystal (c.f. Sec. 5.1.1).

The symmetry resolved Raman response, calculated via Eq. (3.27), is presented in
Fig. 7.3 below (solid lines) and above T, (symbols). Among all four in-plane symmetries

the strongest superconductivity induced features are observed in the By, spectrum. The
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Figure 7.4: Temperature dependence of the By response in the superconducting state for
optimally doped Ba(Fej_xCoyx)2Asy. The vertical gray dashed line marks the energy of
the pair breaking peak at the lowest temperature.

spectrum shows a clear redistribution of spectral weight as expected for the opening
of a superconducting gap and the existence of a condensate [24, 137, 231]. The pair
breaking peak is centered at roughly 70 cm™'. In By, symmetry there is no significant
difference between the spectra below and above T,.. The A;, spectrum [Fig. 7.3(b)] shows
a superconductivity induced redistribution of spectral weight and has a pair breaking

1

peak at roughly 100 cm™. As compared to the Bi, and By, response, there is an

L originating from the less effective suppression

increasing contribution for 2 < 20 cm™
of stray light in A;, symmetry. The contribution in A,, symmetry is not affected by
superconductivity. It increases linearly with Q and is very small below 300 cm~!. At
300 cm ™! the Ay, intensity is approximately 1/4 of the intensity in the other symmetries.
This is in agreement with theoretical considerations, where the electronic contribution
to the Ay, response should vanish in a non-magnetic material [232].

This demonstrates that the main features in the response below T, occur in A, and
Bi, symmetry while the low energy Ay, response is negligible small. Therefore, also in
the superconducting state the Ay, contribution to the response will not be subtracted
from the spectra in other symmetries in the following. This saves a factor of two in

measurement time.

7.1.3 Temperature dependence below 7.

Fig. 7.4 displays the B, spectra at several temperatures in the superconducting state.

The clear redistribution of spectral weight with the pair breaking peak centered at

96



7.2 The energy gap of optimally doped Ba(Fe;_,Coy )sAsy

JAs, O -

2

=

o
=
&

Bé(Fe0_939Co |

0.06172

Rx"(Q,T) (counts s 'mw™)
o
(6)]

o
o
onr

Raman shift Q (cm™) Raman shift @ (cm™)

Figure 7.5: Raman spectra of optimally doped Ba(Fe;_xCoy)2Ase below (blue, 8 K) and
above (green, 30 K) 7, = 24 K in (a) Ay +Ags and (b) Big +Ag, symmetry. Due to
the vanishing contribution to the spectra the Ay, response is not subtracted. The insets
show the low energy response on a log-log scale. The orange symbols are measured at
8 K with a resolution of 3.6 cm™! and a step width of 1 cm™" down to Q =4 cm ™.

approximately 70 cm™! and the reduced intensity for Q < 30 cm™! at 8 K is continu-
ously weakened with increasing temperature. Above T, = 24 K no superconductivity
induced features are observed. Within the experimental resolution no shift of the posi-
tion of the peak is detectable. This is in good agreement with another Raman study on
Ba(Fe;_Coy)oAsy [211].

The temperature independence of the superconducting peak energy is similar to the
observations in optimally doped cuprates [233, 234] and opposed to what is observed
in the weak coupling BCS superconductor V3Si [235]. For the latter material the peak
energy decreases with increasing temperature as expected for the energy gap in the BCS
theory [236, 237].

7.2 The energy gap of optimally doped
Ba(Fe;_Coy)2As,

The Ay, and By, response of optimally doped Ba(Fe;_Coy)2As; is analyzed in detail.
From this analysis the momentum dependence and size of the energy gap of optimally
doped Ba(Fe;_Coy)aAsy will be deduced.
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7.2.1 Details of the Raman response

Fig. 7.5 displays the A;, and B;, Raman response below (8 K, blue solid lines) and above
T. (30 K, green solid lines). The insets show the response on a log-log scale. The low
energy Aj, response [Fig. 7.5(a)] varies as Q¢ below 80 cm™'. Here, the data quality
may be reduced due to surface layers which enhance the low energy response. If there
is an activation threshold it is smaller than 30 cm™!. In the By, spectra [Fig. 7.5(b)] no
clear activation threshold can be found but there is finite intensity down to the lowest

1

measured energy. The By, spectrum varies linearly with frequency above 30 cm™" and

changes to a v/Q dependence for Q < 30 cm~" [inset of Fig. 7.5(b)].

To search for an activation threshold in the By, response smaller than 7.5 cm™, the

1and a step width of 1 cm~! down

spectra are measured with a resolution of 3.6 cm™
to energies as low as 2 = 4 cm™! which corresponds to a temperature of 6 K [orange
symbols in the inset of Fig. 7.5(b)]. Even for = 4 cm™! a finite Raman intensity is
observed. Since 4 cm™! are already smaller than the thermal energy at the measurement
temperature of 8 K, the study of the response at lower energy cannot uncover a minimal
gap at smaller energy.

The pair breaking peaks, as displayed in Fig. 7.5, turn out to have a rather strong
symmetry dependence. The A;, peak is relatively weak and broad with a maximum at

Qﬁ 12 2100 ecm ™ corresponding to Qﬁelagk /kgT. = 6. The By, spectrum exhibits a sharp
Blg

peak =

ngagk/kBTc = 4.2. For Q < ngfk, the By, spectrum has a shoulder or even a peak at

52 cm~! [Fig. 7.5(b)]. This shoulder has a width of only 2 cm™!. Since the presented

spectra are the sum of three single spectra each measured with an integration time

superconducting peak with the maximum located at €2 69 cm™!, corresponding to

of 400 s per data point, it is unlikely that this shoulder is due to a statistical error.
Additionally, a very similar structure at the same energy and a similar doping level is
observed but not commented in the study of Chauviere et al. [211]. A possible origin of
this peak will be discussed in Sec. 7.4.2.

The sharpness of the superconducting By, peak underlines the high purity and or-
der of the investigated sample since impurities are expected to smear out these sharp
features [238]. To illustrate the sharpness of the superconducting B;, peak, the data
in Fig. 7.5(b) are plotted on a logarithmic scale as a function of |1 — Q/Quax| with
Qmax = 69 cm™!. The resulting spectra are shown in Fig. 7.6. There is an universal
linear variation on either side of ).y, which extends over 1 and 1/2 decade on the low-
[Fig. 7.6(a)] and high-energy side [Fig. 7.6(b)], respectively, indicating a logarithmic di-

vergence of the superconducting B, peak. The peak is cut only by the resolution of the
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Figure 7.6: Pair breaking peak in Bj, symmetry of optimally doped Ba(Fe;_xCoyx)2Ass. The
figure shows the variation of the peak on a scale of |1 — Q/Qnax| on the (a) low and (b)

high energy side of the peak maximum at Q. = 69 cm™!. The orange symbols are

measured with a resolution of 2.5 cm™! and a step width of 1 cm™!. The magenta lines
indicate the spectral shape for a logarithmic divergence of the peak.

spectrometer. Such a logarithmic divergence in a Raman spectrum is only possible if
either the electronic properties or the Raman vertex are strongly 2D [147, 239]. Since
the F'S of ’122" compounds has a remarkable dispersion along k. [c.f. Fig. 2.6(b)], the

Bi, Raman vertex seems to be rather 2D.

7.2.2 Evidence for nodal gaps

For the interpretation of the Raman scattering results there are two important points
concerning the initial slope and the pair breaking peak: (i) The low-energy response
is generally expected to follow from the low-energy DOS [137, 138]. Hence, the finite
intensity for 2 — 0 without an activation threshold [inset of Fig. 7.5(b)] is an argument
in favor of a finite DOS down to very low energy and therefore for a vanishingly small
or vanishing minimal gap An,. The VQ dependence of the B, response favors a
superconducting gap vanishing quadratically with momentum near the nodes [25]. If

I and is

there is a threshold in the A, spectra, the threshold is smaller than 30 cm™
smeared by inelastic processes. Since the FSs of the hole bands have a similar shape
and cross-section as those of the electron bands (Sec. 2.3), a gap with a small threshold
plus inelastic scattering can plausibly explain the Q!¢ dependence of the Raman slope
[147]. (ii) The logarithmic divergence of the superconducting By, peak indicates the
high purity and order of the sample [238] and that the electronic properties probed in

Bi, symmetry have a strongly 2D character [147]. The reduced peak intensity in A;,
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Figure 7.7: (a) Theoretically calculated Raman response in the superconducting state for
A1g, Big and Bog symmetry. The spectra in A, and Bog symmetry are multiplied by 0.5
and 10, respectively, to make it visible in the graph. (b) Multi gap behavior on the two
hole bands around the I' point and two electron bands at the M points of the BZ used
for the calculation of the response. Different colors of the gaps on the hole and electron
bands indicate the different sign of the order parameter. From [25].

symmetry is in agreement with theoretical considerations where the A, response is more
smeared out than the B, response, since backflow terms and Coulomb screening cut the
sharp structures and divergences in Aj, symmetry [135].

Theoretically calculated Raman spectra are shown in Fig. 7.7(a) together with the
underlying gap structure in Fig. 7.7(b) [25]. For the calculations of the spectra, the
position of 2,c.k is adjusted to the experimental data in both symmetries. The results in
B, symmetry compare almost quantitatively with the data since the clean limit applies
here [147]. The calculation is performed with a Raman vertex which is constant on the
electron bands and zero everywhere else in the BZ (Sec. 3.4). The v/Q dependence of the
initial slope provides evidence for the presence of accidental nodes on the electron bands
since for a finite gap there would be a threshold observable in the spectra. In contrast,
for true nodes, i.e. a sign change of the order parameter on the electron bands, one would
lose the sublinear energy dependence of the low-energy B, spectra [146, 147]. For the
examination of the gap structure underlying the A, spectra it is assumed that the A,
vertex measures mainly the hole bands, as suggested by the symmetry considerations in
Sec. 3.4. Then, the broad superconducting peak with the Q¢ variation of the low-energy
response is well reproduced with an anisotropic gap structure on the hole bands and a
very small Ap,.

The best fitting choices for the gaps on the electron and hole bands are compiled in

Fig. 7.7(b). Different colors of the gaps on the electron and hole bands correspond to
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different signs of the order parameter. This, according to Sec. 2.5, corresponds to a s4
gap of optimally doped Ba(Fe;_,Coyx)2Asy. The details of the gaps are as follows [25]:
(i) the inner hole band has a gap which is maximal along (7, 7) and minimal along (7, 0)
and corresponding directions. The minimal gap is larger than zero. (ii) The outer hole
band has the same gap structure as the inner hole band but the momentum dependence
of the gap structure is rotated by 45° with respect to the inner hole band. (iii) the
electron bands have accidental nodes, i.e. the minimal gap is zero. The maximal gap is
facing the maximal gap of the outer hole band.

The presented results of nodal gaps for optimally doped Ba(Fe;_Coy)sAsy are at
variance with several other experimental techniques, which find more or less isotropic
gaps for optimally doped Ba(Fe;_Coy)2Ass as will be discussed in Sec. 7.5.1. However,
the size of the gaps on the electron (Q2'8 /kgT, = 4.2) and hole bands (Q2'2 /kgT, = 6)

peak peak
is in good agreement with other studies [77, 240].

7.3 Doping dependence of the Ba(Fe; ,Co,)sAs;

Raman spectra

The results at optimal doping are supplemented by systematic studies in the doping
range 0.045 < z < 0.085. In this range magnetic order disappears, so that possible

interactions of magnetism and superconductivity can be scrutinized.

7.3.1 Experimental results

Fig. 7.8 presents the Raman spectra of Ba(Fe;_,Coy)2As, single crystals as a function
of doping in all three in-plane symmetries. The spectra in the superconducting state
at 8 K (blue solid lines) and in the normal state just above T, at roughly 30 K (green
solid lines) are measured up to a Raman shift of 200 cm™' below which the relevant
superconductivity induced features occur in the spectra of OPT24. The measurement
parameters are the same as in the normal state for ' — T, (c.f. Sec. 6.1).

The By, spectra presented in Fig. 7.8(k)-(o) exhibit a roughly linear energy depen-
dence with a small slope and, within the resolution of the experimental setup, no su-
perconductivity induced features. There is only a vanishingly weak doping dependence
of the spectra. In the A;, spectra there are clear superconductivity induced features
[Fig. 7.8(a)-(e)]. A depletion of low-energy spectral weight is observed for doping levels
0.051 < z < 0.085, while a pair breaking peak is visible only for 0.055 < z < 0.085
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Figure 7.8: Doping dependent Raman spectra of Ba(Fe;_xCoy)2Ase above (green) and below
(blue) Tt in A1, [(a)-(e)], Big [(f)-(j)] and Bae symmetry [(k)-(o0)] around optimal doping.

[Fig. 7.8(c)-(e)].

occur in the Ay, spectra [Fig. 7.8(a)].

For sample UD14 (z = 0.045) no superconductivity induced features

The By, spectra exhibit a redistribution of spectral weight below T, for all doping levels

[Fig. 7.8(f)-(j)]. Similar to the normal state spectra at low temperature [Fig. 6.1(b)], the

spectral shape changes strongly with doping. While there is hardly any suppression of

low energy spectral weight observable for sample UD14 [Fig. 7.8(f)], the depletion gets

more pronounced with increasing doping level [Fig. 7.8(g)-(j)]. The shape of the pair-
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Figure 7.9: Comparison of the Raman spectra of overdoped Ba(Fe;_xCoy)2Asy (x = 0.085)
samples #2 (blue) and #3 (orange). (a) Raman spectra on a linear scale and (b) on a
double logarithmic scale. The symbols represent the experimental spectra. The red solid
line is a linear fit to the data extrapolating to a finite value of the Raman shift.

breaking peak changes strongly as a function of doping. For underdoped and overdoped
samples [Fig. 7.8(f), (g), (j)] the superconducting peak is weaker than for samples close
to and at optimal doping [Fig. 7.8(h), (i)]. Even for the three samples UD23, OPT24
and OD22 with nearly the same T, there is a remarkable change of the spectra.

In the following, it is investigated how the spectra develop with an aging of the sample.
For the study of the low energy B, response the elastically scattered light, superposed

on the spectra, needs to be subtracted.

7.3.2 Low-energy Raman response of samples UD18 and OD22

To investigate the dependence of the Raman spectra on sample age, three different
overdoped samples from the same batch were studied. Fig. 7.9(a) shows the spectra of the
samples with x = 0.085 and T, = 22 K. The samples #1 and #2 are measured within a
short time period and sample #3 is measured more than one year later. For Q > 65 cm™!
the spectra of all three samples are identical within the statistical error. The spectrum
of sample #1 is more noisy due to the poor statistics. For 30 < < 65 cm ™! sample #3
exhibits a reduced yet unexplained spectral weight compared to the spectrum of sample
#2. In this energy range the spectrum of sample #1 lies between the spectra of the
other two samples.

For 2 < 30 ecm ™! the spectra of samples #2 and #3 are identical while the response
of sample #1 is superposed by elastically scattered light. The low energy response of

samples #2 and #3 is presented on a logarithmic scale in Fig. 7.9(b). It can be fitted
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Figure 7.10: B;, Raman response of overdoped and underdoped Ba(Fe;_xCoyx)2Asy below
(blue) and above T, (green). The spectra are shown before (bright symbols) and after
(dark full lines) subtraction of the contribution of elastically scattered light. (a) Spectra
of the overdoped sample OD22. (b) Spectra of the underdoped sample UD23. The insets
show that the response below T, varies linearly with ) for both doping levels and cuts
through zero at finite 2. The magenta line is a fit to the data.

via
X" () = —0.013 + 0.0075 - Q. (7.2)

Thus, for < 2 em™! the response is zero demonstrating that the spectra exhibit a finite

activation threshold [Fig. 7.9(a)]. Note that the spectra are presented as measured.

Since the normal state spectra are superposed by elastically scattered light for 2 — 0,
further processing of the data as described in Sec. 4.2.6 is necessary. The spectra of
sample #3 before and after the subtraction of the laser line in the normal and super-
conducting state are displayed in Fig. 7.10(b). After the subtraction of the elastically

scattered light, the response cuts through zero at £ ~ 6.5 cm™*.

Also the spectra of the underdoped sample UD18 increase for {2 — 0 due to the contri-
bution from elastically scattered light. The spectra in the normal and superconducting
state before and after subtraction of this contribution are presented in Fig. 7.10(a).
The subtraction of elastically scattered light affects the low energy spectrum below T,
qualitatively. While the “as measured” low energy spectrum varies linearly in 2 and
extrapolates to zero, the spectrum after subtraction of the laser line varies still linearly

with © but cuts through zero at a finite Raman shift of  ~ 4 cm™! [inset of Fig. 7.10(a)].
For samples OD22 and UD23 the contribution of elastically scattered light was deter-

mined in the normal state. In the superconducting state the same contribution as in the

normal state was subtracted. Since the contribution of the elastically scattered light to
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Doping level x Ay, Big
0.045 x Q8 0.0090 - Q1
0.051 x Q8 —0.12+0.0270 - Q10
0.055 o Q16 0.0510 - Q98
0.061 ox Q16 0.0700 - Q925
0.085 ox QL8 —0.06+0.0088 - Q0

Table 7.1: Parameters for the power law fit of the low energy Raman response in A, and
Big symmetry.

the response is generally expected to grow for lower temperatures, the applied method
should underestimate the stray light contribution to the spectra below T.. Hence, for
the overdoped sample OD22 with x = 0.085 as well as for the underdoped sample UD18

with x = 0.051 there is a activation threshold observed in the Raman spectra.

7.3.3 Analysis of the spectra

The Raman spectra at all doping levels are fitted by low-energy power laws. The results
are tabulated in Tab. 7.1. The determination of the low energy fits in A;, symmetry is
complicated below 20 cm ™! due to stray light from the laser at low energy. Nevertheless,
the power law behavior found for sample OPT24 with an Q!¢ variation is observed in
the spectra at all other doping levels indicating only little variations of the A;, response
as a function of doping.

In Fig. 7.11(a) the A, spectra for T < T at all doping levels are compiled. The
overall shape of the superconducting A, spectra is only weakly doping dependent. The
strongest intrinsic changes occur between 15 and 80 cm~!. The changes originate from
the opening of the superconducting gap and the corresponding suppression of low energy
spectral weight, where the suppression is predominantly observed for doping levels x >
0.055. At roughly 100 cm ™! a weak maximum develops in the spectra before two phonons
are superposed on the electronic continuum at higher energies. This maximum can be
assigned to the pair breaking peak only for z > 0.055. It is better seen in Fig. 7.8(c)-(e)
via the comparison with the normal state spectra. Below the maximum, the shape is
more convex for samples UD14, UD18 and OD22, while the spectra of samples UD23
and OPT24 exhibit a concave shape in this energy range.

Fig. 7.11(b) presents the same data with the energy axes normalized to the corre-
sponding T, of each sample. T, is a directly measured quantity and varies in the range
between 14 K (z = 0.045) and 24 K (x = 0.061). Below 2.5kgT. the spectra at all
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Figure 7.11: Doping dependence of the A;, Raman response of Ba(Fe;_xCox)2Asy at 8 K (a).
The spectrum of sample with « = 0.045 is adjusted to the other spectra by a constant
scaling factor of 1.2 to make the spectral shape better comparable. (b) The same spectra
as in (a) but normalized to the corresponding T of the samples. The sharp feature in the
spectrum of sample UD14 at roughly 20 cm ™! results from an insufficient suppression of
the laser line.

doping levels are identical to within the experimental error. While the spectrum of
sample OD22 is slightly enhanced between 3 and 5 kg7, all spectra with pair breaking
peak (x > 0.055) collapse on top of each other between 5 and 7 kg7, where the spectra
without peak have a reduced intensity. Above 7.5 kg7, the spectra are nearly identical

for all doping levels.

The fitting results for the low energy Bj, spectra vary remarkably with doping. They
are presented in Tab. 7.1. The sublinear variation of the Raman response of OPT24
is also found for UD23 with x”(€) oc Q%% while the spectra of the underdoped sample
UD18 as well as of the overdoped OD22 vary linearly with €2 and have a finite activa-
tion threshold. For the analysis of the response in a larger energy range, Fig. 7.12(a)
presents the doping evolution of the spectra below T,.. The spectra are adjusted in the
range 170 < Q < 200 ecm™! to the spectrum of sample UD18 by constant scaling fac-
tors of 1.4, 0.9, 0.8 and 0.9 for samples UD14, UD23, OPT24 and OD22, respectively,
to make the doping dependence of the spectral features better comparable. The spec-
tra of both underdoped samples UD14 and UD18 exhibit a steep linear increase up to
roughly 20 cm™! where the spectra are almost identical. With increasing ), a broad
peak between 25 and 50 cm™! develops for sample UD18, while the spectrum of sample
UD14 increases moderately without exhibiting a peak in this energy range. A remark-

able change of the spectra is observed approaching optimal doping. For the slightly
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Figure 7.12: Doping dependence of the B1, Raman response of Ba(Fe;_xCox)2Asy at T'= 8 K
(a). The spectra are adjusted between 170 and 200 cm ™! to the spectrum with z = 0.055
to make the spectral shape better comparable. (b) The same as in (a) but the spectra
are normalized to the corresponding T of the sample.

underdoped sample UD23 the spectrum starts with an Q%% variation of the initial slope.
Between 40 and 55 cm™! a shoulder-like structure is observable, and the maximum is

1

centered at 68 cm™ and relatively sharp. For larger €2, the spectrum decays roughly

linearly over a wide energy range. At optimal doping the superconducting peak loses

I as well as on the high energy

intensity on the low energy side between 15 and 50 cm™
side between 80 and 135 cm~!. Therefore, the peak becomes narrower with respect
to the peak observed for sample UD23. The shoulder between 40 and 55 cm™! in the

1

spectrum of sample UD23 becomes narrower and is centered at 52 cm™ while the pair

breaking peak stays at 69 cm™!.

In the spectrum of the overdoped sample OD22 the
overall intensity is strongly reduced. The position of the superconducting peak shifts
to higher energy and the peak is centered at roughly 80 cm~!. At this doping level no

indications of a structure for < 80 cm~! are observed.

In Fig. 7.12(b) the energy axes of the spectra are normalized to the corresponding 7,
of each sample. However, the spectra do not fall on top of each other as observed for
the A, spectra indicating that the By, spectra do not scale with 7¢.

At this point the remarkable change of the normal state B, spectra with doping just
above T, [Fig. 6.1] should be recalled. To study solely the superconductivity induced
features, Fig. 7.13(a) displays the difference spectra below and above T., Ax"(Q2) =
Xo (2,8 K) — x2.(Q, T ~ T.) where three features are observed: (i) The energy where

AX"(€2) cuts through zero becomes monotonously larger with increasing doping level.
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Figure 7.13: Difference spectra of the superconducting and normal state for different doping
levels in By, symmetry, Ax” () = x7.(Q,8 K) — x11.(Q, T — T¢)(a). (b) Same as in (a)
but the energy axis is normalized to the T, of each sample.

(ii) For sample UD14 the maximal internsity appears between 20 and 50 cm~!. The
peak continuously narrows and shifts to higher energy with doping. (iii) The intensity
of the superconducting peak increases with doping. The peak has its maximal intensity
and smallest width at optimal doping. For the overdoped sample the peak height is
remarkably reduced and the peak is shifted to higher energy although 7. is reduced by
less than 10%. These features change only little when the energy axis is normalized to
the corresponding 7, of each samples [Fig. 7.13(b)].

Summarizing this analysis, the superconducting A;, spectra of Ba(Fe;_Coy)2As,
change only little with doping and scale with 7 as opposed to the By, spectra. Here, the
superconducting peak continuously shifts to higher energy with increasing doping level
and has its maximal intensity at optimal doping. The dichotomy of the superconduct-
ing Az and By, spectra is reminiscent on the superconducting spectra of the cuprates.
These spectra scale with 7, in Bs, symmetry (nodal regions), while the spectra in By,

symmetry (antinodal regions) are strongly doping dependent [241].

7.4 Discussion

In the following, the doping evolution of the superconducting gap on the electron bands

is studied. Then, a possible origin of the shoulder-like structure below the pair breaking

peak is suggested.
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Figure 7.14: Schematic representation of the variation of the st energy gap as a function of
the angle ® encircling the FS on the hole («) and electron bands (3). While the gap
on the hole bands is doping independent, the Fermi level shifts trough the gap on the
electron bands as a function of doping.

7.4.1 Doping dependent variation of the gaps on the electron
bands

The Raman spectra have a finite activation threshold on the overdoped as well as on the
underdoped side. This provides evidence for a finite minimal gap. At optimal doping
the low energy response varies as 2°°° which is indicative for osculating nodes. For the
explanation of the doping dependent changes of the response the gap structure sketched
in Fig. 7.14 is suggested. For simplicity, it is assumed that there exists only one hole
band (o band) around the I" point and one electron band (8 band) around the M point
and corresponding positions in the BZ. Below T, a gap opens on each of the bands and
the gap has opposite signs on the hole and electron bands [98]. While on the hole band
the gap is anisotropic, as found in Sec. 7.2, with the maximum scaling with 7, the gap
on the electron band changes remarkably with doping.

On the overdoped side there is a finite A, on the electron bands. Thus, the Raman
spectra have a finite activation threshold. The finite minimal gap for the overdoped
sample OD22 is compatible with the idea that the main effect of Co doping is to introduce
impurities [51] which are proposed to lead to a lifting of the near- or osculating nodes
if the nodes are not imposed by symmetry [238, 242, 243]. Towards optimal doping
Apin becomes smaller without a significant change in the amplitude of A(®). Then, at
optimal doping A« has shifted to lower energy, as observed in the spectra (Fig. 7.12
and 7.13), and A, = 0 holds. Thus, there are so called osculating or kissing nodes

[25, 134]. The kissing nodes lead to finite intensity down to the lowest energies as found
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(a) (b)

Figure 7.15: Schematic gap structure of underdoped Ba(Fej_xCoy)2Ase. Gap structure as
obtained in (a) [211] and (b) the presented study. Shown is one hole band at the I'-
and one electron band at the M-point of the 1-Fe BZ with the minimal (A,,) and
maximal gap (Apax). In (a) Agpw (green ellipse) is proposed to open where Ay
occurs. According to the presented study Agpw (green ellipse) opens at these spot
where the superconducting gap A has true nodes. The different colors of A indicate
different signs of A.

in the experiment where x” () oc 295 holds for low energy.

For the explanation of the gap structure on the underdoped side, the influence of the
SDW on superconductivity is important. This is suggested by the phase diagram, where
both phases coexist homogeneously for underdoped samples. The coexistence of SDW
order and superconductivity was studied early for a simple one band BCS superconduc-
tor [244]. Applied to the s+ gap (see Sec. 2.5) of optimally doped Ba(Fe;_,Coy)oAss
(Sec. 7.2), an anisotropic gap with true nodes would be expected [112] since the doubling
of the unit cell in the SDW state leads to a backfolding of the 2-Fe BZ as discussed in
Sec. 2.4.2. This projects the electron FS with the negative sign of the order parameter
onto the hole F'S with the positive sign of the order parameter which introduces a sign

change of the order parameter and therefore true nodes on the electron bands [112].

Due to the true nodes, the low energy response is expected to vary linearly with
without exhibiting an activation threshold. In the presented data the low energy response
varies indeed linearly with €2 but there is an activation threshold in the spectrum of UD18
[Tab. 7.1] arguing against true nodes. This discrepancy can be solved keeping in mind
that for BaFesAsy a SDW gap Agpw opens up on the electron bands (Sec. 5.2.2) at
these spots where the electron and hole FS intersect in the downfolded BZ (Sec. 2.4.2)
[Fig. 2.11(b)]. Since, similarly, a SDW gap is opening up on parts of the electron FS of
underdoped Ba(Fe;_Coy)2Ass for T < T, < Tspw (Sec. 6.5.1), superconductivity and
magnetism might compete for the DOS at Fr as suggested theoretically [112].

Such a competition of superconductivity and magnetism for the DOS at Eg is proposed

to explain the data of another Raman scattering study [211]. In that study the spectra
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Figure 7.16: Theoretically calculated B, Raman spectra in the presence of collective modes
(red) and for the bare response (black). The response is calculated for different s-wave
and d-wave pairing interactions As and Ay, respectively. r denotes the anisotropy of the
gap which is defined in Eq. (7.3). (a) As = 1 and Ay = 0.5. (b) As = 1 and A\; = 0.8.
From [245].

are interpreted in terms of a gap structure on the electron bands rotated by 90° with
respect to the gap structure reported in the presented study. Hence, A, faces the
hole bands as illustrated in Fig. 7.15(a). Then, for underdoped crystals Aspw opens up
on the electron bands and gaps out Ay, [211]. However, according to the presented
study, Agpw is expected to open up at those k-space regions where |A(k)| is smallest,
i.e. has its nodes [c.f. Fig. 2.11(b)]. This is illustrated in Fig. 7.15(b). In this case,
Aspw gaps those regions on the electron bands where the true nodes occur. This results
in a finite activation threshold in the By, Raman spectra of underdoped samples and is
in good agreement to the idea that the magnetism does not destruct superconductivity
but competes with superconductivity for the DOS at Ep [112].

Thus, with the doping evolution of the gap structure presented in Fig. 7.14, the
Raman spectra over the entire studied doping range can be explained consistently. In
particular, the finite activation threshold, observed in the spectrum of the underdoped
Ba(Fe;_Coy)aAsy sample UD18 (Tab. 7.1), occurs due to Agpw which opens up for
underdoped Ba(Fe;_(Coy)2Asy and gaps out the nodes of A(k).

7.4.2 Signatures of collective modes

One feature in the spectra of samples UD23 and OPT24 still lacking an explanation is
the shoulder in the range 40 cm™! < Q < 55 cm™! (Fig. 7.13). This shoulder narrows
and shifts slightly to higher energy with increasing doping level. The energy is roughly
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I and the occurrence

25% smaller than the energy of the pair breaking peak at 69 cm™
of the peak cannot be explained by the above gap structure (see Fig. 7.7).

The origin of this peak could be related to the pairing interactions in the FeSCs. The
pairing interactions are proposed to be substantial in the s- and d-wave channel [10,
245, 246, 247] enabling the occurrence of s- and d-wave instabilities in these multiband
superconductors [10, 20, 248]. This leads to excitonic modes [249, 250] visible in the
Raman spectra [137, 138]. If the s-wave and d-wave pairing interaction A\; and A4,
respectively, are nearly degenerate, but still Ay > \; [246], a d-wave excitonic collective
mode can appear [245]. The signatures of these collective modes are visible in the By,
Raman response [245, 246]. Fig. 7.16 presents the resulting spectra calculated with
different s- and d-wave pairing interactions (see caption of Fig. 7.16) and for a gap

structure of

A(O) = Ag(1 +7rcos20)/(1+7). (7.3)

Here, © is the FS angle and r denotes the anisotropy of the gap. For comparison, the
bare response without collective modes is also shown in Fig. 7.16. While for an isotropic
gap (r = 0) the collective mode is essentially undamped and appears below 2A as a
sharp peak [137, 138], for an anisotropic but true gap (r = 0.6), the collective mode
appears below 2A,,;, as a sharp peak removing the singularity of the bare response. In
both cases the collective mode draws most of the spectral weight from the bare response.
For a gap with true nodes (r = 1.4), the mode appears below |2A ;| cutting essentially
the singularities of the bare response. For increasing Ay, but still with Ay < A, the
distance in energy between the collective mode, which shifts to lower energy, and the
pair breaking peak increases [Fig. 7.16(b)].

Thus, the shoulder in the spectra of samples UD23 and OPT24 around 50 cm™!
may originate from a collective mode in the Ba(Fe;_,Coy)2Ass superconductor, which
exhibits a nodal gap at optimal doping [143]. The close proximity of the shoulder to the

superconducting peak at 69 cm~! indicates that )\, is remarkably smaller than \,.

7.5 Location of the gap nodes on the 3D FS of
Ba(Fe;_Coy)2As,

In this last section, the results of the superconducting gap, obtained via ERS, will be
compared to the results obtained via other experimental techniques. For the better

understanding of the distinct results concerning the momentum dependence of A(k),
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the Raman vertex will be calculated in detail. Then, it is possible to obtain a complete
picture of the momentum dependence of A(k) on the electron bands at least at optimal

doping.

7.5.1 Comparison to other experimental techniques

In ARPES studies, where the bands and A(k) can be directly probed, more or less
isotropic gaps with different sizes on different bands are observed [75, 77, 251, 252, 253].
In a study of Nakayama et al. a gap which scales with T, over a wide doping range
was reported [254]. Also the data of THz reflectance measurements of optimally doped
Ba(Fe;_Coy)2Asy are compatible with a two-band scenario where an isotropic gap opens
on each band [255]. The spectra of optical conductivity studies are compatible with mul-
tiple isotropic gaps [256, 257]. In another optical study by Wu et al. the data of nearly
optimally doped Ba(Fe;_yCoy)2Ass are best fitted via an isotropic gap on one band
and an anisotropic gap on another band [258]. Via in-plane thermal conductivity mea-
surements Dong and coworkers observed nodeless gaps for overdoped Ba(Fe;_,Coy)oAsy
[259]. Another thermal conductivity study reports a gap which changes from isotropic
to strongly k-dependent from the under- to the overdoped side. Nevertheless, A(k) has
no nodes in the ab-plane anywhere in the phase diagram [260]. In c-axis heat trans-
port studies on Ba(Fe;_,Coy)2Ass the same group observed that the gap has nodes on
the under- as well as on the overdoped side while there is a nodeless gap at optimal
doping [261]. The residual specific heat in the superconducting state of a calorimet-
ric study by Hardy et al. [262] is best described via a two-band model with isotropic
s-wave superconducting gaps. Gofryk et al. reported that the superconducting char-
acteristics of Ba(Fe;_Coy)aAse are significantly improved by annealing [263]. Then,
these data are best compatible with a full gap at optimal doping while the data for
under- and overdoped samples may be compatible with nodes. In contrast, the specific
heat measurement by Mu et al. [264] indicates line nodes only for overdoped samples
while for under- and optimally doped samples there may be a small anisotropy of the
superconducting gap. The results of a London penetration depth study of Martin et al.
[265] suggests a highly anisotropic nodal 3D gap for overdoped samples. Additionally
they conclude that A(k) changes over an extended doping range. The data of a pene-
tration depth study by Luan and coworkers [240] indicate an isotropic gap at optimal
doping while on the under- and overdoped side the gaps become anisotropic. A doping
dependence of A(k) is also in agreement with theoretical considerations [247, 266, 267].

This demonstrates that, while a pronounced doping evolution of A(k) as obtained
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from the presented ERS data, is in general agreement with other theoretical and ex-
perimental studies, the detailed k-dependence of A(k) for different doping levels is still
hotly debated. For the following analysis, I will focus on the gap structure of optimally
doped Ba(Fe;_Coy)2Asy where the results obtained via ERS contradict the results of
most other experimental techniques which cannot distinguish between electron and hole
bands.

The discrepancies in A(k) at optimal doping may, on the one hand, originate from
the sensitivity of superconductivity to details of the sample quality, as observed in the
specific heat study of Gofryk et al. [263], and the related change of the gap structure
through impurities [242, 243]. This includes ARPES studies [75, 77, 252, 253], where
the contradicting results may originate from a significantly reconstructed surface with
respect to the bulk structure [268]. This gives rise to surface related bands which are
seen in ARPES studies [268]. On the other hand, the contradicting results of bulk
sensitive thermal conductivity [260, 261], specific heat [262, 263, 264] and penetration
depth studies [240, 265] need a different explanation.

To solve this discrepancy, the sensitivity of the Raman vertex on the bands at optimal
doping is calculated via the effective-mass-approximation. This gives deeper insight into

the carrier dynamics as seen via ERS.

7.5.2 Analysis of the Raman vertex

The effective-mass approximation is valid in the limit of vanishingly small momentum
transfer ¢ — 0 and a small energy of the photons with respect to interband transitions
[135]. In Fig. 7.1 it is shown that the Raman response in the superconducting state
is independent of the energy of the exciting photon. This enables one to apply the
effective-mass approximation [Eq. (3.15)] [26] where the Raman vertex =, is expressed
via the curvature of the conduction bands. The different bands ¢, (k) are obtained via
all-electron band-structure calculations [269]. For the calculations of the vertex the 2-
Fe BZ is used since downfolding the BZ leads to hybridizations and anticrossings of
the electron bands which alters the Raman vertex considerably [26]. Nevertheless, the
results in the following are presented in the 1-Fe BZ employed in this work to avoid

confusion. The vertices in the three different main symmetries of a tetragonal lattice
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Figure 7.17: By, Raman vertex calculated via the effective-mass approximation. The electron
bands are presented in the 2-Fe BZ. (a) Top view on the ab-plane. The spots where the
By vertex is maximal are indicated in red. (b) Top: Outer electron bands viewed along
M —T line as indicated by the arrow in the left panel. The red shaded areas mark the
region where the By, vertex is maximal and the gold ellipses the regions where the nodes
appear. Bottom: Outer electron bands. The region where the Fermi velocity is largest
are shaded red. From [26]

A
T

can be expresses via [26]

Arg : (k) = (0% (k) 0%k, + 82571(1{)/82]%]/27
By : Yu(k) = 0%, (k)/0k,0k,, (7.4)
By : Yu(k) = [0%e,(k)/0%k, — 0%, (k) /0%K,)/2.

In Tab. 7.2 average sensitivities over the single F'Ss are tabulated. Via the effective-mass-
approximation the symmetry considerations of Sec. 3.4, where the B;, Raman vertex is
most sensitive on the electron bands, are in principle corroborated. The sensitivity of
the By, vertex on the electron bands is shown in Fig. 7.17. The vertex is weak on the
hole bands but, in contrast to the symmetry-based vertices (Sec. 3.4), it has a rather
sizable contribution from the outer electron band as illustrated by the red spots in the
upper part of Fig. 7.17(b). Since the intraband contributions to the A;, vertex are
largely screened by backflow terms, the main contributions to the Ay vertex comes
from interband transitions between the outer hole and inner electron band. Thus, it
follows from Tab. 7.2 that the A, response has significant contribution from the hole

bands and probes the hole bands more than the By, and By, response [26].
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Symmetry h1 h2 h3 el e2
Ay, (intraband) 2.9 2.6 78 127 151
Aj, (interband) 7.7 3.6 28.6 38.9 8.6
By, (averaged) 5.2 8.5 4.8 13.8 21.8
Bog 6.3 4.3 2.2 8.5 32.8

Table 7.2: Values of the Raman vertices around the hole (hl, h2, h3) and electron bands
(el, €2) in units of Ry. Here, hl...h3/el...e2 denote the innermost...outermost
hole/electron band on the FS. From [26]

7.5.3 3D gap structure on the electron bands at optimal doping

With the knowledge about the details of the sensitivity of the By, Raman vertex on
the electron bands, a complete picture of the 3D gap structure of optimally doped
Ba(Fe;_<Coy)2Ass can be provided. The result is illustrated in Fig. 7.18.

The analysis of the By, spectra described in Sec. 7.2 supports the occurrence of gap
nodes on the electron bands. Since the By, vertex is sensitive at some hot spots on the
electron bands (green ellipses in Fig. 7.18), the nodes on the electron bands [gold ellipses
in Figs. 7.17(b) and 7.18(a)], must appear at exactly these spots where the By, vertex
is maximal [26]. Only in this way the lack of superconductivity induced features in the
Bs, response [Figs. 7.3(a) and 7.8(n)] can be explained. Then, the nodes on the electron
bands appear where the Fermi velocity on the electron bands is highest [Fig. 7.17(b)
lower part].

Moreover, according to Sec. 7.2, the logarithmic divergence of the B, superconducting
peak (Fig. 7.6) provides evidence for the 2D character of the electronic properties as seen
in the By, response. Since the electron bands have a substantial dispersion along k. and
therefore argue against 2D electronic properties, a B, Raman vertex with an enhanced
sensitivity on 2D slices on the electron bands is required. A B, vertex compatible with
the presented data is shown in Fig. 7.18(a) by the red solid circles on the equator. This
vertex is two-dimensional and largest at the flared regions of the electron FS while it
is small in the other regions along k.. At exactly these 2D cuts perpendicular to k.,
the electron bands have the maximal as well as the minimal gaps [Fig. 7.18(b)]. Since
in other k, regions neither the Bi, nor the By, Raman vertex is sensitive at optimal
doping, in these regions a more or less isotropic gap on the electron bands may occur
[blue regions in the 2D cuts of Fig. 7.18(b)]. These regions in momentum space are
probed by most other experimental techniques.

Thus, the strong 3D character of the anisotropic FS of '122" compounds may be at
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Figure 7.18: 3D Gap structure on the electron bands for optimally doped Ba(Fe;_xCoy)2Ass.
The green ellipses mark the position where the Bo; Raman vertex is largest and the red
solid line shows the position where the By, vertex is most sensitive. (a) 3D view of one
electron band with warping along the k, direction. The gold ellipse indicates the position
of the nodes. (b) 2D cuts through (a) at three different k, positions. The inner white
ellipses indicate the FS, while the blue portions indicate the gap size on the electron
bands.

the origin of the distinct results obtained from different experimental techniques. Hence,
the different results not only originate from the difference in probing the hole FS versus
probing the electron FS, as suggested earlier [270], but from probing different k, regions
on the same FS [271]. In the latter study, various gap structures were considered to
analyze the contradicting results of the superconducting gap obtained via penetration
depth and thermal conductivity studies. The theoretically obtained gap structure to
explain the discrepancies is best compatible with nodes on the flared sections of the FSs

where the Fermi velocity is largest in perfect agreement with the above analysis.
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Chapter 8

Summary

In this thesis a systematic study of the electronic properties of Ba(Fe;_Coy)2Ass is
described. The aim of this work was the investigation of the electronic properties in the
magnetically ordered, the normal and the superconducting state as a function of dop-
ing. The doping level spans the range from the parent compound BaFe;Asy (z = 0) to
overdoped Ba(Fe;_Coy)2Ass (z = 0.085). In the superconducting state especially the
electronic properties below the transition temperature are subject of interest. There-
fore, the samples are investigated via inelastic light (Raman) scattering as a function of
temperature, photon energy, light polarization, uniaxial pressure and doping level.

For the investigation of Ba(Fe;_Coy)sAsy an existing Raman scattering setup was
extended to the requirements mainly defined by the low scattering intensity of the iron
based superconductors. This includes the installation and successful operation of a solid
state laser which has a remarkably reduced power consumption compared to the Ar
ion laser, which was formerly used for the data acquisition. Additionally, a detwinning
device to apply uniaxial pressure was successfully constructed and used.

The undoped Ba(Fe;_Coy)aAsy compound allows the detailed investigation of the
carrier properties for different light polarizations in the low and high energy region. It
could be shown that orbital transitions are present in the Raman spectra. The analysis
of the high energy spectra reveals no indications of two-magnon excitations neither above
nor below Tspw. This argues against localized spins which are the basis of the Heisenberg
model. Instead, the occurrence of a spin-density-wave (SDW) with the related opening of
a nodal gap and the occurrence of a coherence peak around 390 cm™! provides evidence
for a more itinerant than localized spin model. The polarization dependence of the peak
around 850 cm™! for light polarizations parallel and perpendicular to the direction of
the applied stress suggests the SDW origin of these features.

In the normal state for finite doping a pronounced polarization dependence of the
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spectra is observed. Via the analysis of the Raman selection rules and form factors and
their application to the band structure of Ba(Fe;_,Coy)2Ass, the polarization dependent
Raman spectra translate into band dependent carrier dynamics. Such band dependent
carrier dynamics are similarly observed via other experiments, but without the possibility
to study the contributions from the hole and electron bands separately. It could be shown
that the band dependent carrier dynamics originate from the orbital character of the
bands and the results of a theoretical study are in good agreement with the experimental
results including the doping dependence of the calculated Raman scattering rates. The
non-monotonic doping dependence of the carrier dynamics on the electron bands can be
assigned to the interplay of magnetism and impurities.

The fluctuations, which occur in the Raman response of BaFes Asy above the magnetic
and structural phase transition, could be unequivocally assigned to fluctuations preced-
ing the structural phase transition via the analysis of the temperature dependence of
an underdoped Ba(Fe;_,Coy)sAs, sample. Hence, the fluctuations cannot be magnetic
in origin. Rather, the comparison with other experiments strongly suggests that the
fluctuations are of orbital nature.

In the superconducting state the spectra provide clear evidence for a nodal gap on the
electron bands at optimal doping as opposed to what is reported by many other exper-
iments. The analysis of the spectra as a function of doping reveals a superconducting
gap, which scales with T, on the hole bands. The gap on the electron bands exhibits
a pronounced doping dependence: on the overdoped side an activation threshold in the
spectrum is found indicating a finite minimal gap. On the underdoped side the gap has
true nodes. The finite activation threshold in the spectra of the underdoped sample is
assigned to the opening of a SDW gap.

To address the inconsistent superconducting gap structure as obtained via ERS and
other experimental techniques at optimal doping, the Raman vertex is analyzed via the
effective-mass-approximation. Via the following analysis of the By, and By, spectra, the
gap nodes and the gap maxima on the electron bands are located. Thus, the discrepancies
of the Raman results to the results of other experimental techniques at optimal doping
originates from the distinct sensitivity of the experimental techniques to different regions

of the rather three dimensional Fermi surface on the electron bands.
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