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1
INTRODUCTION

The microscopic mechanism that drives the phenomenon of high tempera-
ture superconductivity (HTSC) in the cuprates family, has been the subject of
a great debate for almost 22 years. Superconductivity, a phenomena in which
the resistance of the material becomes zero below a certain critical temperature,
has always attracted much attention within the condensed matter physics com-
munity. This interest was all the more great when the HTSC systems pushed
critical temperatures above the boiling point of liquid nitrogen (77 K), thereby
bringing widespread utilisation of superconductivity a step closer.

The solution of the high TC puzzle is one of the great challenges facing con-
temporary condensed matter physics, and an understanding of the mechanism
responsible for HTSC can be obtained from studying and investigating their
electronic structure, the concepts which deal with band theory describing the
ranges of energy that an electron with a particular wavevector is ”forbidden”
or ”allowed” to have. The electronic structure of the system also describes how
the electrons interact with each other and with other degrees of freedom of the
system. Such complex interactions, in turn, cause many novel phenomena in
condensed matter physics such as colossal magnetic-resistance, metal-insulator
transitions and superconductivity.

This thesis describes angle-resolved photoemission (ARPES) studies of Bi2212-
based high TC superconductors. This experimental technique is regarded as a
powerful tool in studying the electronic structure of materials and is a direct
probe of the band dispersion (the energy vs. momentum relation) of the inter-
acting, many body system. This thesis is organised in the following way: in
Chapter 2, a brief introduction to the high-temperature superconducting cupra-
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tes and an overview of previous ARPES measurements is given, with particular
focus on one of the cuprate families, namely, Bi2212-based compounds. In this
review we focus on the subjects that become the main interest in our investi-
gation, namely, the Fermi surface topology, the superconducting gap, and the
many-body effects observed in the electronic states near the Fermi level. An-
other part of Chapter 2 deals with a description of the ARPES technique used
in the work presented here and how to analyse the data resulting from this
technique. The extraction of important quantities for high-temperature super-
conducting cuprates such as the superconducting gap and the scattering rate
are addressed in some detail.

In Chapter 3, we investigate the origin of the shadow Fermi surface (SFS) seen
in the Bi2212-based systems, one of the primary features in their fermiology be-
sides the main Fermi surface (MFS). The SFS is known of for more than 12 years
and yet its origin is still unresolved. Based on a symmetry argument applied
to the relevant electronic states, we devise an experiment that can distinguish
between initial and final state effects in the photoemission signal from the main
band (MB) and SFS bands. Using this evidence, along with low energy electron
diffraction (LEED) data, we are able to offer a complete solution to the shadow
Fermi surface issue, proving once and for all that this feature has a structural
origin, being due to orthorhombic displacements of Bi and Cu atoms from the
initial tetragonal symmetry.

After clearing up the SFS question, we move on to issues related to many-
body effects seen in the ARPES data of high TC cuprates; features commonly
referred to as ”kinks”. In Chapter 4 we present temperature and momentum de-
pendent measurements on overdoped Bi2212. We choose the overdoped regime
for these studies, as it is broadly accepted that the overdoped cuprates are (or
are close to being) Fermi liquids in the normal state. This enables us to apply
numerical analyses of the data without undue doubt as to their validity, which
is not per se the case for lower doping levels. The many-body effects reflect
the interaction between the electrons and other degrees of freedom (e.g. lattice
vibrations or phonons, magnetic spin fluctuations, etc.). Therefore, by investi-
gating their temperature and momentum dependence in ARPES experiments,
it is hoped that one can distinguish with which bosonic degree of freedom the
electrons are coupling in the superconducting state of overdoped Bi2212. In
this chapter we perform a simple analysis to reveal which interaction is most
likely to be responsible for the many-body effects seen in ARPES data from this
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compound, and in particular, for k-locations near the antinode, at the zone face.
Based on the results from Chapter 4, we are able to focus our analysis on the

role played by magnetic degrees of freedom, and in particular on the spin-1
resonance mode and the spin fluctuation continuum. Since the simple analysis
given in Chapter 4 works well only for conventional BCS superconductors, in
Chapter 5 a more elaborate theoretical framework is employed to analyse the
data, involving a self-energy which is based on a magnetic spin fluctuation (SF)
model. In this model the self-energy has contributions from the spin-1 reso-
nance mode, a spin fluctuation continuum, a Fermi liquid term and a simple
offset due to impurities. To match the increased theoretical effort on the data
analysis, in Chapter 5 the ARPES data themselves are recorded using multiple
polarisations of the exciting synchrotron radiation, thus enabling a significant
improvement in the reliability of the data fitting that lies at the heart of the data
analysis. Finally, a summary will be presented at the end of the thesis.
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2
THEORETICAL AND

EXPERIMENTAL BACKGROUND

This chapter consists of two main sections. In the first section, we summarise
briefly the phenomena of superconductivity appearing at low and at high tem-
perature. After that, the crystalline structure and the electronic structure of high
temperature superconducting cuprates are described. Since one of the cuprate
systems, namely Bi2Sr2CaCu2O8+δ, becomes the main subject of the investiga-
tions presented in this thesis, then one part of this section is going to be dedi-
cated to reviewing of a number of issues related to the aim of our studies.

The second main section describes the experimental technique used in this
thesis which is angle resolved photoemission spectroscopy (ARPES). The first
part of this section will describe the essence of ARPES which is based on the
photoelectric effect and how this simple principle can be used to extract fas-
cinating knowledge and information from complex systems such as supercon-
ducting cuprates. The second part of this section will describe the experimental
set-up and the last part will devoted to the measurement methods and the de-
tails of how to analyse the data obtained using this technique.

2.1. Low temperature superconductors vs. high tem-
perature superconducting cuprates

The term high temperature superconducting cuprates refers to the new class
of supercondutors first discovered in the La-Ba-Cu-O system by George Bed-
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Figure 2.1: The timeline of critical temperature (Tc) development in superconducting materials.
Adapted from [4].

norz and Karl Alex Müller in 1986 [1]. As seen in Fig. 2.1, until 1986, the high-
est TC ever observed was 23 K in Nb3Ge. Initially, superconductivity, a novel
phenomena in which charge carriers can move freely in the lattice without re-
sistance, was discovered in 1911 by the Dutch physicist Kammerlingh Onnes
when he measured the resistivity of mercury at very low temperature (at the
temperature scale of liquid helium’s boiling point i.e.: 4.2K) [2, 3].

Superconductivity is characterised by the presence of an energy gap close to
the Fermi energy. This parameter describes the energy required to break the
Cooper pairs, the bound pairs of charge carriers (electrons). In most low tem-
perature superconductors such as elemental superconductors (Zn, Hg, Pb, etc.)
and Nb-based superconductors, the binding of electrons in a Cooper pair is due
to an effective attractive electron-electron interaction, mediated by the exchange
of virtual phonons [5]. This bound pair has zero net angular momentum and
possesses s-wave symmetry (see Fig. 2.2(a)). Due to the presence of the energy
gap, the density of states of single particle excitations in the superconducting
state is modified as can be seen in Fig. 2.2(c). On the contrary, in the high-TC
cuprates the Cooper pairs have non-zero angular momentum and are said to
have d-wave symmetry. This departure from s-wave symmetry was suggested
from early ARPES measurements of the superconducting gap around the Fermi



THEORETICAL AND EXPERIMENTAL BACKGROUND 7

Figure 2.2: The sketch of order parameter symmetry in (a) conventional superconductors, (b)
high-TC cuprates. (c) Density of states of an s-wave superconductor in the normal state (black
line). Due to the presence of the gap near the Fermi level the density of state in superconducting
state, within BCS model, is strongly modified (grey line).

surface [6, 7], and has since been proven by phase sensitive experiments [8–
10]. Consequently, the superconducting gap function around the Fermi surface,
which is related to the order parameter, follows a cosine function with nodes at
kx = ±ky where the value of superconducting gap vanishes (see Fig. 2.2(b)).

Another novel characteristic of superconductivity is the occurrence of the so-
called the Meissner-Ochsenfeld effect in which a weak external magnetic field
H is expelled by the material when it becomes a superconductor. Furthermore,
this effect provides evidence that a superconductor is a perfect diamagnet, in
which its magnetic susceptibility, χ, the change of the magnetization with re-
spect to the external magnetic field, has the value of -1. Diamagnets screen out
part of the external magnetic field, and so they become magnetised oppositely
to the external field.

If H becomes stronger it turns out that the superconductivity is destroyed
either in one of two following cases. The first case is that the magnetic field
B remains zero inside the superconductor until suddenly the superconductiv-
ity is destroyed completely when H reaches the critical value, HC . This case
is known as a type I superconductor. In the second case, known as a type II
superconductor, there are two different critical fields, denoted HC1, the lower
critical field, and HC2, the upper critical field. For small values of H again the
Meissner-Ochsenfeld effect occurs, however, once H exceeds HC1, magnetic flux
starts to enter the superconductor but the superconductivity is not entirely de-
stroyed and hence B 6= 0, and M is closer to zero. Upon increasing the field
H, the magnetic flux density gradually increases until in the end at HC2 the su-
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Figure 2.3: (a) Variation of magnetisation M with respect to the applied magnetic field H for
type I and type II superconductors. (b) Variation of the critical field HC , HC1, and HC2 for type
I and type II superconductor, respectively.

perconductivity is fully destroyed. The behaviour of these type I and type II
superconductors are sketched in Fig. 2.3(a).

The critical field, HC varies as a function of the temperature, and it becomes
zero at the critical temperature. Typical phase diagram of type I and type II
superconductors as a function of external magnetic field and temperature are
sketched in Fig. 2.3(b).

Prior to the discovery of the high temperature superconducting cuprates in
1986, there have been many discoveries of superconductivity in various materi-
als such as ”heavy Fermion”-based (CeCu2Si2 was discovered by Frank Steglich’s
group in 1979 [11]) and other U-based systems such as UPt3 [12]. Although
these compounds exhibit superconductivity at very low temperature (in order
of 1 Kelvin), they can be classified as unconventional superconductors since
their order parameter, which related to the pairing symmetry of the Copper
pairs, is not of simple s-wave symmetry but rather has anisotropic d-wave sym-
metry for CeCuSi2 and p-wave symmetry for UPt3 although some do argue that
d-wave terms also appear in the pairing symmetry of UPt3 [13]. In these com-
pounds, superconductivity appears to be often associated with the proximity of
magnetic (antiferromagnetic or ferromagnetic) spin fluctuations [13]. Another
novel example of this class of materials is UGe2, which exhibits simultaneously
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ferromagnetism and superconductivity under pressure, and the newly discov-
ered UCoGe [14] in which the system also remains ferromagnetic in the super-
conducting state under ambient pressure.

The big breakthrough happened in 1986 when a superconductor was discov-
ered in the La-Ba-CuO system with quite a high TC for that time (TC = 25 K).
In this system, the La3+ in the parent compound La2CuO4 which is experimen-
tally determined to be an antiferromagnetic (AF) insulator [15], is substituted
by Ba2+, Sr2+ or Ca2+ in order to produce metallic behavior and supercon-
ductivity. After that, a higher TC of 93 K was achieved in the YBCO system
namely in YBa2Cu3O7 [16]. Again, this represented another breakthrough since
YBCO’s TC surpasses the boiling point of liquid nitrogen (i.e. 77 K). Further re-
search on new superconducting materials has led to the discovery of the BSCCO
(Bi-Sr-Ca-Cu-O) system [17], the TBCCO (Tl-Ba-Ca-Cu-O) system [18] and the
HBCCO (after Hg-Ba-Ca-Cu-O) system [19] (for a review see e.g. [4, 6]). Cur-
rently HgBa2Ca2Cu3O10+δ has the record of the highest value of TC of 135 K at
ambient pressure [20].

Unlike the conventional low temperature superconductors (with s-wave pair-
ing symmetry) which are already explained fully by BCS (Bardeen, Cooper,
Schrieffer) theory developed in 1957 [5], the microscopic mechanism behind
the high temperature superconducting cuprates is still not fully understood un-
til now and this makes this one of the most challenging subjects in condensed
matter physics. There are two main camps considering the pairing mechanism
of Cooper pairs in high temperature superconductors: the pairing is phonon
mediated or spin fluctuation mediated.

2.1.1. The basic crystalline structure of superconducting
cuprates

All of the cuprate (copper oxide) superconductors mentioned in section 2.1
possess a common structural unit: the CuO2 plane, and interstitial insulating
layers. As one can see from Fig. 2.4(a) to 2.4(i), the insulating layers (e.g.: BiO,
SrO, BaO, LaO and TlO) form blocks between the CuO2 planes and thus get the
name ”block layers”. These act as a charge reservoir for the CuO2 planes.

Depending on the geometry of the oxygen ions surrounding the copper sites
(whether it is in apical position or in plane), there are three different basic struc-
tures within the CuO layer, namely : CuO4 plaquette, CuO5 pyramid and CuO6
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Figure 2.4: The sketch of crystal structures of a number of known cuprate families. (a-c)
BSCCO system with general formula Bi2Sr2Ca2−nCunO4+2n with n = 1, 2, 3. (d) LBCO sys-
tem: (LaBa)2CuO4. (e) YBCO system: YBa2Cu3O7 and (f) TBCCO system: TlBa2Ca2Cu3O9.
Schematic pictures of the basic elements in the CuO2 layer of the cuprates. (g) CuO4 plaquette,
(h) CuO5 pyramid, and (i) CuO6 octahedron. Adapted from [4].
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Figure 2.5: (a). Sketch of a Mott-Hubbard insulator. Due to correlation effects between the
electrons, the highest occupied state (d-band) is split into the upper empty band known as
the upper Hubbard band and the lower filled band known as the lower Hubbard band. The
enery gap is characterised by the on-site Coulomb repulsion U. (b) The sketch that represents
the super-exchange mechanism described in the text. (c) The long range antiferromagnetic order
appearing in undoped cuprates.

octahedron (see Fig. 2.4(g)-2.4(i)), which will determine different properties for
each configuration. It is evident that cuprates which have TC higher than 30
K, consist of at least one CuO6-based or CuO5-based CuO2-layer per structural
repeat unit. Among the same family of cuprates, the number of CuO2-layers
within a unit cell determines the TC . For example, in the BSCCO system shown
in Fig. 2.4(a) - 2.4(c), single layered Bi2201 has TC of 40 K, double layered has
TC of 95 K while three layered BSCCO has maximum TC of up to 110 K [21].

2.1.2. The electronic structure of superconducting cuprates

As mentioned in the previous subsection, the CuO2 layers play the dominant
role in the determination of the properties for all cuprates since the Cu-O bands
are the lowest-energy electronic states and therefore determine the macroscopic
electronic properties [6].

In the undoped case, the parent material is an antiferromagnetic insulator [15],
with energy gap of 2 eV which contradicts the prediction of band theory since
within the one electron picture, the odd number of electrons per Cu site would
make this material metallic. This situation was already described earlier by
Mott and Hubbard, and later became known as the ”Mott-Hubbard insula-
tor” [22, 23]. In this system, the insulating properties occur due to strong corre-
lation effects between the electrons. In the ground state of the undoped system,
the Cu site would have a d9 configuration. If one electron hops to a neighbour-
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ing site, the site left behind would have a d8 configuration while the site hopped
to would have d10 configuration (see Fig. 2.5(b)). If the Coulomb repulsion be-
tween these two electrons (or two holes) is stronger than the kinetic energy (t)
gained from hopping, the electrons would be localised and such hopping pro-
cesses will be suppressed. This affects the electron removal and electron addi-
tion spectral weight for the system, such that the highest band (the conduction
band), as seen in Fig 2.5(a), is split into two sub-bands: the occupied, lower
band (known as the lower Hubbard band) and the unoccupied, upper band
(known as the upper Hubbard band). There is an energy gap between them of
size U. With one electron per site, the lower Hubbard band will be filled and
the upper Hubbard band will be completely empty, and as a consequence of
this the system is an insulator. In such a situation, the spins of these Cu ions
will arrange themselves in the form of long range antiferromagnetic order, be-
cause the interaction between two spins arising from virtual hopping favors the
antiparallel configuration (due to the Pauli exclusion principle see Fig. 2.5(b)).
This process is known as the super-exchange interaction with an energy J which
is proportional to t2/U [24]. The long range antiferromagnetic ordering gives
rise to the well-known Néel lattice with a high TN (Néel temperature) of 300 K
[13].

However, the situation in cuprates, which belong to the late transition metal
oxide group of materials, is complicated due to the fact that the Cu 3dx2−y2

and O 2px,y states are strongly hybridised. This means that there is an O2p-
dominated valence band between the upper and lower Hubbard bands, making
the undoped, parent compound of the high-TC superconductors a charge trans-
fer insulator [25], more correctly described in a three band model suggested by
Emery [26]. Note that as a result, the energy gap in the cuprates is characterised
by the charge transfer energy ∆ rather than the on-site Coulomb repulsion, U,
since the CuO ∆ is smaller than U, where ∆ is defined as the energy differ-
ence between the Cu 3d and O 2p orbitals (see Fig. 2.5(a)). This type of insu-
lator is known as a charge-transfer insulator following the classification scheme
of Zaanen , Sawatzky, and Allen [25]. To summarise, the electronic structure of
undoped cuprates is that of an antiferromagnetic insulator, whereby the energy
gap is between the UHB and theO2p band with the Fermi energy lying between
these two bands.

The electronic structure of undoped cuprates can be changed by substituting
atoms within the charge reservoir layer (e.g.: La with Sr) or by changing the
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Figure 2.6: (a) Sketch of a charge-transfer insulator. Due to correlation effects between the
electrons, the highest occupied state (Cu3d-band) is split into the empty upper Hubbard band
(UHB) and the lower, filled lower Hubbard band (LHB). The energy gap is characterised by
the charge transfer energy ∆ rather than the on-site Coulomb repulsion U. (b) An illustration
of how the electronic structure in cuprates is changed upon doping. Upper panel : undoped
situation. Middle panel : hole doping (p-type). Lower panel : electron doping (n-type). Grey
shading indicates the occupied states while white area represents the unoccupied states (from
[27]).

oxygen content, and in this manner additional charge carriers are doped into
the CuO2 layer. There are two types of doping possible: firstly by doping the
CuO2 layer with holes and the second with electrons. As can be seen in middle
panel of Fig. 2.6(b), upon hole doping the Fermi level (EF ) is shifted into the
O2p-dominated valence band, whereas it would be shifted to the UHB in the
electron-doped case (lower panel of Fig. 2.6(b)). Upon both p-or n-type doping
of a suitable degree, a metallic and superconducting state occurs.

Fig. 2.7 shows the widely accepted generic phase diagram of both electron
and hole-doped cuprates. An example for the electron-doped system is Nd2−x

CexCuO4 compounds [28]. The TC of the material is less than that of the analo-
gous hole doped systems.

The LSCO , BSCCO, YBCO, TBCCO and HBCCO systems are the main ex-
amples of the hole-doped cuprates. When holes are introduced into the CuO
plane by partially replacing a trivalent cation in the crystal structure with a di-
valent one, or by introduction of excess oxygen atoms, the Néel lattice (long
range order of the AFI Cu d9 spins) will be rapidly destroyed because the holes
are mobile, and can hop from one Cu site to the next without experiencing the
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Figure 2.7: The sketch of generic phase diagram of the electron and hole-doped cuprates. This
phase diagram illustrates the rich physical properties exhibited by these materials: including
superconductivity (SC), antiferromagnetic insulating (AFI) behaviour, with a normal state or
pseudogap, and normal metal. Adapted from [6].

Coulomb interaction. This situation will break the magnetic bond between the
Cu spins hence destroying the AFI order.

At the right doping level, a superconducting state emerges at low temper-
atures from this destroyed AFI state. For example, for the BSCCO system, it
becomes superconducting at hole doping level of 5% per Cu atom, reaches a
maximum TC at 16% and loses its superconducting properties at 27% [29]. After
that, the material becomes an ordinary metal and can be described as a Fermi
liquid.

The region under the superconducting dome in the hole-doped part of the
phase diagram where TC increase with hole concentration is known as the un-
derdoped (UD) region, and the region where TC decreases upon further hole-
doping is known as the overdoped (OD) region. The region at which TC reaches
its maximum value for each particular cuprate system is known as optimal-
doping (OPT).

The superconducting region of the phase diagram is charaterised by the for-
mation of Cooper pairs from charge carriers and its pairing symmetry is repre-
sented by the unconventional d-wave pairing symmetry. Apart from the super-
conductivity itself, one of the main puzzles in the phase diagram in cuprates is
the underdoped (or pseudogap) phase. This phase covers the area between 5%
and 16 % doping level and exhibits interesting phenomena in the sense that the
gap, which is observed for temperature below TC , persists up until a tempera-
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ture T∗ which is well above TC . This gap state is known as the pseudogap and
its origin is still under considerable discussion. The pseudogap weakens as the
doping level increases.

The first experimental observation of this phase was from NMR (nuclear
magnetic resonance) measurements, which measure the imaginary part of the
dynamic susceptibility divided by the energy and show that the spin lattice re-
laxation rate of underdoped cuprates begins to decrease above TC [30, 31]. The
presence of the gap above TC is also apparent from infrared measurements and
it gave a different result for the c-axis polarised and planar measurement. From
c-axis measurements of underdoped cuprates, the optical conductivity at low
frequencies is suppressed at a certain frequency and its value is roughly con-
stant in temperature. This charge gap would vanish as T∗ is approached [32].
On the contrary, the planar response gave a different result in which the data
show a peak (the Drude peak) centered at zero frequency which narrows, lead-
ing to a dip in the optical conductivity between the peak and the higher fre-
quency response. This peak represent the in plane, coherent charge transport
and the dip is thought to be a gap in the scattering rate of the charge carri-
ers [33].

Another convincing result from the pseudogap phase in cuprates was re-
vealed by an ARPES measurement. First ARPES studies showed that the pseu-
dogap is also highly anisotropic and has a momentum dependence which is
very similar to that of the superconducting gap below TC [36–38]. Later work
by Norman et al. show that the anisotropy of the pseudogap has a very inter-
esting temperature dependence. As can be seen from Figs. 2.8(e) and 2.8(f), the
pseudogap vanishes along segments of the Fermi surface centered at the node
(the point where kx = ± ky and the value of the superconducting gap is zero).
These segments are known as Fermi arcs [35]. The d-wave node below TC (top
panel of Fig. 2.8(f)) becomes a gapless arc above TC (middle panel of Fig. 2.8(f))
which expands with increasing T to form the full Fermi surface at T∗ (bottom
panel of Fig. 2.8(f)).

The origin of the pseudogap observed in cuprates, like the superconductivity
itself, is still under intense and considerable discussion. Two main interpreta-
tions are emerging considering this phase. On the one hand, a scenario involv-
ing preformed pairs was proposed. Given that the symmetry of the pseudogap
is the same as that of the superconducting gap, it is natural to relate the pseu-
dogap phase with fluctuations that lead to d-wave superconductivity. In this
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Figure 2.8: (a,b,c): Spectra taken at three different point in the Brillouin zone (shown in (d)) of
underdoped Bi2212 with TC of 83K. They were recorded at various temperature (solid curves).
The dotted, red curves in (a,b,c) are reference spectra from polycrystalline Pt which is in elec-
trical contact with the sample. Note the closing of the spectral gap at different T for different
Fermi surface locations k’s, which is also apparent from the plot (e) of the midpoint of the lead-
ing edge of the ARPES spectra as a function of T. (f) Schematic illustration of the temperature
dependence of the Fermi surface in underdoped cuprates (see text). From [34, 35].
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picture, in the normal state (T > T ∗), there are no coherent excitations. As the
temperature is lowered (T ∗ > T > TC), a gap appears long before superconduc-
tivity is established. This pseudogap is produced by non-coherent fluctuations
of the pairing field. Finally, below TC the coherence sets in, and this will give
rise to superconductivity and the observation of a sharp peak close to the Fermi
level in ARPES data [13]. Recent ARPES measurement from Kanigel et al. sup-
port this scenario [39]. In this study, they showed that the Fermi arc length can
be scaled by the reduced temperature, t = T/T ∗(x), where T ∗(x) is the tem-
perature below which the pseudogap first develops at a given hole doping x. In
particular, the Fermi arc length collapses linearly with T/T ∗(x) and extrapolates
to zero as T goes to zero. This suggest that the ground state of the pseudogap
phase is a nodal liquid, a strange metallic state whose gapless excitations are
located only at points in momentum space (kx = ±ky), just as in a d-wave su-
perconductor [39].

On the other hand, the alternative scenarios are based upon pseudogap that is
not related to superconductivity, including scenarios which involve stripes [40],
antiferromagnetic fluctuations [41], spin-charge separation, circulating orbital
currents [42, 43] and quantum critical points [44]. In these scenarios, the pseu-
dogap is not merely unrelated to superconductivity but rather competes with
it. In addition, mostly these pictures involve either a charge density wave or
spin density wave like phenomena, usually without long range order [13]. A
consequence of the competition between superconductivity and the pseudogap
phase is the coexistence of two gaps below TC in all samples possessing a T∗

that is greater than TC .
Recent results from superconducting gap anisotropy measurements in deeply

underdoped Bi2212 compounds by Tanaka et al. are quite convincing in favour
of the two gap scenario [45]. In this picture, the gap at the nodal and antinodal
regions of k-space arise from different mechanisms. By careful analysis at two
different regions in the Bi2212 BZ, it was observed that the superconducting
gap value close to the nodal direction follows the doping dependence of the su-
perconducting transition temperature (where a coherent peak in the spectrum
can be observed), while the gap value at the antinodal position looks to have an
intimate relation to the pseudogap also for T < TC . The observation of two dis-
tinct gaps has also been proposed from Raman [46, 47], penetration depth [48],
and Andreev reflection experiments [49].

In the ”normal metal” phase (see Fig. 2.7), the behaviour is consistent with
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Figure 2.9: (a) Sketch of two ”stack” of Bi2Sr2CaCu2O8+δ . The cleavage plane giving rise to
the high quality surface is between two adjacent BiO layers and is marked with a black arrow.
(b) Sketch of the CuO2 plane with Cu 3dx2−y2 , O 2px, and O 2py orbitals (c) The corresponding
tetragonal 2D projected Brillouin zone (BZ) with conventional notation. The darker shaded area
represents the irreducible symmetry unit.

Fermi liquid theory developed by Landau. In this theory, the properties of the
single electron are changed or renormalised by interactions with other electrons
to give rise to a ”quasiparticle”. One of the characteristics of the quasiparticle
is a narrow linewidth at low energy. This has been observed in ARPES data
in the superconducting state for the whole doping region and in the normal
state of the overdoped region. Within the Fermi liquid model, the quasiparticle
linewidth is proportional to E2 where E is the energy of the excitation with
respect to the Fermi level.

In the non-Fermi liquid region, the region between the UD and Fermi liq-
uid regions and above the area with the highest TC , the thermodynamic prop-
erties of the high TC superconductors are, in fact, similar to those of a Fermi
liquid, but numerous experiments, such as resistivity, nuclear magnetic reso-
nance (NMR) relaxation time, Hall conductivity and magnetoresistance, reveal
unusual things in the sense that they are characterised by unusual power laws
as a function of temperature.

2.1.3. Previous ARPES measurements on Bi2Sr2CaCu2O8+δ

In this subsection, we will focus on Bi2Sr2CaCu2O8+δ (Bi2212) since this com-
pound is the topic of the experimental studies presented in this thesis. The
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following literature review focusses mostly on ARPES results obtained for this
compound and to be more structured it will consist of three main subjects of
interest which are relevant to the topics of this thesis namely: the Fermi surface,
the presence of superconducting and pseudogap, and many body effects.

Bi2212, perhaps the most extensively studied material among high-TC cupra-
tes using ARPES [6], has a layered, orthorhombic structure (as seen in Fig. 2.9(a))
with a ≈ b ≈ 5.4 Å and c ≈ 30.7 Å. From x-ray studies it is known that the central
Bi atom in the BiO plane is shifted about 2% from the tetragonal position in the
crystallographic a-direction. If this displacement were to be ignored, the unit
cell can be approximated by the smaller tetragonal unit cell with a’≈ b’≈ 3.83

Å which is rotated 90◦ in the ab plane with respect to the orthorhombic unit cell.
The presence of a flat and mirror-like surface after cleavage of Bi2212 sin-

gle crystals is one of the advantages of this compound and it thereby meets
the requirement for surface sensitive experimental techniques such ARPES (the
surface sensitivity or this technique will be discussed in the ARPES subsection
later). This excellent cleavage plane is obtained by breaking the weak van der
Waals bonds between two adjacent BiO layers (see Fig. 2.9(a)).

As mentioned previously, since the Cu-O related bands are the lowest-energy
electronic states, the macroscopic electronic properties are the result of the be-
haviour of the CuO2 planes. As in Bi2212 the electronic coupling of the CuO2

blocks with one another along the c-direction is very poor, the electronic states
in the CuO2 are highly two dimensional. As a consequence, only the parallel
component of the wavevector (k‖) is important in determining the dispersion
relation. In Bi2212, to all intents and purposes, the perpendicular component of
the wavevector (k⊥) can be ignored.

The Fermi surface topology

Considering its eminent qualifications as a subject for study using ARPES,
there have been extensive investigations of the Fermi surface (FS) of Bi2212.
The Fermi surface is a surface of constant energy in reciprocal space which sep-
arates the occupied and unoccupied states. Since electronic excitations at low
energies across the FS determine the material’s properties, this makes the FS an
important subject to be studied.

In the following, the conventional notation for the tetragonal 2D Brillouin
zone (BZ) is applied for the Bi2212 system and will be used throughout the
whole thesis. The Γ - M line is along the Cu-O bond direction, with Γ = (0,0),
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Figure 2.10: (a) The Fermi surface (FS) of pristine (pure) Bi2212. Besides the main band (MB)
as indicated, the umklaap or diffraction replica (DR) bands are present (from Ref. [50]). (b)
An example of an energy distribution map (EDM, energy vs. momentum) of prinstine Bi2212
recorded by cutting the Brillouin zone in the ΓY direction. This image taken in the supercon-
ducting state. The MB, the 1st order shadow Fermi surface (SFS) DR band, the 1st order MB
DR, the SFS band and 2nd order MB DR are labelled by (1),(2),(3),(4) and (5) respectively (from
Ref. [51]).

M = (π,0), X = (π,−π), and Y = (π,−π). All these points in BZ have units of
1/a’, where a’ = 3.83 Å is the distance between the nearest-neighbor planar Cu
ions (see Figs. 2.9(b)-2.9(c)). The tetragonal crystallographic a’-axis is parallel to
the Γ - X line while the b’-axis is parallel to the Γ - Y line. There are also com-
mon notations used at particular momentum positions in the 2D BZ of Bi2212
e.g.: the nodal (N) point which refers to the point where the superconducting
order parameter is zero (in the Γ-Y and Γ-X directions) and the antinodal (AN)
point which refers to points on the FS where superconducting order parameter
is maximum (in the X-M-Y direction).

Many features have been observed in the study of the Bi2212’s FS. Firstly, the
presence of umklapp or diffraction replicas (DR’s) bands which essentially com-
plicate the data analysis. These DR’s originate from the diffraction of outgoing
photoelectrons due to the incommensurate (IC) modulation present in pristine
Bi2212 and related superstructures in the crystallographic bc-plane direction.
This IC modulation has a wavelength of approximately 4.76b (q ≈0.21b*) and
spans 5 unit cells (it is also known as 5×1 reconstruction) [52]. The excess oxy-
gen atoms in the BiO planes or the lattice mismatch between the CuO2 and the
BiO planes could be the driving force of such modulations [53, 54]. By substitut-
ing Pb atoms for Bi atoms one can suppress the modulation [55] and it has been
reported that a modulation- free phase can be achieved for∼ 40% Pb atoms per
formula unit [56, 57].

The second FS feature of Bi2212 to be mentioned here is the shadow Fermi
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surface (SFS) which was observed for the first time by Aebi et al. [58]. In the
2D tetragonal BZ of Bi2212, the SFS band is located around the Γ point. The
microscopic origin of the shadow Fermi surface forms the subject of the Chapter
3 of this thesis.

The third characteristic of the FS of Bi2212 to be dealt here is the presence of
a splitting of the CuO2 bands into a bonding (BB) and antibonding (AB) com-
bination due to the inter-plane interaction within each (CuO2)2 bilayer. This
splitting was predicted by band structure calculations [59–61]. The wavefunc-
tions of the bilayer split bands are even for the BB and odd for the AB under
the reflection in a mirror plane located in the middle of the two adjacent CuO2

planes.
This c-axis bilayer splitting was observed for the first time in overdoped

Bi2212 [62, 63] as at high doping level the normal state ARPES features in Bi2212
are generally sharper and more pronounced. In a simple tight-binding calcula-
tion, the origin of these two bands is easily understood. Their dispersion rela-
tion in terms of the dispersion for a single layer is given by [64, 65]

ξ
(BB)
k = ξk − t⊥(k)

ξ
(AB)
k = ξk + t⊥(k) (2.1)

with a band structure term ξk which has the form

ξk = ∆ε− 2t[cos(kxa) + cos(kya)] + 4t′ cos(kxa) cos(kya)

−2t′′[cos(kxa) + cos(kya)], (2.2)

where t denotes the hopping integral between 2 neighboring Cu sites along the
Cu-O bonding direction, t’ denoting hopping to the second nearest Cu neigh-
bour along the diagonal and t” denoted the hopping to the third nearest Cu
neighbour. The interlayer hopping term t⊥(k) which describes the hopping of a
charge carrier between two neighbouring CuO2 planes is given by

t⊥(k) =
1

4
[cos(kxa)− cos(kya)]2 (2.3)

According to Eqs. (2.1), (2.2), and (2.3), the bilayer splitting is zero along the
nodal direction (i.e.: kx = ky) and it is maximal near the M-point of the 2D
BZ. This prediction is clearly experimentally verified in Refs. [62, 63]. Recent
observations related in Refs. [66, 67] show that there is still a small splitting of
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Figure 2.11: The excitation energy dependece of the effective matrix element of the bonding
and antibonding CuO2 band for overdoped PbBi2212 compound. It was obtained from fitting
the spectra at the M (π,0) point with two contribution from BB state at 154 meV and an AB state
at 11 meV. (from Ref. [68]).

23 meV between the bonding and antibonding bands along the nodal direction
for Bi2212 regardless of the doping level. This nodal splitting is due to vertical
interplane hopping between O 2pσ orbitals (the orbitals that bond with the Cu
3dx2−y2) [66].

The bilayer splitting has been observed both in the normal and superconduct-
ing states. For example, in heavily overdoped samples, the maximum splitting
is found to be about 88 meV in the normal state and about 20 meV in the super-
conducting state by measuring the difference between energy distribution curve
(EDC) peak dispersion of these two FS sheets [63]. It was also reported that the
bilayer splitting appears in optimal and underdoped compounds, and its mag-
nitude was shown to be independent of doping [68, 69]. Though this feature
is generally less clear in the data at reduced hole-doping, it is not lost, mean-
ing that although the coherence between the electronic states in neighbouring
CuO2 planes in the bilayer lessens as hole-doping decreases [70], it is still non-
zero. The bilayer splitting is argued to be more prominent in heavily overdoped
compounds simply because these compounds become more Fermi-liquid like,
with a higher degree of 3D dimensional coherence and better defined quasipar-
ticles [63].

Since the bonding and antibonding bands have different symmetry along the
c-axis, their photoemission matrix elements are different as the incident photon
energy is varied [50, 63]. This means that resolving the bilayer splitting in AR-
PES experiment would be possible by employing an appropriate photon energy.
As can be seen from Fig. 2.11, using a photon energy of 38-39 eV will give the
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Figure 2.12: (a) The hole-like FS topology. The FS encloses the unoccupied states (white area).
(b) The electron-like FS topology. The FS encloses the occupied states (grey area). The dashed
lines are the first BZ corresponding to the Bi2212 tetragonal unit cell. (c) An example of data
showing the normal state FS topology of Pb-Bi2212 with different doping levels. A large, hole-
like FS is seen regardless of the doping level. The bilayer splitting is also clearly present in
overdoped (OD) samples and less clear in underdoped (UD) samples. The sketch in the right
hand side of panel (c) shows a schematic representation of the FS of OD 69K (from Ref. [68]).

most contrast between the BB and AB intensity which is a very useful property
when one wants to study the electronic structure of each FS sheet separately.

In the late 1990’s, the topology of the Bi2212 FS became a matter of contro-
versy. In particular the question arose as to whether the FS topology was hole
like (i.e. closed shape around the (X,Y) points, see Fig. 2.12(a), upper left panel)
or electron-like (see Fig. 2.12(b)), enclosing the occupied state [3], and centered
upon the Γ point.

Through the improvements in energy and angular resolution of ARPES spec-
trometers that went coupled with the introduction of a 2D detection system
(see section 2.2.2), resolving all the features appearing in the ARPES spectrum
become possible. As an example, by using Pb-doped Bi2212 Kordyuk et al. [68]
could show that the FS topology remains a hole-like upon changing the doping
level, as can be seen in Fig. 2.12(c). As the doping level is altered, the size of FS
”barrel” is changed. The more overdoped, the bigger the FS area enclosing hole
states. In addition, the shape of the FS of Bi2212 becomes more square as the
doping is increased. By fitting a model of the FS shape to the experimental FS
maps (shown as solid yellow and dashed red line in the sketch in Fig. 2.12(c)),
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the hole doping level δ can be derived from the simple relation,

δ + 1 =
2SB
SBZ

, (2.4)

where δ denotes the doping level, SB is the area of the FS barrel and sBZ is the
area of 1st (tetragonal) Brillouin zone. Eqn. (2.4) can be understood as follows:
since the parent compound of Bi2212 has Cu 3dx2−y2 orbitals playing host to one
localised electron, then the CuO2-derived bands in undoped Bi2212 are half-
filled, which can be described by Eqn. (2.4) if δ=0. If hole doping, δ, is now
increased, this leads to an increase in the area of the hole-like FS beyond a value
of one half of the BZ area. At a certain (high) doping level, the hole-like FS’s
will touch one another (see Fig. 2.11(b)), leading to a topological transition to an
electron-like situation.

Recent measurement and analysis of the different sheets of the Bi2212 FS (i.e.:
bonding and antibonding) reveal that the bonding FS sheet always stays hole-
like, whereas for the antibonding FS sheet, a cross-over from hole to electron-
like has been observed at a doping level of 0.23 which corresponds to a TC of 55
K [70].

The superconducting gap

One of the most important results obtained using ARPES in the high TC cu-
prates is the observation of the anisotropy of the superconducting (SC) gap and
of the pseudogap. Regardless of the fact that it is not explicitly phase sensitive,
ARPES has been considered as one of the only experimental tools in which both
the anisotropy of the superconducting and pseudogap can be derived quantita-
tively [7, 71–74].

The anisotropy of the superconducting gap was first observed in ARPES data
of overdoped Bi2212 compounds as a difference in the position of the leading
edge of the spectrum for k = kF at two different positions on the Fermi surface.
As can be seen from Fig. 2.13(a), in the nodal direction (B), the spectra taken
above and below TC are very similar which indicates a small or vanishing su-
perconducting gap. In the antinodal direction (near the (π,0) point, marked (A)
in Fig. 2.13(a)), the superconducting and normal state spectra clearly exhibit
not only a shift in the leading edge, but also a change in lineshape, whereby the
superconducting spectrum consists of what has become known as peak-dip-
hump lineshape. These results strongly support the existence of a d-wave order
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Figure 2.13: (a) Temperature dependent of ARPES spectra from Bi2212 (TC=88 K) measured at
two different regions of the Fermi surface of Bi2212 namely, the nodal region and close to the
(π,0) point, indicated in the inset as (B) and (A), respectively (from Ref. [7]). (b) The anisotropy
of the superconducting gap around the FS in Bi2212, consistent with dx2−y2 pairing symmetry
(from Ref. [73]).

parameter [41].
In most ARPES studies of the superconducting gap, the gap is determined by

measuring the leading-edge position (LEP) of the ARPES spectra. By compar-
ing the LEP of the BSCCO ARPES spectra to the LEP of a polycrystalline metal
like Pt or Au, one can determine the superconducting gap qualitatively. An-
other method to quantify the superconducting gap is by fitting the spectrum,
or energy distribution curve (EDC) at different momenta with a model spec-
tral function (EDC and spectral function are specific terms used in the discus-
sion of ARPES data will be discussed in more detail in the measurements and
data analysis subsection). In this sense, if the model used for the fit is correct,
then its outcome is the real superconducting gap value, but of course this re-
quires a good knowledge of superconducting gap itself. As an example, Ding et
al. employed a phenomenologically broadened BCS spectral function in order
to quantify the size of the superconducting gap at different momenta and the re-
sults agree nicely with the dx2−y2 functional form ∆(k) = ∆0[cos(kxa)− cos(kya)]

[73] (see Fig. 2.13(b)).
A slight departure from pure d-wave character in the superconducting gap

anisotropy has been observed for underdoped Bi2212 compounds. Instead of
a ”V”-shape as shown in Fig. 2.13(b), the superconducting gap anisotropy has
an ”U” shape where the area with vanishing gap is slightly extended around
the node. Such a ”U” shape of superconducting gap anisotropy is not only



26 CHAPTER 2

Figure 2.14: (a) Doping dependence of the peak position for Fermi surface points close to the
nodal region (coloured points) and in the antinodal region (black points). The dashed line in-
dicates the pseudogap line at the antinodal region as reported from previous ARPES measure-
ment on Bi2212 compounds (from [45]). (b) Temperature dependence of the gap size at Fermi
surface crossing points near the nodal region as indicated in the inset. The dashed line shows
the temperature dependence of the superconducting gap based on weak coupling BCS theory
and serves as the guide to the eye (from [75].

observed in pristine Bi2212 but also in Pb-doped Bi2212 where the bilayer split-
ting is more readily resolved due to the lack of complicating diffraction replica
features, therefore making the analysis more reliable. In order to account for
this behavior, a higher harmonic term, such as [cos(2kxa)− cos(2kya)] should be
included in the expansion of the gap function ∆(k), in addition to the simple
”V”-like term.

Recent results of superconducting gap anisotropy measurements in deeply
underdoped Bi2212 compounds by Tanaka et al. [45] have argued in favour of
a two gap scenario. In this sense, the superconducting gap at the nodal and
antinodal regions arise from different mechanisms. Within this scenario, the
gap seen for T < TC at the antinodal region is suggested to have an intimate
relation with the pseudogap. As one can see from Fig. 2.14(a), the gap near the
nodal region did not increase with underdoping, (in fact, it decreases as doping
level decreases below optimal doping), whereas the gap at the antinode does
increase with successive underdoping [45]. A temperature dependent study
of the superconducting gap near the nodal region in underdoped compounds
reveals that the gap value has a temperature dependence like the temperature
dependence of BCS superconductor [75].
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Figure 2.15: (a) Nodal quasiparticle dispersion in Bi2212 for different doping levels as indicated.
A ”kink” exist at an energy scale of 70 meV. The inset shows the zoom of (a) in the range of 0 to
100 meV. (b) Temperature dependence of the nodal kink showing that it appears to still persist
above TC (from [76]).

The many body effects: the coupling of charge carriers to bosonic degrees of
freedom

One of the advantages of ARPES measurements is their capability to cope
with the many-body effects in solids through the electron self-energy appear-
ing in the ARPES spectral function (the latter will be elaborated in more detail
in the next section). The self-energy, Σ, is a complex function (Σ = Σ′ + iΣ′′)
whereby its real and imaginary parts correspond to the energy renormalisation
with respect to the bare band dispersion εk and to the finite lifetime of the quasi-
particles in the interacting system, respectively [6, 77]. It is the unique prospect
of obtaining k-dependent, quantitative information regarding the self-energy
that has driven many recent ARPES investigatios.

The energy renormalisation is seen as a deviation of the electronic band dis-
persion from the bare-band dispersion close to the Fermi energy. Such devia-
tions are widely believed to be a manifestation of the interaction of the charge
carriers with particular bosonic degrees of freedom such as lattice vibrations
(phonons), or with magnetic spin fluctuations. Therefore the study of the renor-
malisation and scattering rate of the quasiparticle as a function of doping, tem-
perature and location in the BZ may help to reveal the details of the many-body
interaction felt by the charge carriers, and therefore may help to uncover the
mechanism of high-TC superconductivity.

In Bi2212, renormalisation of the electronic bands was first observed at the
nodal region of k-space in the form of a dispersion anomaly or ”kink”: the de-
viation of the electronic band dispersion from the bare band dispersion at a



28 CHAPTER 2

Figure 2.16: (a) Temperature dependence of the quasiparticle dispersion from overdoped
Bi2212, inset: temperature dependence of Σ′ defined as the difference between the data and the
linear fit to the 85 K result. (b) Doping dependence of kink energy, gap magnitude (from peak
and leading-edge midpoint positions), and resonance mode frequency from neutron-scattering
data. (c) Coupling strength parameter λ as a function of dopant concentration. Squares: su-
perconducting state; circle: normal state; open symbols are for the bonding band while solid
symbols are for the antibonding band. (a-b) taken from [78], (c) taken from [79].

particular energy scale. In nodal direction, as can be seen in Fig. 2.15(a), a
dispersion kink at 70 meV was observed whose strength varied (increased) as
doping was altered (decreased) [76, 80]. From temperature dependent ARPES
data, it was proposed that this nodal kink still persists above the superconduct-
ing critical temperature, which has led to the argument that it originates from
the interaction between electrons and phonons, since such phonon excitations
should persist above TC (see Fig. 2.15(b) ) [76].

In the antinodal region, a dispersion anomaly is observed at an energy scale
of ca. 40 meV and it is seen only below the superconducting critical temper-
ature TC . Initially, the discussions of the antinodal kink have been less clear,
since there are complications due to the presence of the incommensurate mod-
ulation of the BiO planes in non Pb-doped samples and the c-axis bilayer split-
ting. Here, the importance of Pb-doping to suppress the superstructure and the
correct choice of photon energy in order to deliver sufficient bilayer splitting
contrast needs to be stressed. In this vein, one study of antinodal kink by Kim
et al. revealed that the renormalisation has a doping dependence both for the
bonding and antibonding band as is shown in Fig. 2.16(c) [79]. By comparing
the superconducting state ARPES spectra to the normal state spectra, the cou-
pling parameter λ, which describes the interaction between the charge carriers
and bosonic degrees of freedom was shown to decreases as the doping level
increases up to the overdoped region.

In Ref. [78], Gromko et al. reported that the renormalisation strength and,
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Figure 2.17: Temperature and doping dependence of the imaginary part of the self energy in
Bi2212 related compounds determined from the full width at half maximum of the momentum
distribution curves (MDC). (a-b) The temperature dependence for optimal doped (Opt) Pb-
doped Bi2212. The contribution from a highly overdoped (OD) sample at 130 K (inset and gray
line) is subtracted to obtained the imaginary mode-related component of the self-energy. TC
of this OD sample is 69 K. (c) Doping dependence of nodal quasiparticle scattering rate (from
[81]).

in particular, the energy scale of the renormalisation decreases as the doping
level goes to the overdoped region as shown in Fig. 2.16(b). In addition, it was
observed that the renormalisation is sensitive to the position in the Brillouin
zone (BZ), being maximal at the M (π,0) point [78].

These points make a strong case that the kink in the nodal and antinodal
region could be separate entities arising from different phenomena. Since the
ca. 40 meV kink is only observed in the superconducting state and is maximal
at the antinode then it was considered that the magnetic resonance mode could
be its driving force, as the antiferromagnetic scattering vector Q=(π, π) - which
plays host to this mode - connects the two antinodal points in the tetragonal
Bi2212 2D BZ. In earlier work, Kaminski et al. also reported that the dispersion
anomaly continually evolved and grew stronger as (π,0) was approached. In
addition, they argued that this dispersion anomaly was the main origin of the
peak-dip-hump line shape [82] seen in this region of k-space.

The scattering rate or inverse lifetime of quasiparticles from photoemission
of Bi2212 has also been studied extensively [81, 83–85]. The normal state scat-
tering rate of optimally doped Bi2212 for ω � kBT , depends on temperature
linearly but is independent of frequency. On the contrary for ω � kBT , it is lin-
early depending on frequency but temperature independent [83]. In optimally
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doped Bi2212, the normal state scattering rate has a momentum dependence
consisting of constant and frequency dependent terms around the Fermi sur-
face [84].

In the superconducting state, there is clear evidence for a non-linear frequency
dependence of the scattering rate, but in general, for large binding energies the
scattering rate behaves linearly with respect to the frequency. However, re-
cent studies of the nodal quasiparticle scattering rate (from the width of the EF
MDC’s) as a function of energy [67, 81, 86] have revealed that at moderate ener-
gies there is an anomaly also in the imaginary part of self-energy - as can be seen
in Fig. 2.17 - in keeping with the dispersion anomalies due to structure in its real
part [67, 80]. The kink in the imaginary part of self-energy vanishes above TC
as seen in Fig. 2.17(b) and has a doping dependence in which it is stronger in
underdoped rather than in overdoped. This is consistent with the behavior of
the real part of the self-energy in the nodal direction, as well as with the doping
and temperature dependence of the intensity of the spin-1 magnetic resonance
mode observed in inelastic neutron scattering (INS) [81, 86].

The many body effects observed in the Bi2212 compounds (particularly in
overdoped samples and in the antinodal region of k-space) will be discussed in
more detail in chapters 4 and 5 of this thesis.

2.2. Angle Resolved Photoemission Spectroscopy
(ARPES)

This section is devoted to Angle Resolved Photoemission Spectroscopy (AR-
PES), the experimental technique that we have used in probing the electronic
structure of Bi2212 and related compounds presented in this thesis. The de-
scription starts from the basic principle of photoemission and is then followed
by a description of the experimental set-ups. The last part of this section then
describes the measurements and the data analysis methods employed.

2.2.1. Basic principle

The basic principle of photoemission spectroscopy is the photoelectric effect,
a phenomenon that was first explained by Einstein’s theory based on the quan-
tisation of light in 1905. If photons with energy hν from a light source, in our
case either originating from a He gas discharge or from synchrotron radiation,
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Figure 2.18: (a) ARPES experimental geometry. Light source with energy hν illuminates the
sample. Photoelectrons are emitted and detected by a hemi-spherical electron analyser. These
electrons are selected by their energy in the hemisphere as well as by their angle of emission (θ).

impinge onto the crystal then an electron can absorb the energy and escape from
the sample into the vacuum with the kinetic energy :

EK = hν − EB − ΦW , (2.5)

where EB is the binding energy of the electrons in the valence band and ΦW is
the work function, the quantity that acts as a potential barrier to the electrons
at the surface and prevents the valence electrons from escaping the sample. Its
magnitude is 3-5 eV in typical metals.

By collecting the outgoing photoelectrons with an electron analyser, one can
map out the number of photoelectrons as a function of their kinetic energy. In
the angle resolved (ARPES) mode, one can map out the number of outgoing
electrons both as a function of their kinetic energy and emission angle θ. The
state-of-the-art ARPES experiment can measure and analyse multiple emission
angles θ simultaneously (see Fig. 2.18). Following the momentum conservation
law, the in-plane momentum of the photoelectrons is given by

p‖ = ~k‖ =
√

2mEkin sin(θ), (2.6)
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whereby

k2
‖ = k2

x + k2
y

kx =

√
2mEkin

~
sin(θ) cos(Φ)

ky =

√
2mEkin

~
sin(θ) sin(Φ). (2.7)

The out-plane component of the photoelectron momentum is not conserved
across the sample surface due to the lack of translational symmetry along the
surface normal.

As will be related in more detail in section 2.2.2, the angle multiplexing en-
ergy analyser has as its basic measurement mode a line-scan in k‖, resulting in
a two dimensional plot with in-plane momentum k‖ on one axis and energy as
the other axis. In a crystal in which the electronic structure is strongly two di-
mensional (i.e. the band energy is only a very weak function of kz or k⊥ ), the fact
that we have explicit access only to kx and ky is hardly a hindrance, and means
that in such cases ARPES can directly measure the dispersion, the E versus k‖
relation of the many-body interacting electron system in a complete manner.

ARPES (photoemission in general) is a surface sensitive technique in the sense
that the outgoing photoelectrons have a short mean-free-path length (λ). This
means that they lose their kinetic energy very quickly due to the interactions in
the solid during transport to the surface and subsequently, penetration through
the surface and escaping to vacuum. The magnitude of λ is typically in the or-
der of a few tenths of a nm. As a consequences, ARPES experiments have to
be carried out under ultra high vacuum (UHV) conditions (the pressure of the
system being in the range of 10−10 mbar or less) in order to prevent rapid ad-
sorption of molecules from the surrounding atmosphere onto the surface of the
sample within the timescale of the experiment.

Three step model and sudden approximation

In ARPES, during photoexcitation the system finally becomes a (N-1) electron
system, as a hole will be left in the solid. The remaining electrons can interact
with this hole, giving the constraint that photoemission is not merely a simple
single electron removal process but it is a process in which many-body effects
should be taken into account.

A rigorous method to describe the photoemission process is through the one
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Figure 2.19: (a) The description of the three step model, a phenomenological approach to un-
derstand the photoemission process (see the text for the explanation).Adapted from [77].

step model in which the photon absorption, electron transport to the surface and
electron escape are treated as a single process. In this model, the bulk, surface
and vacuum have to be included in the Hamiltonian describing the crystal, im-
plying that not only bulk states have to be considered but also surface states
and surface resonances as well (for a review of the one step model, see [34]).

Despite its accuracy, the computational complexity of the one step model means
that a more accessible picture is often used to describe photoemission; one in
which three steps are considered. In the three step model, the photoemission pro-
cess is divided into three separate steps. Firstly, an electron is excited into an
empty state through the absorption of the photon. Secondly, the electron travels
to the surface of the sample, during which the electron might lose energy due to
interactions and collisions with other electrons in the sample. As a consequence,
secondary electrons with lower kinetic energy are created. The second step also
can be described in terms of an effective mean free path which is proportional
to the probability that the excited electron will reach the surface without scatter-
ing: in other words with no change in energy and momentum. The third step is
for the photoelectron to overcome the surface potential barrier and escape into
the vacuum. This can be represented by a probability of transition through the
surface. Its value is unity if the photoelectron has sufficient energy to overcome
the surface barrier or work function Φ and escape into the vacuum, and it is
zero otherwise.

Both the one and three step model rely on the sudden approximation in the
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sense that there is no interaction between the escaping electron and the remain-
ing systems. This approximation in principle works only with the electrons
which have high kinetic energy. In high TC cuprates, there is evidence that the
sudden approximation is already applicable at the low kinetic energies resulting
from use of a photon energy of 20 eV [87].

The formalism of the photoemission process should include the transition
probability (let us call this Wfi) for an optical excitation between the N-electron
ground state Ψi and one of the possible final states Ψf . This can be approxi-
mated by the Fermi’s golden rule expression [77] :

Wfi =
2π

~
|Mfi|2δ(EF − Ei − hν)

= |〈Ψf |Hint|Ψi〉|2δ(EF − Ei − hν). (2.8)

Fermi’s golden rule describes the transition probability in terms of the cou-
pling strength between the initial (Ψi) and final (Ψf ) state and considering the
number of ways that the transition can take place. Hint is the Hamiltonian
which describes the interaction between the electrons in solid and incoming
photon which acts as a external electromagnetic field A, and theHint is the per-
turbation term of the overall Hamiltonian H = H0 +Hint given by

H0 =
p2

2m
+ eΦ

Hint =
−e
2mc

[A · p + p ·A] +
e2

2mc2
A ·A, (2.9)

where Φ and p are the scalar potential (not to be confused with the work func-
tion) and momentum operator respectively. For low intensities of the external
field, first order perturbation theory can be used and yields theHint as given in
Eqn. (2.9). By using the commutator [p,A] = −i~ · ∇ and choosing an appro-
priate gauge (the common procedure is to invoke the Coulomb gauge in which
Φ = 0 and therefore in the dipole approximation, where the spatial variation of
the vector potential A is small1, yielding∇ ·A = 0), theHint reduces to

Hint = − e

mc
A · p, (2.10)

1In the dipole approximation, the wavelength of the electromagnetic radiation which induces
transitions between different atomic levels is greater than the typical atomic distance. Thus, the
exp(ik · r) term in A, which can be expressed as a series (1 + ik · r + ...), can be approximated by
its first term, unity. Thus, this means that A becomes a constant.
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where the quadratic term in A is omitted as well since it is negligible for the low
electromagnetic field strength relevant for present day photon sources.

In the sudden approximation, the wave function of the initial and final state
can be factorised into the optical transition and the remaining condition term
which can be described as [6]:

Ψi = AΦk
i ΨN−1

i (2.11)

Ψf = AΦk
fΨN−1

f , (2.12)

whereA is an operator that properly antisymmetrises the N-electron wave func-
tion so that the Pauli principle is satisfied. Φk

i and Φk
f are the wave functions

of the photoelectrons with momentum k before and after the optical transition
takes place, ΨN−1

i and ΨN−1
f describe the remaining (N-1) electron system. The

final state ΨN−1
f can be expressed as an excited state with an eigenfunction ΨN−1

m

and its corresponding eigenvalue EN−1
m . This will mean that the summation of

all possible excited states m defines the total transition probability. In general,
however, ΨN−1

i should be written as ΨN−1
i = ckΨN

i , where ck is the annihila-
tion operator for an electron with momentum k. This expression shows that
ΨN−1
i is not an eigenstate of the (N-1) electron Hamiltonian, but it is just what

remains from the N-particle system after one electron is pulled out. Within this
approximation, the matrix element can be written as :

〈Ψf |Hint|Ψi〉 = 〈Φk
f |Hint|Φk

i 〉〈ΨN−1
m |ΨN−1

i 〉, (2.13)

where 〈Φk
f |Hint|Φk

i 〉 ≡Mk
f,i is the one-electron dipole matrix element, and 〈ΨN−1

m |ΨN−1
i 〉

is the (N-1) electron overlap integral. The total photoemission intensity mea-
sured with momentum k and kinetic energy Ekin is proportional to

I ∝
∑
f,i

|Mk
f,i|2

∑
m

|cm,i|2δ(Ekin − EN−1
m − EN

i ), (2.14)

where
∑

m |cm,i|2 =
∑

m |〈ΨN−1
m |ΨN−1

i 〉|2 is the overlap integral which describes
the probability to remove the electron from state ΨN−1

i to the excited state ΨN−1
m

in the (N-1)-particle system.
In a system for which correlation effects are strong, such as the supeconduct-

ing cuprates, many of the different |cm,i|2 terms will not vanish, since photo-
electron removal will affect the effective potential of the system, and it turns
out that ΨN−1

i will overlap with many of the eigenstates ΨN−1
m . Consequently,
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the ARPES spectra will be described by a main line and several satellites which
represent the number of excited states that were created in the photoemission
process (see [6]).

Many-body effects, spectral function and self energy

In correlated systems such as cuprates, the interactions involving many parti-
cipating bodies are the fundamental ingredient which need to be solved to un-
derstand the physical properties. The many-body problem can be defined as the
study of how the interactions between single particles affect the non-interacting
system. The photoemission process, as described in the preceding section, ini-
tially is viewed as a single particle probe in which the (photo)electron is excited
to the final state but, nevertheless, it also represents the many-body problem in
which the remaining (N-1) electrons in fact can interact with the created hole.

One way to solve the many-body problem is through the Green’s function
(GF) formalism. Instead of solving the Schrödinger equation (SE) with the full
many-body wave functions which is not a tractable problem, this formalism em-
ploys the expansion of the single particle eigenfunction and solves it in an itera-
tive way [88, 89]. This GF, the inverse differential operator, gives the probability
to find the single particle at time t, given its probability at some previous time t’.
But how should this single particle approach describe the many-body aspects
seen in the photoemission process? The answer lies in the scattering processes
that appear between the electrons when they are within a certain range of each
other. In the limit when the critical range at or below which the scattering pro-
cesses cuts in is very small, this situation reduces to the single particle case.
The electron propagates through the medium and gives rise to infinite series of
multiply scattered waves which sum to provide the GF for the single particle (in
this case one electron) interacting with the medium (which may consist of other
electrons), thus yielding the many-body effects. In this way one can obtain the
response of complex interacting systems to simple forms of excitation without
having to find the full eigenvalue and eigenfunction [88, 89].

The propagation of a single electron in a many-body system, as described in
preceding paragraph, is given by the time ordered one-electron GF

G±(−→r1 ,
−→r2 , t1, t2) =

{
−i〈ΨN

0 |Cr1(t1)C†r2(t2)|ΨN
0 〉 for t1 > t2

+i〈ΨN
0 |C

†
r2(t2)Cr1(t1)|ΨN

0 〉 for t1 < t2,
(2.15)
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which describes the probability that an electron at r1 and time t1 will be found at
r2 at a later time t2. The plus and minus sign refer to addition and removal of an
electron respectively. C†r(t) and Cr(t) are, the creation and annihilation operators
at time t in space representation of a single-particle state while 〈ΨN

0 | . . . |ΨN
0 〉 is

an average over the ground state of the N-particle system.
For a free (non-interacting) electron system, the operators C†r(t) and Cr(t) in

Eqn. (2.15) are connected to those in momentum space through the relation [90]

C(−→r , t) =
1√
Ω

∑
−→
k

Cke
i[
−→
k ·−→r −εkt], (2.16)

where Ω and εk denote the volume and the bare spectrum of the non-interacting
electrons, repectively. Substituting Eqn. (2.16) into the time ordered GF ex-
pression Eqn. (2.15) and considering the situation where r1 = r2 = r and
t1 = 0; t2 = t, one can obtain the GF of the free (non-interacting) electron, [90]

G0(r, t) =
i

Ω

∑
−→
k

ei[
−→
k ·−→r −εkt]

{
1− fk t > 0

−fk t < 0,
(2.17)

where the anticommutator for fermions has been used and fk = 〈nk〉 = 〈C†kCk〉
is the Fermi function at T = 0 which has a value either unity for |k| < kF or zero
for |k| > kF . The GF in momentum representationG(k, ω) and that in space rep-
resentationG0(r, t) are related through the following Fourier transform (FT) [90]

G0(r, t) =

∫ ∞
−∞

d3−→k
(2π)3

e−iωtG(k, ω)
dω

2π
. (2.18)

Finally, employing Eq. (2.18), one can obtain the non-interacting single electron
GF as function of momentum and energy,

G0(k, ω) =
1

ω − εk − iη
, (2.19)

where η is a positive infinitesimal for εk greater than Fermi energy EF or k
greater than kF , and it is a negative infinitesimal otherwise.

Now we wish to switch on the interactions and see how we can describe the
many-body effects. In systems with weak or moderately strong interactions,
the single-particle GF for the interacting electron system is closely related to GF
for the non-interacting system. In this situation since the many-body effects are
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embodied in the system via the scattering between the electron and the rest,
then a perturbative expansion describing this situation can be introduced to
the formally non-interacting GF. Following the similar procedure as we applied
to the non-interacting system, one arrives at an expression for the interacting
electron GF in the momentum representation [90]:

G±(k, t) =

{
−i〈ΨN

0 |Ck(0)e−iHtC†k(0)|ΨN
0 〉eiE

N
0 t, t > 0

+i〈ΨN
0 |C

†
k(0)eiHtCk(0)|ΨN

0 〉e−iE
N
0 t, t < 0

(2.20)

where EN
0 is the ground state energy of the interacting N-particle system. When

deriving Eqn. (2.20), the definition of the GF from Eqn. (2.15), the Heisenberg
representation namely Ck(t) = eiHtCk(0)e−iHt, and the same condition as em-
ployed in the non-interacting case in which r1 = r2 = r and t1 = t; t2 = 0

have been used. On inserting between C and C† in Eqn. (2.20) the complete set
of eigenfunctions

∑
m |ΨN±1

m 〉〈ΨN±1
m | = 1 of H (here m is an index of a quantum

state; the plus sign inN±1 denotes the system with one electron is added while
minus sign denoted the system with one electron removed ), one can obtain [90]:

G(k, t) =

{
−i
∑

m |〈ΨN+1
m |C†k|ΨN

0 〉|2e−i(E
N+1
m −EN

0 )t t > 0

+i
∑

m |〈ΨN−1
m |Ck|ΨN

0 〉|2ei(E
N−1
m −EN

0 )t t < 0,
(2.21)

After Fourier transforming, one arrives at the following expressions:

G+(k, ω) =
∑
m

|〈ΨN+1
m |C†k|ΨN

0 〉|2

ω − εN+1
m − µ+ iη

(2.22)

G−(k, ω) =
∑
m

|〈ΨN−1
m |C†k|ΨN

0 〉|2

ω − εN−1
m − µ− iη

(2.23)

G(k, ω) = G+(k, ω) +G−(k, ω), (2.24)

in which we have substituted the eigenvalues EN±1
m with εN±1

m and the ground
state energy EN

0 with the chemical potential µ for convenience. η is a positive
infinitesimal.

From Eqs. (2.22) and (2.23) one can define an important quantity, namely the
spectral function which is given by:

A±(k, ω) =
∑
m

|〈ΨN+1
m |C±k |Ψ

N
0 〉|2δ(ω − εN±1 + µ), (2.25)
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where C+
k = C†k and C−k = Ck are the creation and annihilation operators. The

spectral functionA±(k, ω) is intimately related to the overlap integral
∑

m |cm,0|2 =∑
m |〈ΨN−1

m |ΨN−1
0 〉|2 described in Eqn. (2.14) (here the index i in (2.14) which de-

noted the initial state has been replaced with 0, representing the ground state
which can act as the initial state ), since by applying the operators C±k to the state
|ΨN

0 〉 one can obtain the new state |ΨN±1
0 〉. Thus, the spectral function A±(k, ω),

depending on the sign, defines the probability of single-electron addition (plus
sign) and the probability of single-electron removal (minus sign) for the inter-
acting system.

The single-particle GF for the interacting system described in Eqn. (2.24) can
then be expressed in terms of spectral function A(k, ω) as follows :

G(k, ω) =

∫ ∞
0

dE ′
A+(k, ω)

ω − E ′ + iη︸ ︷︷ ︸
G+

+

∫ ∞
0

dE ′
A−(k, ω)

ω + E ′ − iη︸ ︷︷ ︸
G−

, (2.26)

where E ′ = εN±1
m − µ. This expression can be simplified by using the Dirac

identity in the limit of η → 0+: (ω ± iη)−1 = P( 1
ω−E′ ) ∓ iπδ(ω − E ′), where

P denotes the principal value, which in turn yields the relation between the
spectral function and the GF via:

A±(k, ω) = ∓ 1

π
ImG(k,±ω), (2.27)

Comparing the spectral function of the non-interacting system to that of inter-
acting system, will give us an indication of how important this spectral func-
tion is. By inserting the GF for the non-interacting system from Eqn. (2.20) into
Eqn. (2.27), the spectral function will be a δ-function which is peaked at ω = εk.
In this case the spectral function can be written as A(k, ω) = δ(ω − εk).

For the interacting system, there is a correction of the GF due to the electron-
electron correlations, and other interactions, which can be conveniently expressed
in term of the electron self-energy, given by :

Σ(k, ω) = Σ′(k, ω) + iΣ′′(k, ω) (2.28)

The self-energy includes all the particle interaction effects involved. The outgo-
ing photoelectron perturbs the other particles of the system in such a way that
its motion is correlated with the other particles in the system. In other words,
the outgoing photoelectron affects the many-body system, which in turn feed
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Figure 2.20: (a) Momentum-resolved single electron removal and addition spectra for the non-
interacting system in which a single energy band dispersing across EF . (b) Same spectra for
interacting Fermi liquid system. Momentum distribution function n(k) is shown for both sys-
tems at corresponding ground state (T = 0K). Adapted from [6].

back to the outgoing photoelectron, thus altering its energy [88].
Since the self-energy describes the dynamic response or the time dependence

of the rest of the system correlated with the outgoing photoelectron, the self-
energy can be thought as an external effective potential which is time depen-
dent. Due to this self-energy, the interacting GF is corrected and is then given
by:

G(k, ω) =
1

ω − εk + Σ(k, ω)
, (2.29)

By employing the relation between the GF and spectral function (SF) given by
Eqn. (2.27), one can obtain the interacting SF:

A±(k, ω) = ± 1

π

Σ′′(k, ω)

[ω − εk − Σ′(k, ω)]2 + [Σ′′(k, ω)]2
(2.30)

It is evident that Σ′(k, ω) describes the correction to the the value of the bare
particle dispersion εk, while Σ′′(k, ω) describes the lifetime broadening of the
non-interacting spectrum at ω = εk, which occurs due to the many-body inter-
actions in the system.

In the interacting electron systems described in preceding paragraph, de facto
the concept of the quasiparticle (QP) has been introduced, in which the real
particle is surrounded by a cloud of excitations of the system. In this way, the
physical electron is dressed or renormalised with a variety of excitations of the
various degrees of freedom of the solids. This leads to new properties for the QP
compared to the physical electron such as an effective mass m∗, a renormalised
energy εk − Σ′(k, ω), and a finite lifetime τk.

In this case of an interacting electron system, the momentum distribution nk
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of the QP will display a discontinuity smaller than unity at k = kF , which is
in sharp contrast to the case of the electron gas in which nk has a discontinuity
equal to unity, showing a perfect step-like function at T = 0K. The size of
the discontinuity at k = kF is known as Zk, the coherence factor or the pole
strength. Since the spectral weight should be conserved, then the remaining
spectral weight must be transferred to an ”incoherent part” (see Figs. 2.20(a)
and 2.20(b)).

As discussed in the preceding part about the overlap integral
∑

m |cm,0|2 =∑
m |〈ΨN−1

m |ΨN−1
0 〉|2 described in Eqn. (2.14), it then follows that the eventual

photoemission spectrum consists of a main line (coherent part) and the satellite
part (incoherent). The latter corresponds to the non-zero |cm,0|2, arising from
the interaction of a particular ground state ΨN−1

0 and a number of excited states
ΨN−1
m created as a result of the photoemission process.
In conclusion for this part, we have shown that the intensity in angle resolved

photoemission is directly proportional to the spectral function A(k, ω), multi-
plied by the matrix element, thus giving:

I(k, ω) = I0(k, ν,A)f(ω)A(k, ω)⊗Rω ⊗Rk +BG, (2.31)

where I0(k, ν,A) denotes the single-electron dipole matrix element Mk
f,i which

depends on the momentum and energy of the photoelectron as well as the po-
larisation of the incoming photon. f(ω) denotes the Fermi-Dirac function which
is given by:

f(ω) =
1

(exp[~ω−EF

kBT
] + 1)

, (2.32)

where EF is the Fermi energy. The momentum resolution Rk and energy reso-
lution Rω of the experiment as a whole (from the light source, crystal, and elec-
tron energy analyser) should also be included when the physical interpretation
is extracted from photoemission intensity because the measurement possesses
a linear response nature. The effect of the finite energy resolution can be sim-
ulated by convoluting a constant momentum cut through A(k, ω) ’data’ with
a one-dimensional Gaussian with an appropriate full width at half maximum
(FWHM). The momentum resolution can be simulated by summing up the con-
stant wavevector cuts through a theoretical A(k, ω) dataset across a certain k-
range. This procedure is permitted since the data from a real angle multiplexing
electron energy analyser are usually resulted from an angular slice integration
across a k-range already greater than the nominal angular resolution of the elec-
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Figure 2.21: Schematic representation of an experimental geometry that can give rise to a strong
matrix element effect in the photoemission intensity. A 3dx2−y2 orbital in a CuO2 planes pos-
sesses two minor planes (perpendicular to the xy plane). (a) M1 is the mirror plane along the
Cu-O bond; in this mirror plane, the 3dx2−y2 orbital has even reflection symmetry. (b) The sec-
ond mirror plane, M2, is that running at an azimuthal angle of 45◦ with respect to the first. In
M2 the 3dx2−y2 orbital has odd symmetry. Adapted from [6].

trostatic lens system of the electron energy analyser (see section 2.2.2 below).
This means that the approach of using a ”window” function is a better approx-
imation than a Gaussian function would be [91]. The BG in Eqn. (2.31) denotes
the intrinsic background which originates from secondary electrons that have
suffered scattering events during the escape from the solid to the surface and
into the vacuum.

Since the self-energy Σ(k, ω) in Eqn. (2.28) is an analytical function then its
imaginary and real parts are related through the Kramers-Kronig transforma-
tion [90]. This property will be evaluated and applied in detail in Chapter 5.

The matrix element effects

The implication of the matrix element, which was given earlier in the dipole
approximation as |Mf,i|2 = |〈Φk

f |A · p|Φk
i 〉|2 for the photoemission intensity will

be discussed in more detail in this section. It is clearly evident that the matrix
elements should be taken into account as well as possible when photoemission
spectroscopic data is analysed.

The matrix element, as appearing in Eqn. 2.31 depends on a number of fac-
tors including the photon energy, the k-loacation of state being probed and the
polarisation of the exciting radiation (with respect to the orientation of the crys-
tal and the detector) [77]. There are particular situations in which the matrix
elements can be exploited to give information regarding the symmetry of the
initial states in a photoemission experiment. The effect of a crystal mirror plane
is a good and relevant example of this. For clarity, let us consider the photoe-
mission from a sample which contains occupied orbitals of the same symmetry
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Table 2.1: The polarisation condition which is needed in order to get a non-vanishing photoe-
mission intensity in the experimental geometry given in Fig. 2.21.

mirror plane Φk
i symmetry matrix element required

polarisation
M1 even 〈+|+ |+〉 even or p
M2 odd 〈+| − |−〉 odd or s

as a dx2−y2 orbital (for example the Zhang-Rice singlet in the CuO2 planes of
BSCCO). The dx2−y2 orbital pictured in Fig. 2.21(a) has even symmetry with re-
spect to reflection in the mirror plane M1 and has odd symmetry with respect
to the mirror plane M2 shown in Fig. 2.21(b)

The electron analyser will be able to detect a non-zero photoemission inten-
sity if the whole integrand in the overlap integral is an even function (including
the final states Φk

f ) under reflection in the relevant mirror plane. This is so be-
cause the odd-parity final states would be zero everywhere in the presence of
the mirror plane and therefore also at the electron analyser which lies in the mir-
ror plane. This implies that for the experimental geometry shown in Fig. 2.21(a),
the A · p|Φk

i 〉 must have even symmetry. Consequently, if the initial state Φk
i is

even with respect to the mirror plane M1 then the light polarisation A must
be even too, meaning that only components of A that are parallel to the mirror
plane M1 will contribute to a non-vanishing intensity at the detector. In the case
when the initial state Φk

i is odd with respect to the mirror plane M1 such as in
Fig. 2.21(b), the polarisation A will also need to be odd in the sense that only
the component of A that is perpendicular to the mirror plane M1 will allow the
dipole transition and therefore yield photoemission intensity.

In summary, the experimental geometry in combination with the polarisation
of the light will enable us - in particular cases - to study the orbital symmetry
of the initial states. Hence, there are preferable polarisation and experimental
conditions for photoemission measurements at high symmetry points of the
Fermi surface of, for example high-TC cuprates: for measurement along the Cu-
O bond direction (Γ-M, see Fig. 2.9), the polarisation vector of the incoming light
should be parallel to the Γ-M ((0,0)-(π, 0)) line, while for measurement along the
zone diagonal (nodal line, ΓX or ΓY), the polarisation vector of the incoming
light should be perpendicular to the Γ − (X)Y ((0,0)-(π, π)) line. Note that the
arguments provided in the preceding paragraph will be no longer valid if the
detector is located out of the mirror plane of the sample or the sample itself
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Figure 2.22: (a) The schematic drawing of the ARPES set-up at the University of Amsterdam,
called FAMoS. A: cryostat, B: polar movement’s step motor, C: azimuth movement’s step motor,
D: Z bellows, E: (x,y)-table, F: preparation chamber (PC), G: magnetic transfer arm and sample
magazine, H: sample holder, I: LEED system, J: gate valve, K: cryo pump, L: main/analysis
chamber (MC), M: Scienta 2002 electron analyser. (b) FAMos set-up in reality.

has no mirror plane. This principle will be revisited in Chapter 3 in order to
elucidate the origin of the shadow Fermi surface of Bi2212 related compounds.

2.2.2. Experimental set-up

This section will discuss the experimental set-ups used to carry out the AR-
PES measurements presented in this work. In general, performing ARPES mea-
surement requires: a light source, an electron energy analyser, detector and a
sample cryostat (also possibly allowing rotation of the sample). All of these
components should be housed in an ultra-high vacuum (UHV) chamber. In
addition, one requires high quality single crystals which should be cleaved in
situ in UHV (with a pressure of less than 10−10 mbar), in order to provide clean
surfaces for investigation.

Measurements presented in this thesis were performed at different laborato-
ries but they shared the same basic experimental set-up. For example, Fig. 2.22
shows the experimental set-up at van der Waals-Zeeman Institute, University
of Amsterdam (the experiment is named FAMoS, after FOM-Amsterdam Mo-
mentum Space microscope) which has been used to produce the Fermi surface
map of the PbBi2212 compound shown in Fig. 3.1. This set-up is equipped with
a two-angular axis cryomanipulator which can rotate the sample position in the
polar degree of freedom (the rotation axis is parallel to the sample surface and
in the vertical plane of Figs. 2.22(b) and 2.23(b), an angle we denote θ, and in
the azimuthal degree of freedom (the rotation axis is perpendicular to the sam-
ple surface), an angle denoted Φ (see Fig. 2.23(b)). The (cryo)manipulator is
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Figure 2.23: (a) A typical flat and mirror-like surface of Bi2212 single crystal mounted on a
sample holder. (b) The two-axis (cryo)manipulator can rotate the sample in the polar degree of
freedom about angle Θ as well as in the azimuthal degree of freedom about angle φ.

mounted on a commercial x,y,z translation stage to enable an adjustment of the
sample position in the vacuum chamber.

Almost all experimental results presented in this thesis were performed at
synchrotron radiation laboratories, namely, the SLS (Swiss Light Source) in Vil-
ligen, Switzerland, at the X90LA-SIS beamline [92] and at BESSY in Berlin, Ger-
many, at the UE112 PGM1 beamline [93]. At both beamlines, end-stations con-
ceptually similar to the FAMoS system were used in all aspects except that of
light source.

Light sources

In the case of the FAMoS set-up in Amsterdam, the light source is a helium
discharge source, namely the VUV 5000 system from the company Gamma-
data, driven by a VUV 5010 microwave generator.

The photons that are provided by this equipment, are emitted due to de-
excitation of electrons in He atoms from the 1s12p1 state to the 1s2 state in a
He plasma. This process yields the most intense ”line” in the spectrum, that is
known as HeIα with an energy of 21.218 eV. Another main transition line is the
transition of electrons in He ions from 2p1 state to 1s1 state, known as HeII α
with an energy of 40.812 eV. The He I line has the most intense output account-
ing for ca. 88% of the intensity, while the He II accounts for 5% of the total VUV
intensity.

To sustain the helium plasma mentioned in the preceding paragraph, an elec-
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ring.jpg

Figure 2.24: (a) Schematic of a beamline set-up at a synchrotron radiation source with an undu-
lator (the straight section in the storage ring which produces the photons), the monochromator
which selects the energy of the photons and the hemispherical analyser. Adapted from [6]. (b)
A schematic example of a synchrotron radiation facility at BESSY in Berlin, Germany. Electrons
moving around in a storage ring emit radiation when passing through an undulator device.

tron cyclotron resonance (ECR) condition is used, whereby, the helium plasma
experiences a Lorentz force due to a static magnetic field and thus starts to ro-
tate perpendicular to the magnetic field. The angular frequency of the electrons,
in the presence of the perpendicular electric field, is given by the cyclotron fre-
quency ωce:

ωce =
eB

mc
, (2.33)

where e denotes the electron charge, B denotes the static magnetic field, m is
the electron mass, and c is the electron velocity. The ECR is achieved by fine
tuning the electric and magnetic field such that the angular frequency ωce of the
electrons is equal to the frequency of the oscillating electric field. Typically the
frequency of the oscillating electric field is in the microwave region, in this case
10 GHz and therefore the VUV 5010 microwave generator is used in order to
generated these waves.

The advantage of this ECR He source compared to traditional high voltage
He discharge sources is that the excitation efficiency is so much higher that a
considerably lower He gas pressure in the discharge region can be employed
(102 mbar instead of a few mbar). This leads to a substantial decrease in self
absorption of the radiation by the He atoms in the plasma. In turn, this not only
leads to higher intensities but also to significantly narrower linewidths of the
VUV radiation.

Besides the main HeIα and HeIIα lines, weaker satellite lines are also pro-
duced by the ECR source. As a consequence, a toroidal grating monochromator
is used to select a single line out of the He discharge spectrum.
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Measurement using a synchrotron radiation source offer many advantages.
For example: the availability of photons with a wide range of different energies
and polarisations, the photon flux is much higher as well as the smaller size of
the light spot. The latter is very helpful in terms of reducing the need for very
large and extremely flat single crystal samples.

Synchrotron radiation is created when charged particles travelling at rela-
tivistic speeds are accelerated. In a storage ring-based synchrotron radiation
facility, this acceleration is realised by a deflection of the trajectory of a usu-
ally GeV electron beam by magnetic structures. In the research presented here
these structure are periodic arrays of magnets called undulators, situated in
straight sections of the storage ring (see Fig. 2.24). Upon passing through the
periodic magnetic field of the undulator, the electron beam oscillates, emitting
synchrotron radiation. The result is a highly collimated, intense (in our case)
VUV beam of an energy that can be tuned to with a few eV by adjustment of
the strength of the magnetic field, which is altered by adjusting the distance
between two arrays of magnets. In order to obtain circularly polarised light,
another undulator can be installed perpendicular to the first undulator. By in-
troducing a phase difference between these two undulators, circular polarised
light will be achieved. The light is then monochromatised to the desired pho-
ton energy using a grating monochromator (see Fig. 2.24). Details of the two
beamlines used can be found here [92, 93],

Hemispherical electron analyser and detector

An electron energy analyser consists of two concentric hemispheres (of radii
Rin and Rout) which actually carry out the energy dispersion. The electrons
travel in trajectories which are generated by the voltage difference between the
two hemispheres, in the radial electrostatic field. The potential on these hemi-
spheres is given by

Vin(Rin) =
E0

e
[
2R0

Rin

− 1] (2.34)

Vout(Rout) =
E0

e
[
2R0

Rout

− 1], (2.35)

where E0 and R0 are the pass energy and mean radius respectively. Only the
electrons with energy close to E0 will then arrive at the detector. The pass en-
ergy used in the experiments related here was varied between 2, 5, 10, and 20
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Figure 2.25: Schematic of the electron analyser and detector system.

eV. The range of energies that can simultaneously be recorded is ca. E0/10. The
energy resolution can be determined, in part, from the pass energy. The lower
the pass energy, the higher the resolution and the lower the intensity at the de-
tector since the energy range that can simultaneously be probed depends on
the pass energy. Another factors that determine pass energy are the size of the
entrance slit and R0.

In this work, the emitted photoelectrons have been analysed using commer-
cial hemispherical electron analysers from the company Gammadata-SCIENTA:
a SCIENTA SES 100 (with mean radius R0 of 100 mm) at the BESSY end station2

and a SCIENTA SES 2002 (with R0 of 200 mm) at University of Amsterdam and
at the SLS end-station.

Before the electrons pass through the entrance slit and thus the hemispher-
ical analyser, a multi-element lens retards the electrons to an energy close to
the pass energy and can additionally focus the electrons in either an angularly
or spatially resolved manner. In the angularly resolved mode (called angular
mode), the electrons are sorted by the lens system according to their emission
angle from the sample surface. In the spatially resolved mode (called transmis-
sion mode), the lens system analyses the original position of the electrons and
therefore a real space image of the sample is obtained.

After the electrons, with a certain energy width centered on the pass energy,
have passed by the analyser, they land on the detector as shown in Fig. 2.25. The
detector consists of a two dimensional multichannel plate that multiplies the
incoming electrons, and an phosphor screen that produces a light flash when

2kindly made available to us due to the generosity of the ARPES group of the IFW Dresden.
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it is hit by the electrons. A CCD camera detects the light flashes. Thus, the
detector enables one to image the electron’s kinetic energy and emission angles
simultaneously. The SES 2002 and SES 100 analysers have an acceptance angle
range of ∼ 14◦ and ∼ 7◦ respectively, leading to angular resolutions of 0.2◦ and
0.3◦, respectively.

Low energy electron diffraction (LEED)

In this subsection, a brief description of low energy electron diffraction (LEED)
is given. This technique is used to study single crystalline surfaces by means of
back scattering of monochromatic electrons. The electrons with a energy of typ-
ically 20 to 200 eV are ejected from an electron gun and are back-scattered by the
atoms on the surface of the sample. These backscattered electrons then are de-
tected as bright spots on a fluorescent screen. If these electrons satisfy the Bragg
condition nλ = 2d sin θ then constructive and destructive interference results in
the appearance of a diffraction pattern.

LEED is a surface sensitive technique like ARPES, since the electrons have
similar kinetic energy to the photoelectrons and thus a similarly short inelastic
mean free path. The diffraction pattern yielded by LEED reflects the symmetry
of the 2D reciprocal lattice belonging to the surface layer.

Before doing any ARPES measurements it is worthwhile to do LEED first
because with LEED one can immediately get an impression of the quality of
the sample (for example: to judge whether the sample has a superstructure or
whether the sample is tilted). Another advantage of using LEED before doing
ARPES is to quickly align the sample, so as to know how to align the energy
analyser’s angular dispersive direction in a particular orientation in reciprocal
space.

Sample preparation

The vast majority of the single crystal Bi2212 samples (both pristine and lead
doped) used in this work were grown using the optical floating zone method
by Dr. Yingkai Huang, the crystal grower in our institute at the University of
Amsterdam. For the ARPES measurements presented in Chapter 3, part of the
samples were kindly provided by Dr. Helmuth Berger from the Institute of
Physics of Complex Matter, EPFL, Lausane, Switzerland.

In order to obtain modulation-free single crystals, they were doped with lead
PbxBi2−xSr2CaCu2O8+δ with x ∼ 0.4). To vary the doping level (by varying
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Figure 2.26: (a) Three-dimensional representation of the basic measured quantity in a modern
ARPES experiment, showing the total intensity as a function of energy and parallel momentum
of the photoelectrons. The data is taken along the nodal cut crossing the FS as shown in the
inset of panel (d). (b) The 3D ARPES data after subtraction of a ”constant” background. (c) The
”constant” background subtracted from the data in panel (a) to yield (b). (d) An example of
background subtraction procedure applied to MDC (momentum distribution curve). O and U
denote the points where the line defining the background for this constant energy scan should
be drawn. (For details of how to define the ”constant” background, see text).

δ), the newly grown crystals (known as ”as grown” or AG) are subjected to a
post-annealing treatment in order to add or remove oxygen from the crystal and
therefore change the doping level. Annealing in flowing oxygen is more likely
to add oxygen to the crystal and hence overdope the crystal, while annealing in
flowing Ar or N2 will take oxygen from the sample and thus tend to underdope
it. For the measurements presented in Chapters 4 and 5, overdoped samples
with TC ’s of 78 K, 80 K, and 84 K were used.

All Bi2212 crystals were cleaved in vacuum using loops made from adhesive
tape. Only cleavage surfaces that were shiny, flat and non-leafy, and which gave
high quality LEED patterns, were used to do the ARPES measurements.

2.2.3. The data analysis method

This section discusses how to present the measured signal and how to do
the analysis of the ARPES spectra, so as to enable the extraction of important
quantities such as quasiparticle lifetime and dispersion in an evident and robust
manner.

In an ARPES measurement, photons of fixed energy hν and polarisation are
used. The experiment itself comprises the measurement of the number of pho-
toelectrons per time interval as a function of both their kinetic energy and emis-
sion angle with respect to the sample normal. As discussed in an earlier sub-
section, the electron energy analysers used in the course of this thesis yield a
simultaneous measurement of the photoelectron intensity as a function of ki-
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netic energy and along a line scan in kx and ky, the position and orientation of
which with respect to the 2D Brillouin zone can be set by the values of the polar
(θ) and azimuthal (φ) angles via the cryo-manipulator.

Fig. 2.26(a) shows the three dimensional ARPES data set: intensity as a func-
tion of parallel momentum (the aforementioned line scan in kx, ky) and the ki-
netic energy of the detected photoelectrons. This data is recorded along the
nodal line (ΓY) in the first BZ of OD Bi2212, a cut which is shown schemati-
cally in the inset to panel (d) of Fig. 2.26. As mentioned in the discussion about
the ARPES basic principles, the measured signal is made up of different contri-
butions which one should take into account correctly when the data analysis is
performed. For example, one should aware of the presence of the inelastic back-
ground due to secondary electrons as shown in Fig. 2.26(c). Consequently, one
of the steps in analysing ARPES data can be the subtraction of the background .

Before we discuss the background subtraction procedure, it is worthwhile to
describe a basic unit of ARPES data obtained from an angle multiplexing anal-
yser. The middle panel of Fig. 2.27 shows the projection of the 3D ARPES data
which is called the EDM, or energy distribution map. Slicing such a data set
parallel to the momentum axis yields an MDC (momentum distribution curve),
a constant energy quantity. Slicing parallel to the E axis gives the EDC (energy
distribution curve), which is to a good approximation a constant k‖ quantity.

The EDM shown in Fig. 2.27 is therefore composed of a large number of
EDC’s each of which has been recorded on a different angular channel on the
detector. As differences in detector efficiency are averaged out across the en-
ergy direction by sweeping the spectrum across the detector, there only remains
the necessity for a normalisation across the angular direction of the detector
i.e. from one EDC to the next. A common procedure is to normalise the EDC’s
for different emission angles to the intensity for the unoccupied states above the
Fermi level, as this intensity comes from excitation of deep lying levels excited
with higher order light and thus is, to a first approximation, angle independent.
Alternatively, one can use a reference EDM from a polycrystalline gold film for
the normalisation.

To determine the background to be subtracted from the measured MDC record-
ed along the ΓY line (nodal direction) shown in Fig. 2.26(d), a line is drawn from
the lowest intensity (U) to another lowest intensity point (O). U is located at
k > kF therefore for any kx and ky value, there is no occupation for E ≤ EF . O is
located in the occupied states (E < EF ) yet at that kx, ky value there is no band
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Figure 2.27: Approaches toward analysing ARPES data. The EDM, energy distribution map, is a
two dimensional representation of ARPES data as a function of energy and a parallel component
of the photoelectron momentum. Analysing a constant energy cut of the EDM graph will yield
the MDC (right panel) while analysing a constant momentum cut will yield the EDC or energy
distribution curves (left panel). The inset in the MDC panel shows the experimental nodal cut
through k-space that gave rise to the pictured EDM.

at the energy selected.
Another way to represent the ARPES data is as a constant energy plot versus

kx and ky. This is called an MDM (momentum distribution map). As an example
one can refer to the Fig. 3.1 which represents a Fermi surface map recorded from
overdoped PbBi2212.

The EDC line shape (Fig. 2.27, left) shows a non-trivial form which makes
data analysis based on EDC’s more complicated. The asymmetric shape is in-
troduced by the Fermi function f(ω) as it cuts the spectral function in the positive
ω region. Another factor behind the complicated EDC line shape comes from
the non-trivial ω dependence of the self-energy as given by Eqn. (2.30), yielding
a non-Lorentzian shape of the spectral function A(k, ω). The latter constraint
forces one to model the self-energy in order to simulate the EDC and therefore
makes the EDC analysis itself dependent on the details of the self-energy model
used.

On the contrary, the MDC line shape is simpler since it resembles a Lorentzian
lineshape. Indeed, close to the Fermi level the dispersion can be considered
linear such that for k near kF , the bare dispersion can be approximated as εk
' v0

F (k − kF ), where the v0
F = ∂εk

∂k
is the bare Fermi velocity. Hence, from

Eqn. (2.30), it is easy to see that the MDC has a Lorentzian line shape which
is centered at k = kF + [ω − Σ′(ω)]/v0

F and has half-width (HWHM) WM =

|Σ′′(ω)|/v0
F . The peak position will give one point in the renormalised disper-
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sion, while its half-width describes the life time of the quasiparticles and is pro-
portional to the imaginary part of the self-energy. Note that such an analysis is
valid in a regime without a (superconducting) energy gap.
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3
THE FERMIOLOGY OF

BI2SR2CACU2O8+δ : THE

ORIGIN OF THE SHADOW

FERMI SURFACE

This chapter describes a detailed experimental description and analysis of
the shadow Fermi Surface (SFS) seen in the ARPES data of Bi2Sr2CaCu2O8+δ

and related systems. In introduction , the status of SFS is given, then followed
by the way how one could devise an experiment to resolve the origin of the SFS
band. Based on a symmetry argument we can distinguish between initial and
final state effects in the photoemission signal from the main band (MB) and SFS
bands. This evidence, along with low energy electron diffraction (LEED) data
led to the explanation of the SFS’s structural origin, being due to orthorhom-
bic distortions from the initial tetragonal symmetry. This has resolved an open
question in high TC research since 1994.

3.1. Introduction to the fermiology of Bi2Sr2CaCu2O8+δ

The Fermi surface (FS) is a surface of constant energy in reciprocal space (k-
space). Since the electronic excitations at low energy across the FS determine
the low energy properties of a material, this makes the FS one of the central
concepts in condensed matter physics.
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Figure 3.1: (a) k‖ intensity mapping of modulation-free Bi-based HTSC shows two primary
features, i.e. the main band (MB, shown here using a red line) and shadow Fermi surface (SFS,
shown here in blue). This intensity map was taken using photon energy of 21.2 eV on overdoped
Pb-Bi2212. The green area shown the data recorded, which have been symmetrised to give the
whole figure.

In the photoemission data of the Bi-based HTSC, two primary FS features are
observed, namely the main band (MB) FS and the SFS. The MB FS is located
and centered around X and Y in the 2D BZ, while the SFS is located around Γ

and equivalent points [58] (see Fig. 3.1). While the MB feature has been heavily
studied and investigated, as have the superconducting gap [6, 34], pseudogap
and many body interactions seen in the spectra, only few studies have been
carried out on the SFS.

The SFS was observed for the first time by Aebi et al. in 1994 [58] and since
then its origin has been a matter of controversy. At a first glance, the SFS looks
like a (π, π)-shifted copy of the MB FS but with less intensity and therefore short-
range antiferromagnetic (AFM) spin fluctuations which are present in all cupra-
tes were initially suggested as its origin [58, 94], since these will give rise to a
scattering vector that would connect the MB and SFS. Many theoretical and
experimental studies have been published agreeing with this magnetic origin
[95–101].

The second group of mechanisms for SFS formation is non-magnetic in origin.
The SFS is suggested to come from backfolding of bands due to departure from



THE FERMIOLOGY OF BI2SR2CACU2O8+δ : THE ORIGIN OF THE SHADOW FERMI

SURFACE 57

Figure 3.2: From Ref. [102] LEED pattern of Bi2212 recorded with very low energy electrons.
(a) clear c(2× 2) like spots are highlighted in red. (b) The beam energy dependence of the spots
indicated. Above 25 eV the c(2× 2)LEED spots is graduating vanish.

the ideal tetragonal structure of Bi-based HTSC [103] or due to a c(2×2) surface
reconstruction [104]. Both modifications of the lattice induce a smaller Brillouin
zone.

In the AFM scenario, significant renormalisation of the SFS dispersion with
respect to that of MB should exist, and the SFS band intensity should be strongly
dependent on both the doping level and temperature, i.e.: firstly it should be
stronger in the underdoped (UD) region and weaker for overdoping (OD) since
from the phase diagram in the preceding chapter it is known that a reduction in
hole-doping (UD) means that the system approaches the AF region. Secondly,
the AFM scenario leads to the prediction that the SFS band should be strongly
temperature dependent i.e.: increasing as the temperature is lowered, in keep-
ing with the temperature dependence of spin fluctuations measured at Q (π, π)
in neutron scattering [105].

These characteristics of the AFM origin of the SFS allow for an experimen-
tal check of the validity of this mechanism for its formation. Following this
strategy, a recent ARPES study [106] has argued convincingly against this AFM
scenario. This study has shown a lack of additional dispersion renormalisation,
and of doping, or temperature dependence of SFS band signal in ARPES. Ad-
ditionally, a very low-energy electron diffraction (VLEED) study revealed what
was interpreted as a hidden c(2 × 2) periodicity in pristine Bi2Sr2CaCu2O8+δ

[102] (see Fig. 3.2), which is more consistent with the structural origin . In this
study, the c(2 × 2) periodicity which is similar to the periodicity of SFS band



58 CHAPTER 3

Figure 3.3: Sketch of the experimental setup for the case of (a) p-polarisation and (b) s-
polarisation. The incident light with polarisation vector A (drawn orange), surface normal
n̂, and detected photoelectrons are all in a single plane.

observed in ARPES, appears due to the multiple scattering process involving
CuO planes, the outer SrO and BiO planes as well as their incommensurate
modulation. Thus, it is clear that VLEED probes the final states of photoemis-
sion, but one could ask the question: is the SFS in these particular cuprates a
phenomenon residing in the final states, or is it an initial state effect and thus
relevant not only for photoemission but also for transport and other physical
properties? This question was answered comprehensively by the authors of
Ref. [51] and forms the anchor and framework of this chapter.

3.2. Experimental

The ARPES experiments were performed at the Surface and Interface Spec-
troscopy (SIS) beamline of the Swiss Light Source (SLS), using a Scienta 2002
spectrometer. Energy and angular resolution were better than 40 meV and
0.3◦(which would correspond to 0.03Å−1 for a photon energy of 100 eV), re-
spectively. High quality pristine Bi2212 and Pb-doped Bi2212 untwinned single
crystals were grown using the travelling solvent floating zone method and were
mounted on a 5-axis cryomanipulator that allows polar and azimuthal rotation
of the sample in ultra-high vacuum (ca. 10−10 mbar) with a precision of 0.1◦.
Cleavage and measurement took place at T = 15 K.

In order to distinguish between the final and initial states, we devised an
experimental geometry that exploited the polarisation of the incoming photons
as shown in Fig. 3.3. In the geometry used, the incoming synchrotron radiation,
the sample surface normal and the detected photoelectrons all lie in the same
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Figure 3.4: (a) Mirror planes for for Zhang-Rice singlet (ZRS) states which are relevant for the
Bi-based cuprates. M1 is a mirror plane which connects the (0,0) and (π,0) points in the 2D BZ.
M2 is the mirror plane which connects the (0,0) and (π, π) points. (b) Schematic drawing of
Bi2212 Fermi surface. Solid red and blue lines represent the MB FS and SFS, respectively. The
dotted black box represents the tetragonal first BZ. M1 and M2 are the same mirror planes as
described in (a). Note that the conventional notation for the high symmetry points in the 2D BZ
is: (0,0) is the Γ point, (π, π) is the Y point, (π,−π) is the X point, and (π, 0) is the M point. (c)
This sketch shows the sample oriented such that the ΓX(Y) direction lies horizontal.

horizontal plane (shown in green in Fig. 3.4(c)). Three different polarisations
have been used in the experiment: linear horizontal [p], linear vertical [s] and
circular left [σ+]. Due to the undulator design, pure s polarised radiation is only
available for photon energies ≥ 100 eV.

The ARPES intensity is proportional to the matrix element 〈φf |p · A|φi〉 as
described in chapter 2 and is given by,

I ∝
∑
f,i

|〈φf |p ·A|φi〉|2A(k,E)f(E)⊗RE ⊗Rk +BG, (3.1)

where φf and φi are final and initial states, p and A are the momentum
vector of photoelectron and the electromagnetic vector potential, respectively,
A(k,E) is the spectral function and f(E) is the Fermi-Dirac distribution func-
tion. RE,Rk, and BG denote the experimental energy resolution, momentum
resolution, and background, respectively.

In the following we show that one can use the photon polarisation to probe
the symmetry of the initial states. As shown in Fig. 3.4(a), the Zhang-Rice singlet
(ZRS) states which are relevant to our Bi2212 sample [6, 107], have a defined
reflection symmetry in two mirror planes, denoted M1 and M2. The mirror
plane M1 in reciprocal space is equal to the line that joins the (0,0) and (π,0)
points, while the mirror plane M2 is equal to the line that joins the (0,0) and
(π, π) in the reciprocal space. If the sample is oriented such as shown in Fig.
3.4(c), then the mirror plane can be arranged to contain the Poynting vector of
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the synchrotron radiation, the surface normal and the photoelectrons. In this
case, the initial state has odd symmetry with respect to the mirror plane [6].

As it was described previously in the matrix element subsection of Chapter 2
(see Table 2.1 on page 44), in order to get non-vanishing intensity at the detec-
tor, the final state symmetry has to be even. This constraint means that p ·A|φi〉
should be even. In the case of an even initial state, this requires p-polarised light,
while odd initial state, will require s-polarised light. This leads to the conclu-
sion that with p-polarised light, only the even component of the initial state will
be observed, while with s-polarised light, only the odd component will be ob-
served. In this context, σ+-polarised light can be considered as a superposition
of p and s polarisation and consequently it is used in the following to catalogue
all features concerned.

3.3. Results from pristine Bi2Sr2CaCu2O8+δ

A sketch of the pristine Bi2212 FS is shown in Fig. 3.5(a). The main FS, which
consist of barrels centered around the corner points X and Y of the tetragonal
BZ, is represented by a solid red line. The SFS is represented using a solid blue
line and is centered around Γ point and equivalent k-points. The diffraction
replicas (DRs) of these primary features are represented by dotted lines of ap-
propriate colour. The presence of DRs is due to an incommensurate modulation
of the BiO planes along the b axis (ΓY). The modulation vector is denoted by q.
For reasons of simplicity, the FS barrels sketched in Fig. 3.5(a) are represented as
circles, and the c-axis bilayer splitting due to the present of two adjacent Cu-O
layers is neglected.

Fig. 3.5(c) shows an energy momentum map (EDM) recorded along cut I
(i.e. in the ΓY direction), measured with σ+-polarised light. As one can see
from Fig. 3.5, the features from both the EDM and MDC (momentum distri-
bution curves) can be identified as: (1) the MB, (2) 1st order SFS DR, (3) 1st
order MB DR, (4) SFS band, (5) 2nd order MB DR. Fig. 3.5(d) and 3.5(e) show
the same cut but now measured with p and s-polarised light, respectively. The
MB features should have purely odd symmetry with respect to M2 (ΓY plane)
as expected from their Zhang-Rice singlet (ZRS) character [107]. In such a case,
p-polarisation disallows the MB excitation and one can see from Fig. 3.5(d), that
there is, indeed, a complete suppression of the MB features (labelled 1,3 and 5
in Fig. 3.5(c)). On the contrary, the SFS band (and its DR’s) does not vanish with
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Figure 3.5: (a) Sketch of the pristine Bi2212 Fermi surface.(b) Map of intensity at EF ± 15meV
from a region around cut I, measured with p-polarised light and hν = 40 eV. (c)-(e) EDMs
(Energy Distribution Map) measured at cut I in (a) using polarisation indicated and hν = 100
eV. The white lines in the EDMs show the MDC’s (Momentum Distribution Curves) at EF .

p-polarisation.
In Fig. 3.5(e), however, the situation is reversed. When measuring with s-

polarised light, the SFS band features are wholly suppressed while the MB fea-
tures remain present. Fig. 3.5(b) illustrates not only that the ”switching-off” of
the MB ( in fact a DR of the MB, labelled 3 in panel (c)) is effective only within
a range ± 2◦ in azimuthal angle within the ΓY azimuth, but also that the SFS
band intensity is maximal exactly along the nodal line. These data are the first
evidence that the SFS band states have even symmetry with respect to the mirror
plane M2 (ΓY), while the MB states are odd along ΓY.

In the ΓX direction (cut II in Fig. 3.5(a)), the separation between the primary
features (both MB and SFS band) and their replicas is only 0.07 Å−1, which
makes the situation complicated. Fig. 3.6(a) shows a 100 eV ΓX EDM, mea-
sured with s-polarised light. The very low intensity of the SFS band is a further
challenge. Direct inspection of Fig. 3.6(a), would suggest that the intense fea-
tures on the left hand side (below 0.6 Å−1) are originating from the MB (and its
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Figure 3.6: (a-b): EDMs measured at cut II in Fig. 3.5(a) (hν = 100 eV) with s and p-polarised
light, respectively.(c-d). EDMs (hν = 40 eV) measured at the same cut as (a) and (b) using
the polarisations indicated. The EF MDCs are shown as white lines. The inset in Fig. 3.6(c)
shows the magnifications in the region of the shadow band, including a Lorentzian as a guide
to the eye. (e) The comparison of MDCs at the EF (hν = 100 eV): σ+ (black), s (blue), and
p-polarisation (red). The position of the MB, MB DR, and SFS band are indicated by vertical
dotted lines.

replicas), while the weaker features on the right hand side (above 0.6 Å−1) are
coming from the SFS band (and its replicas). Note that since the intensity of the
SFS band is very low, it has been adjusted in the figure , so as to make it more
clear. From analysis of the MDC at EF (see Figs. 3.6(a) and 3.6(b)) one can see
that the MB feature has two branches. The left branch belongs to the MB and
the right branch belongs to MB DR. Since the intensity of SFS features are very
low, the branching of SFS states cannot easily be observed.

What happens if one now switches the polarisation from s to p? Fig. 3.5(b)
shows the situation when the polarisation is switched. The intensity of the SFS
branch (above 0.6 Å−1) is absent, while the intensity in the MB region (below
0.6 Å−1) now consists of only a single branch. A detailed analysis of the EF
MDCs of all three polarisations would be helpful in order to attribute which
branch belongs to which band. Fig. 3.6(e) shows such a compilation of MDCs,
illustrating the splitting of the MB states into MB and MB DRs and the presence
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of SFS band features for both the σ+ and s polarisation. In the p-polarisation
MDC, however, the MB (0.41 Å−1) is absent as is the SFS band feature. Only the
MB DRs (0.48 Å−1) are present. The peak at 0.23 Å−1 can be attributed to 2nd

order DRs. Therefore, it is clear that from an MDC analysis for data recorded
along the ΓX direction, both the MB and SFS bands show identical polarisation
dependence, having odd symmetry with respect to the ΓX M2 plane

The separation in angle between the primary features (both the MB and SFS
band) and their replicas can be made bigger by using a lower photon energy
such as 40 eV. Although the lower photon energy means that pure s-polarised
light is not available, the situation is nevertheless more simple compared to
that when using 100 eV, as one can see in Fig. 3.6(c) and 3.6(d). Applying the
same analysis as we did for a photon energy of 100 eV, again the same result is
arrived at, namely that both the MB and SFS band show identical polarisation
dependence by having odd symmetry in the M2 mirror plane.

Consequently, these data - recorded mainly with hν = 100 eV - make a very
strong case for the fact that the main and shadow states have opposite mirror
symmetry in the ΓY nodal mirror plane, but the same mirror symmetry in the
ΓX mirror plane. This is a surprising result, based in part on the absence of
SFS intensity for ΓY and s-polarised light. From Eqn. (3.1), it is clear that the
observed intensity in an ARPES experiment depends on both the energy and
polarisation of the light. This means that failure to see the SFS for a particular
photon energy and polarisation could be due to an ’unlucky’ combination of
photon energy and k-location and not due to initial state symmetry effects.

Thus, we would very much like an independent check of the vanishing SFS
band intensity seen in Fig. 3.5(a) in the ΓY direction. Therefore, in order to
prove that the SFS band state has even symmetry, further different checks have
been performed, namely an investigation of the photon energy dependence, the
dependence (if any) on the angle of incidence of the synchrotron radiation and,
finally, whether the conclusion that the MB and SB have different symmetry
depends on the incommensurate modulation inherent to the pristine Bi-based
high-TC superconductor. The last check is carried on with the help of Pb-doped
Bi2212 crystals, since by Pb-doping one can vary the wave length of the incom-
mensurate modulation in Bi2212.
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Figure 3.7: EDMs measured in the ΓY direction (cut I in Fig. 3.5(a)) in pristine Bi2212 for: hν =
40eV with (a) σ+, (b) p-polarisation, hν = 52eV with (c) σ+, (d) p-polarisation, hν = 91eV
with (e) σ+, (f) p-polarisation. (g) The intensity ratio of the shadow and main bands which
was measured using σ+-polarised light as a function of photon energy for two different pristine
Bi2212 crystals (open and closed symbols). (h) The fitting result for the 40 eV σ+ EF MDC with
four Lorentzians yielding an identical momentum width of both MB and SB.
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3.3.1. Photon energy dependence check

For the purpose of checking the photon energy dependence, we have per-
formed the measurements in the ΓY direction (cut I in Fig. 3.5(a)) using σ+ and
p-polarised light for hν < 100 eV. The left hand panels of Fig. 3.7 show data that
are recorded using σ+-polarised light, and the right hand panels show the data
recorded using p-polarised light. From the top to bottom of Fig. 3.7 the photon
energies used are 40 eV (a) and (b), 52 eV (c) and (d), and 91 eV (e) and (f). For
all photon energies, the σ+ data show both MB and SB features, while using p
polarisation the MB features are clearly absent. These results are expected as
the ZRS state has odd symmetry in M2 along the ΓY direction. The SB features,
on the other hand, are all visible for p-polarisation, proving that for k along ΓY
these initial states cannot be purely odd in character.

In order to unambiguously uncover the SB band symmetry, s polarisation is
needed, which in our case can be achieved only with photon energy > 100 eV.
The data shown in Fig. 3.5(e) give the clear message that the SB initial states
have even symmetry, since the emission from these states are completely sup-
pressed upon excitation with s-polarised radiation.

Fig. 3.7(g) shows the intensity ratio between the SB and the MB signal along
the ΓY direction of the first BZ as a function of photon energy, measured with
σ+-polarised light for two different pristine Bi2212 samples. The MB and SB
band intensities are obtained by fitting an MDC integrated within ± 20 meV
of EF using four Lorentzian lineshapes. All of the Lorentzians have identical
width (as we know from ref [106] and our own analysis such as that shown in
Fig. 3.7(h) that the MB and the SB have the same MDC width).

In summary, it is clear that in the ΓY direction the MB states are completely
suppressed using p polarisation for all photon energies studied. The SB states
are proven to be of other than purely odd character, for data taken with different
photon energies, and their complete suppression for s-polarised 100 eV photon
signals, strongly suggesting that their initial states have even character with
respect to the M2 mirror plane.

3.3.2. Incident angle dependence check

The polarisation vector A in Eqn. (3.1) consists of a component parallel to
the sample surface, A‖, and a component perpendicular to the sample surface,
A⊥ (see Fig. 3.3). All components of the polarisation vector must be taken into
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Figure 3.8: EDM measured with hν = 100 eV at cut III in Fig. 3.5(a) with σ+, s, and p-polarisation,
respectively. The labels in all panels refer to the shadow band (SB) (A), MB DRs (B,D) and MB
(C).

account as possible origins for the vanishing SFS band intensity in the ΓY di-
rection. In the special case of normal incidence, A is completely parallel to the
sample surface plane (A⊥ = 0).

Fig. 3.3 shows the actual measurement geometry. The incoming light, sample
normal and detected electrons are all lie in the mirror plane (shown in green),
but the incoming light is not necessarily at normal incidence. In the case of s-
polarised light, A⊥ = 0. In the case of p-polarised light, however, A‖ is still in
the same plane as the incoming light, sample normal and detected electrons,
but now A⊥ 6= 0.

A⊥ does not affect the parity of the A · p term since it is not directly involved
in the selection rule. However, its value affects the absolute value of the matrix
element. Therefore we would like to check whether the suppression of the SB
states in the ΓY direction when using p-polarised light is an artifact due to there
being a special value of A⊥ which conspires to make the total matrix element
indistinguishable from zero.

One method to test this is to vary the A⊥ component by varying the incidence
angle of the synchrotron radiation. In this manner, one can alter the angle be-
tween the Poynting vector of the incoming radiation and the surface normal n̂
and provided the detector is still situated at an equivalent point in the repeated
zone scheme, one is still able to probe equivalent electronic states, but with a
different A⊥ contribution.

Performing the measurement at cut III in Fig. 3.5(a), will meet our conditions
i.e.: both the MB and SB are present, the symmetry selection rules are the same
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Figure 3.9: (a) Sketch of the Pb-doped Bi2212 Fermi surface. the main FS represented by solid
red circle and the SFS represented by solid blue circle. The EDM measured with hν = 100 eV at
cut I with σ+, s, and p-polarisation, respectively. The white lines show EF MDCs.

as those for cut I, but the value of A⊥ is changed as the incidence angle is dif-
ferent. Fig. 3.8 shows the EDMs measured with 100 eV photons at cut III in
Fig. 3.5(a) with σ+, s, and p-polarisation, respectively. From closer inspection of
Fig. 3.8 one can attribute A and C to the SB and MB respectively, while B and D
are the first order MB DRs. The result of this check is identical to the observa-
tion made from Fig. 3.5(c) - 3.5(e): on one hand a complete suppression of the
SB states using s-polarised light and the other hand the complete suppression
of MB states using p-polarised light. In summary, the complete suppression of
the SB for s-polarised light in the ΓY direction cannot be ascribed to a matrix
element effect connected with the out-of-plane component of A.

3.4. Results from Pb-doped Bi2Sr2CaCu2O8+δ: the in-
commensurate modulation dependence check

Up until now, all the indications point strongly to a situation in which the
initial state mirror symmetry of both the MB and SB are odd with respect to the
ΓX M2 mirror plane and yet the SB states have even symmetry in the mirror
plane parallel to ΓY. Before we are completely satisfied that we are dealing with
an initial state effect - i.e. an effect of relevance also for the non-ARPES part of
the HTSC community - we would like to perform a final check as to whether the
details of the structure of the BiO planes play a role in the observed behavior.
Seeing as the CuO2 plane photoelectrons will always have to travel through at
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Figure 3.10: EDM’s measured with hν = 100 eV at cut I in Fig. 3.5(a) with σ+ (a), s (b), and
p-polarisation (c), respectively. The sample (Pb,Bi)2212 with an intermediate level of Pb-doping
thus leading to an incommensurate modulation of the (Pb,Bi)O planes of wavelength 9b. The
labels (1) and (3) refer to MB DRs, (2) MB and (4) SFS band.

least the outermost BiO plane, it is wise to investigate the SB in crystals in which
the BiO plane structure has been extensively modified by partial substitution of
Pb for Bi.

Since the presence of the diffraction replicas (DRs) can interfere with the in-
terpretation of the data, we checked the validity of the surprising result in the
ΓY direction for lead-doped Bi2212 samples with two different levels of Pb dop-
ing. It is known that the level of Pb doping is related to different wavelengths
of the incommensurate modulation.

Fig. 3.9(a) shows a schematic drawing of the modulation-free Bi2212 FS. It has
become much more simple now since the diffraction replicas (DRs) have been
removed by doping the pristine crystals with 20% Pb (Pb0.4Bi1.6Sr2CaCu2O8).
The main FS, consisting of barrels centered around the corner points X and Y of
the tetragonal BZ, are shown as solid red lines. The shadow FS is shown as a
blue line and are centered around the Γ and equivalent points.

Figures 3.9(b)-3.9(d) show the results for the ΓY direction for a modulation-
free sample. Using σ+-polarised light, one observes both the MB and SB (see
Fig. 3.9(b)). For p-polarised radiation, only the SB is visible, whereas for s-
polarisation, only the main band is apparent. Again this would be fully con-
sistent with odd(even) symmetry for the main(shadow) band along ΓY, also in
fully modulation-free (Pb,Bi)-2212.

As one can see in Fig. 3.10, if we reduce the level of Pb-doping from 20% to ca
10%, the incommensurate modulation returns, but this time with a real-space
period of almost twice that of the pristine Bi2212 case. Nevertheless, even with
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a modulation of 9.09b corresponding to q ≈ 0.11b∗, the symmetry behaviour
of main and shadow bands along ΓY remains identical. The results from this
sample clearly show that the SB features are suppressed by using s-polarised
light and that the MB feature is suppressed upon use of p-polarised light. As
is always the case, both the SB and MB features are visible with the use of σ+

polarised light.
This dataset shows that the wavelength of the incommensurate modulation

does not affect the SFS band features and in particular has no effect on the parity
of the MB and SFS states in the ΓY direction.

3.5. Discussion

Summarising the experimental situation, the surprising result regarding the
symmetry properties of the electronic states of Bi-based cuprates in the ΓY direc-
tion is robust regardless of photon energy, incident angle and incommensurate
modulation of the BiO planes. This shows that the SB is an initial state property
of both pristine and lead-doped Bi2212, that the character of the SB is even with
respect to ΓY direction while it is odd with respect to ΓX mirror plane.

The swap of the initial state symmetry of SB with respect to two mirror planes
in the basal plane of the 2D BZ which are orthogonal to each other is indeed the
key to the origin of the SFS in these cuprates. The mechanism involving multi-
ple scattering in the photoemission final state [102] can now be ruled out, since
it is clear that SFS is an initial state effect. Thus the mechanism involving a struc-
tural origin becomes a natural candidate. Within this scenario, reduced symme-
try coupled to the presence of an orthorhombic structure leads to a back-folding
of the MB states into a smaller, orthorhombic BZ. There is also experimental ev-
idence for such a structural modification from LEED [102], as well as x-ray and
neutron diffraction data from pristine and lead-doped Bi2212 [108, 109].

How can we reconcile the parity swap of the SFS initial state with the struc-
tural data from LEED, and can this lead to the explanation of the origin of the
SFS? It is known from X-ray diffraction that the Bi atom sub-lattice is, in fact,
comprised of two sub-lattices, shifted slightly with respect to one another (0.1
Å in the crystallographic x direction). The shift is sketched in Fig. 3.11(b). In
fact, this distortion, which gives the orthorhombic unit cell drawn in blue in
Fig. 3.11(b) is present both the surface and in the bulk of the crystal. These dis-
placement are the largest in the BiO planes but are felt by all layers, including



70 CHAPTER 3

Figure 3.11: (a) Schematic drawing of an idealised orthorhombic Bi2212 unit cell. The tetrago-
nal unit cell shown as the transparent red box. Only a quarter of the unit cell in the c direction is
shown. (b) Sketch of the shift of one Bi sub-lattice along the x-axis. m‖xz and g‖xz mark the mir-
ror and glide-mirror plane, respectively. (c) LEED pattern of (Bi,Pb)2212, showing systematic
extinctions (indicated with arrows), indexing has been carried out in the orthorhombic cell.

the CuO2 layers i.e. the copper atoms are also slightly displaced. Our LEED data
shown in Fig. 3.11(c) were the first to exhibit the systematic extinctions at [hk]

LEED spots where h = odd and k = 0. Note that LEED measures mainly the top-
most layer of Bi2212 compound, namely the BiO layer. The spots in Fig. 3.11(c)
are indexed within the orthorhombic unit cells.

The systematic extinctions in LEED indicate that there is only a single nodal
mirror plane running parallel to the xz plane and that the yz plane is rather a
glide-mirror plane which transforms the object through the reflection operation
following by a shift with the translational operation by half of the primitive
lattice vector parallel to reflection plane [110, 111] (see Fig. 3.11(b)). For 10%

Pb-doped Bi2212, the extinction line was seen in LEED to run parallel to the
spot elongation direction as seen in LEED, and therefore also the glide-mirror
plane is running parallel to the b direction. This structural information ob-
tained from LEED is consistent with the result from bulk probes like XRD [108]
or neutron diffraction [109], and confirms that the glide-mirror plane and the
incommensurate modulation are not the same thing, but are independent, in-
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Figure 3.12: Schematic drawing of the concept whereby the even parity of the shadow band
wave function in the y-direction follows from the fact that it originates from the difference
between the displaced (dx2−y2 ) wave function and the (tetragonal) non-distorted pattern.

trinsic characteristic of the (Pb)Bi-O planes of the Bi-based cuprates, also in the
bulk.

3.5.1. Toy model: closing the loop

In order to make a clear connection between the presence of a glide-mirror
plane such as indicated with the red dashed line in Fig. 3.11(b) and the even
SFS band parity in the ΓY direction only, we introduce here a toy model. This
describes the SFS state as if it were the difference between the distorted or-
thorhombic system and the non-displaced tetragonal system.

This toy model is illustrated in Fig. 3.12 using a pure dx2−y2 wave function.
Note that the replacement of the Zhang-Rice singlet (ZRS) states by a simple
dx2−y2 wave function in the toy model is justified since the dx2−y2 possesses the
correct symmetry, and mathematically it can be shown that the subtraction of
any odd wave function from a shifted replica will give an even wave function.

In this context we define the tetragonal system as containing two identical
(Bi or) Cu atoms per cell, yielding two identical bands and therefore one can
regard it as a non-primitive unit cell. The nodal states of this undistorted sys-
tem have odd parity with respect to reflection in the xz and yz planes in real
space and therefore for the ΓX and ΓY directions in k-space (see Fig. 3.12 for
clarity). When the displacement is introduced, the adopted unit cell becomes
the primitive unit cell. In k-space, this doubling of the unit cell with respect to
the tetragonal system gives rise to a smaller Brillouin zone and back folding of
the main band into the smaller (orthorhombic) zone. This would explain the
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existence of the SFS as a back folded version of the MB FS, but would not yet
offer an explanation for the anomalous symmetry properties of the SFS.

The orthorhombic displacement here means that the central Bi atom in Fig. 3.11(b)
shifts from the red position to the blue position. In this situation a glide mirror
plane is created parallel to the yz plane. The outcome of the toy model de-
scription is helpful at this stage. The left-most panel of Fig. 3.12 shows the
”difference wave function”, and it can easily be seen that this SB wave function
is odd with respect to the ΓX mirror plane, yet even with respect to the glide mi-
nor plane, which captures the essence of the observed polarisation-dependent
ARPES data.

If φ(x, y) and D(x) denote the undistorted wave function and the distortion
function in the x direction, respectively, then we can define the distorted wave
function as φD(x, y) = D(x)φ(x, y). An undistorted wave function φ(x, y) which
is purely odd with respect to the xz mirror plane (since φ(x, y) = −φ(x,−y)),
will stay odd when transformed into D(x)φ(x, y), because D(x)φ(x, y) = −D(x)

φ(x,−y). In the y direction on the other hand, the parity of the wave function
is not necessarily conserved in the presence of displacements. The absence of
a mirror plane parallel to the yz plane allows D(x) to be not purely even and
odd. The same is implied for the D(x)φ(x, y).

If the distortion is small then we can write, in the first approximation, that
D(x) = (1 + xD′(0) + . . .). The SB wavefunction which is generated from the
difference between the undistorted and distorted wavefunction can be approx-
imated as follows :

φSB(x, y) = φD(x, y)− φ(x, y)

= [φ(x, y) + xD′(0)φ(x, y)]− φ(x, y)

= xD′(0)φ(x, y), (3.2)

It is clear that the product between x and φ(x, y) will be even since both func-
tions have odd parity and hence this behavior resembles the polarisation depen-
dence seen in the ARPES data. We note that a second order term (or other even
numbered terms) in the perturbation would not lead to a parity swap: only the
odd order terms can do this.
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Figure 3.13: (a,b) ab initio photon energy dependent calculation along ΓX with s and p-
polarisation, respectively. (c,d) Photoemission calculation for ΓY with s and p-polarisation, re-
spectively. (e,f)ARPES Fermi surfaces maps calculated for 32.7 eV photons with the polarization
vector (arrow) aligned along the x (e) and y-axes (f), respectively. The dotted boxes indicate the
relevant polarisation and the black ”1”s and ”0”s mark the presence and suppression of the MB
while the red ”1”s and ”0”s mark the presence and suppression of the SFS band. From ref. [51].
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3.5.2. Support from DFT calculations

The parity swap of the shadow band initial state for k along the tetragonal ΓY
direction has also subsequently been confirmed by Density Functional Theory
(DFT)-based calculations accompanied by a group theoretical analysis of the
relevant symmetries [111]. In this calculation, which is based on a one-step
photoemission code [111, 112], it is shown that the structural modification in
Bi2212 from tetragonal to orthorhombic symmetry changes the selection rules
in ARPES along the high symmetry lines in the ΓY direction. The glide-mirror
plane produced by the orthorhombic displacements will leave k‖ unchanged.
The glide-mirror operation yields two different irreproducible representations
namely, Λ and Λ′ [111].

Photoemission selection rules due to the presence of a glide-mirror plane
have been considered by Pescia et al. [113]. In this context, the dipole matrix
element 〈φ(µ)

f |(A · p)α|φ(ν)
i 〉 will vanish if the space group representation of the

final state does not appear in the product of the space group representation
of the initial state and the operator describing the interaction of the radiation
with the solid. The superscripts µ, α, and ν denote the index of space group
representation related to the final state, the dipole operator and the initial state,
respectively. The space group representation of the final state belongs to Λ in the
1st, 3rd, 5th,... repeated Brillouin zone (BZ) and belongs to Λ′ in the 2nd, 4th, 6th,...
BZ. Since a non-vanishing dipole matrix element can only be obtained if the
space group representation of the final state appears in the product between the
space group of the initial state and the dipole operator, then, as a consequence,
the initial state must belong to the same space group representation as the final
state if the light polarisation is parallel (p-polarised or even) to the glide mirror
plane and to the other representation if the light polarisation is perpendicular
(s-polarised or odd) to the glide mirror plane [111].

The input of the calculation presented in Ref. [111] is modulation-free Bi2212
in the average structure from Ref. [109]. Fig. 3.13(e) and Fig. 3.13(f) show the
result of this calculation for a Fermi surface map with polarisation vector along
x and y, respectively. It is clear that the calculation displays the expected behav-
ior i.e.: the MB is suppressed along the ΓY direction for p-polarised light and is
present for s-polarised light. On the contrary, the SFS features are suppressed
along the ΓY direction for s-polarised light and are present for p-polarised light.
In the ΓX direction, the SFS and MB features exhibit the same behavior, both
being visible only for s-polarised radiation.
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Figure 3.14: (a) (color online): EDM (hν = 100 eV, recorded with σ+ polarisation) from
modulation-free (Bi,Pb)-2212 measured at location I in fig.3.9(a) (along ΓY). (a) The full width
at half maximum (FWHM) of the main band (MB) and shadow band (SB). (b) The dispersion of
the MB and SB (c) The relative intensity ratio between SB and MB

Furthermore, the absence of the calculated SFS features for s-polarised light
and the presence of the SFS features for p-polarised light along ΓY is indepen-
dent of photon energy in the calculation as one can see in Figs. 3.13(a) - 3.13(d),
and is also in full agreement with the photon energy dependent data presented
in this chapter.

3.5.3. Is antiferromagnetism still involved ?

Before we conclude that we have solved the SFS band question completely, it
would be wise to see if the other candidate model, namely the antiferromagnetic
(AFM) scenario, can indeed be excluded. This is, in essence, a check that the
conclusions reached in Ref. [106] can be confirmed. In order to realise this, we
performed two different checks. Firstly, we examined the ARPES data recorded
with photon energy 100 eV and σ+ polarised light, as seen in Fig. 3.14(a), in
a similar way as carried out by Koitzsch et al. [106]. Secondly, the photoemis-
sion simulations were carried out by the Tampere group extended such that the
consequences of an AFM-induced shadow band could be investigated.

The consequences of the AFM scenario are expected to show up clearly in the
ARPES experiments and be manifest in the scattering rate of the quasiparticles
within the MB and the shadow band (SB). The scattering from spin fluctuations
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will give the SB a very different self energy Σ than the MB. This will be ob-
servable in an ARPES experiment as a different dispersion and MDC width of
the MB and SB, and a binding energy dependent intensity ratio of both bands.
Fig. 3.14(a) displays an EDM obtained from cut I in Fig. 3.9(a) in modulation-
free (Pb,Bi)2212 measured with σ+ polarisation, with the MB on the left and the
SB on the right. Panels (b) to (d) show the widths, dispersions and intensity ratio
of the two bands, respectively, obtained by fitting Lorentzian line-shapes to the
MDCs. To make a direct visual comparison possible, in Figs. 3.14(b) and 3.14(c)
the SB dispersion has been mirrored around a horizontal line, and the SFB kF is
adjusted to coincide with the MB kF . The dispersions and widths of main and
shadow bands are identical within the experimental error bars, and the inten-
sity ratio is constant, all contrary to the predictions of the AFM scenario. These
results confirm the findings of Koitzsch et al. [106], even though these data were
recorded from crystals grown in a different manner and measured at different
beamlines using different instrumentation.

In the following, the result of the employment of an artificial crystal struc-
ture for Bi2212 in order to simulate the AFM scenario are related. To avoid the
presence of a shadow band with a pure structural origin (i.e. unrelated to AFM
fluctuations), in the simulations all atoms reside at their ideal tetragonal posi-
tions. The true primitive unit cell is represented by the transparent red box in
Fig. 3.11(a). However, a non-primitive unit cell is used that is twice the size
with respect to the primitive one. The shadow band is then obtained in the cal-
culations by introducing a difference in potential between two sub-lattices of
copper atoms. The potential of one of the two subsets of Cu atoms has been
raised by 0.8 eV, and the other lowered by the same amount, while the atoms
themselves are not displaced. The inequivalence of the two Cu sites doubles the
tetragonal unit cell, resulting in the presence of a SFS band. Since the Cu atoms
remain at their original sites, the yz plane remains a regular structural mirror
plane, and does not become a glide mirror plane. The artificial structure can be
seen as representative for the AFM scenario: the different spins on the Cu sites
are simulated in the calculation by the different potentials at the two subsets of
Cu atoms.

Figs. 3.15(a) and 3.15(b) show the calculated kx, ky maps of the EF spectral
weight for the artificial structure representative for the AFM model. The polar-
isation vector is parallel to the x-axis in Fig. 3.15(a), and parallel to the y-axis
in Fig. 3.15(b). In the highlighted regions, the polarization is indicated (linear
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Figure 3.15: Calculated Bi2212 ARPES Fermi surface maps for an artificial structure represen-
tative for the antiferromagnetic (AFM) scenario. (a) The linear polarisation is along the x axis.
(b) The linear polarisation is along the y-axis. As the potential changes adopted in the calcu-
lation to mimic - at least in terms of symmetry - our AFM system lead to large distortions of
the FS maps compared to those shown in Fig. 3.13(e) and 3.13(f), the regions of particular in-
terest (around the nodal direction) have been emphasised. The white ’1’s and ’0’s represent the
presence and absence of the main features while the red ’1’ and ’0’ denote the presence and ab-
sence of the shadow features. Figure provided courtesy of our theorist collaborators, Lindroos
et al. (University of Tampere).

polarised, s or p), together with a white ’1’ or ’0’, indicating the presence or
absence of the main band, while the red ’1’ or ’0’, indicates the presence or ab-
sence of the shadow Fermi surface (SFS). A first comment is that, in order to
generate significant shadow band intensity, a potential difference of ± 0.8 eV
has been introduced on each Cu sub-lattice. It is clear that this leads to signifi-
cant alterations in the apparent FS shape, although the MB and SB features are
still recognisable. The results show that the polarisation dependence of the SFS
band follows the MB in both the ΓX and ΓY directions, i.e., the SFS band is odd
in both quadrants, just like the MB.

Thus, not only does the lack of difference in dispersion but also MDC width
or an energy dependence of the SB/MB intensity ratio argue, as did the authors
of Ref [106], against an AFM origin of the SFS, the DFT-based one-step photoe-
mission results from the Tampere group presented here also provide compelling
evidence that an AFM-like state would be unable to generate the parity flip seen
for the SFS states along the ΓY direction in k-space.
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Figure 3.16: The orthorhombic 2D Brillouin zone (dashed black line) as a new Fermi surface
paradigm. The SFS features (blue line) are the back folding of the MB features (red line). There
is no crystal mirror plane along the ΓY line due to this orthorhombic distortions. The tetragonal
BZ is indicated by a black solid square.

3.6. Conclusion

Based on the results described in Secs. 3.3, 3.4, and 3.5 we have argued that
the SFS states have a structural origin, being due to orthorhombic displacements
from tetragonal symmetry. The displacement yields a glide mirror plane in the
ΓY direction which causes a parity swap of the initial states of the SFS band for
this direction from odd to even. These orthorhombic displacements double the
unit cell and the SFS band is a natural consequence of band back-folding of the
MB.

Along with our LEED data and the results of DFT-based one step photoemis-
sion calculations, the orthorhombic displacements and therefore the SFS band
are also found to have no relationship with the incommensurate modulation.
The data presented here have solved a puzzle regarding the electronic states of
the Bi-based family of HTSC that was existed for more than 12 years.

Finally we remark that as a consequence of our proof that the SFS is of bulk
structural origin, we should - formally change our paradigm for 2D Brillouin
zone from tetragonal to orthorhombic and thus depart from the simple picture
of the (π, π)-centered ”barrels” as the basal plane projection of the FS’s of the
Bi-based HTSC. The new FS is indicated with light grey shading in Fig. 3.16.
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This chapter describes experimental results of a study of the momentum and
temperature dependence of the many-body effects in overdoped (Pb,Bi)2Sr2Ca-
Cu2O8+δ with TC of 84 K using the ARPES technique. The data were recorded
with particular care as regards to avoidance of photon-beam-induced sample
aging, as this was seen to influence the size of the superconducting gap, a quan-
tity required in the analysis of the renormalisation of the electronic states.

The renormalisation, which is related to many-body effects, is observed strong-
ly in the superconducting state and at the antinodal region of the bonding band
Fermi surface of this sample. It can be observed clearly as a ’kink’ in the MDC
dispersion and a peak-dip-hump in the EDC. In an MDC analysis this renormal-
isation is clearly observed as the flattening of the dispersion relation close to the
Fermi level compared to the steeper dispersion at high binding energies. The ef-
fect is less prominent away from the antinodal region and disappears above TC ,

79
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Figure 4.1: (a) The illustration of many-body effects seen in the energy versus momentum dis-
persion which is exactly probed in ARPES. The non-interacting electrons shown in upper part
of (b) have a parabolic dispersion relation (free electron case). In the interacting case, the elec-
trons can interact with : another electrons or /and the elementary excitations (phonons, spin
excitation, etc.). This cause a renormalised dispersion shown as the interacting band in red.
Thus, the many-body effects are given by the green area.

which suggests that these strong-coupling effects are related to coupling to spin
fluctuations and the spin-1 resonance mode seen in inelastic neutron scattering
at a wavevector, Q=(π/a, π/a, π/a) [114, 115].

Seeing as the antinodal region possesses the strongest pairing interaction, ex-
pressed via the d-wave superconducting order parameter, the hypothesis that
the strong coupling effect felt by the electrons near the antinode are due to cou-
pling to magnetic excitations is one that is important to test in as quantitative
and careful manner as possible. This chapter and Chapter 5 recount our best
efforts in this regard.

4.1. Many-body effects in Bi2212 as seen in ARPES
data

Many-body effects manifest themselves in the appearance of a renormalised
dispersion and changes in the scattering rate (or inverse life time) of the quasi-
particles. Their origins are the interactions of the quasiparticles with one an-
other, and with elementary excitations of the system (see Fig. 4.1). As discussed
in Chapter 2, many-body effects are conveniently expressed in terms of the real
and imaginary part of the self-energy, the dynamic potential that reflects all the
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electronic correlations and interactions. Therefore studying self-energy effects
in high temperature superconductors (HTSC), will, potentially, be able to help
reveal the most important missing piece of the high TC puzzle: namely the mi-
croscopic mechanism for pairing [6].

Direct access to these quantities is offered by angle resolved photoemission
spectroscopy (ARPES) since this technique can convincingly map the energy
and in-plane momentum dispersion relation of the relevant electronic states.
From these data one can extract the renomalisation from the MDC dispersion
and the inverse lifetime (scattering rate) of the quasiparticles from the MDC
width (for reviews see [6, 34]).

Given the arguments related above for the relevance of ARPES to the high TC
question, it is not surprising that there have been numerous investigations of
many-body effects via analysis of the E, k-dispersion anomalies and the MDC
widths in photoemission data (see [6] for an excellent review). The ongoing dis-
cussion essentially can be reduced to two ’world-views’ : one in which the main
many-body interactions are thought to reflect electron-phonon coupling [76,
116, 117] and one in which magnetic excitations are held to be responsible for
the dispersion and lifetime renormalisations [78, 80, 81, 118, 119]. In cuprates
(including Bi2212 compounds), there are two important regions on the FS: the
nodal region, where the diagonal of the BZ cuts the FS and the superconduct-
ing order parameter is zero. The other region is the region called antinodal
where the order parameter reaches its maximum, therefore studying this region
is highly relevant for the superconducting properties. There have been numer-
ous ARPES studies of Bi2212 regarding the many-body effects at the nodal and
antinodal points, but only a few studies have tried to connect these two impor-
tant points, especially in the superconducting state [78, 82–84, 120].

Before presenting our data, it is useful to give a highly condensed account of
the status quo in the literature. By measuring the EDC width of non Pb-doped
OD Bi2212 from near nodal to the antinodal region, Bogdanov et al. [120] pro-
posed that there is no increase of the EDC width (and hence of the low energy
scattering rates) towards the antitinodal region for both bonding band (BB) and
antibonding band (AB) [120]. This result would argue against an important role
for the spin-1 magnetic resonance mode, as this has a Q vector matching the
scattering vector between antinodal fermions, and thus would be expected to
couple most strongly to the antinodal state [115].

Gromko et al. [78] provide a very different view. They studied the disper-
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sion anomalies near the antinode in the superconducting and normal states,
whereby the renormalisation effects in overdoped Bi2212 were found to be strong
at and near the antinode, and to decrease markedly on moving towards the
node [78]. They argued that this behaviour is in line with scattering of the antin-
odal electrons from theQ = (π, π) magnetic resonance mode. Indeed, the renor-
malisation strength seen in ARPES in terms of distance from the antinodal point
was correlated to the momentum width of the spin-1 mode, with good agree-
ment [78]. Therefore, this result provided strong evidence that magnetic driven
many-body effects in Bi2212 are still present even in the overdoped region.

However other ARPES measurements reported by Cuk et al. [116] claimed
that the renormalisation effects seen in Bi2212 might be due to the electron-
phonon interaction. Their optimal doped 94 K sample shows renormalisation
effects throughout the Brillouin zone. The energy scale at which these renor-
malisation effects appear vary from 65 meV at the nodal region to 70 meV near
antinodal region. The renormalisation effects are not only observed in the su-
perconducting state (below TC) but also still persist weakly above TC at an en-
ergy scale of 40 meV. This means that there is a change of 25-30 meV in energy
upon entering the superconducting state which is accordingly of the order of
the superconducting gap for this optimally doped sample. Based on these data,
Cuk et al. [116] and Deveraux et al. [117] proposed that the electrons couple to
a bosonic mode which has an energy of 40 meV. They attribute this renormali-
sation seen in superconducting state to the ”bond-buckling” phonon mode in-
volving the out-of-phase motion of the in-plane oxygen. The ”bond-buckling”
phonon is observed at 35 meV in B1g polarisation of Raman scattering on an op-
timally doped sample, the same channel in which d-wave superconducting gap
in the order of ∼ 35-40 meV shows up [121, 122]. In addition, Cuk et al. argued
that the same interpretation can be considered to their overdoped (TC = 65 K)
and underdoped (TC = 85 K) data [116].

Before closing this brief review of some of the salient literature, we mention
a hot issue currently being discussed related to the many-body effects in cupra-
tes and particularly in Bi2212 related systems. This is the existence (or not) of
a high-energy ”kink”, and so-called ”waterfalls” or apparent vertical disper-
sion, observed in cuprates including the Bi2212 compounds [123–131]. By ’high
energy’ is meant energies of the order 400 meV. While a number of publica-
tions have proposed various origins for these apparently massive many-body
effects [123–125, 128–131], other investigations [126, 127] have argued that the
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Figure 4.2: (a) The alignment of the SES 100 analyser, the sample, and the photon source used
in the experiment. The sample is mounted such that at polar θ = 0◦ is normal emission for the
photoelectrons. The degrees of freedom for movement of the sample are also shown. (b) The
experimental cuts around the FS of the Bi2212 2D Brillouin zone (schematic), number 1-4. FSA
denotes the Fermi surface angle i.e: the angle formed by the experimental cut with respect to
the M-Y line. Cut 1 is equal to a FSA of 0◦ while cut 4 is equal to a FSA of 17◦. The red (black)
cartoons are sketches of the bonding (antibonding) c-axis bilayer split Fermi surfaces. Γ, X, M
and Y denote the (kx, ky) coordinates for (0,0), (−π/a, π/a), (π/a,,0) and (π/a, π/a), respectively.

high energy ’kink’ and associated ’waterfall’ are merely matrix element effects,
and thus are not of importance in the discussion of interactions in cuprate su-
perconductors.

From this brief description of the situation in the literature, it is clear that
there are numerous rivalling claims as regards both the data themselves as well
as their interpretation. In order to be able to try and identify the truly important
aspects in the problem, it is clear that parameters such as the k- and temperature
dependence of the spectral characteristics can play a key role.

Consequently, in this chapter, ARPES data from overdoped Bi2212 which is
free from superstructure and is untwinned, are presented, along with a simple
analysis of the effective mass renormalisation which is derived from the disper-
sion. From the comparison between the data recorded in the superconducting
state and those in the normal state (above TC), one can make a first conclusion
regarding the nature of the interactions that cause the self-energy effects seen in
the low energy dispersion in this system.
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4.2. Experimental

The ARPES experiments were carried out at the UE112 PGM1 beamline at
BESSY (synchrotron light source at Berlin, Germany), using the IFW-Dresden
group’s SCIENTA SES100-based end station. The overall energy resolution
(including the effects of the temperature at ∼ 30 K) was better than 23 meV.
High quality, overdoped Pb-doped Bi2212 untwinned single crystals with TC
84 K were grown using the travelling solvent floating zone method and were
mounted on a 6-axis cryomanipulator that allows polar and azimuthal rotation
of the sample in ultra-high vacuum (ca. 10−10 mbar) with a precision of 0.1◦.
This cryomanipulator also allows a tilt movement of the sample.

The detector was aligned in the XMY or (π,−π) - (π, π) direction, centered on
the (π, 0) point, and the angular resolution parallel to the slit was better than 0.01
Å−1. A sketch of the experimental set-up can be seen in Fig. 4.2(a). The sample
is mounted such that polar θ = 0◦ is normal emission. Since we would like to
investigate the momentum dependence of the many-body effects in these com-
pounds, the variation of experimental location on the 2D BZ of OD Pb-Bi2212
can be achieved by adjustment of the polar angle of the sample, θ. This gives
the cuts shown in Fig. 4.2(b). Cut 1 is the antinodal XMY cut and is equavalent
to a Fermi surface angle (FSA) of 0◦, the angle that is defined by the line parallel
to zone face (ZF) and the position of the detector crossing the Fermi surface (see
Fig. 4.2(b)). Cuts 2, 3, and 4 are parallel to cut 1 but shifted more towards the
Γ point. These experimental cuts can be expressed in terms of FSA’s of 4.5◦, 9◦,
and 17◦, respectively.

The photoemission spectra were taken using an excitation energy of 38 eV
to give an optimal contrast between the bonding (BB) and antibonding (AB)
components of the c-axis bilayer split CuO2-plane derived bands [50]. For each
experimental cut, the data were recorded in the superconducting state (T = 28
K) and subsequently, in the normal state (T = 120 K).

4.2.1. The aging problem

In an ARPES measurement, one usually faces the issue of sample aging, in
the sense that the spectra changed after many hours of measurement. In the
underdoped case, the sample surface alters to take on a higher doping level
upon being exposed to synchrotron radiation and hence the crossover towards
an optimally or even overdoped phase was observed as the measurement time
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Figure 4.3: (a) The ”fresh” EDM (energy distribution map) at FSA of 0◦ or cut 1 taken using
a photon energy of 38 eV. (b) The ”aged” EDM with ∆tsample = 7.2 hours and ∆tphoton = 2.4
hours. (c) Bonding band kF EDC of (a) and (b). (d) The EDC at ky = 0 of (a) and (b).

increased [7, 132]. It is evident that this photon-induced aging will have an
effect on the ARPES spectra, and thus is also relevant for the reliability of the
analysis of the renormalisation effects presented here.

Normally the procedure to check the aging is to compare a reference spectrum
- in this case an antinodal (FSA = 0◦) cut for T = 28 K - from the freshly cleaved
surface and subsequently at different stages during the measurement history of
the sample. In our case, we used the comparison between the measured kF EDC
and the EDC at ky = 0 (the EDC at(π/a, 0)) to those recorded less than hour after
sample cleavage (that we designate ”fresh”, here).

Fig. 4.3(a) shows the EDM taken from a ”fresh” spot at T = 28 K measured for
a FSA of 0◦. Qualitatively, this EDM is consistent with its nominal overdoped
status, when comparing with the literature, namely Refs. [78] and [118]. In par-
ticular, for these hν = 38 eV spectra, the BB and AB are clearly distinguishable,
whereas in the UD case, they essentially ’merge’ to form an intense strip [118].

Fig. 4.3(b) shows the EDM at the same spot after the sample has ”aged” by
a further ∆tsample = 7.2 h whereby in this period the sample was exposed to the
VUV synchrotron radiation for 2.4 h (i.e. ∆tphoton = 2.4 h). ∆tsample represents
the age of the sample from very beginning since the time point of cleavage. It is
evident that on the qualitative level the EDM has changed under the combined
influence of time and the photon beam. The EDM now looks like that from a
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Figure 4.4: (a) The ”fresh” EDM (energy distribution map) at FSA of 0◦ or cut 1 taken using
photon energy of 50 eV. (b) The ”aged” EDM with ∆tsample = 3.6 hours and ∆tphoton = 0.3
hours. (c) Antibonding band kF EDC of (a) and (b). (d) The EDC at ky = 0 of (a) and (b).

sample with a higher level of overdoping, as the AB and BB (at low energies)
are even more clearly separated by a region of low intensity. Note that, in the
period of 7.2 h the temperature of the crystal was cycled from 28 to 120 K and
back again.

A more quantitative analysis is possible by consideration of the changes of
the EDC’s at ky = kF and ky = 0 as a function of photon exposure, as shown
in the Figs. 4.3(c) and 4.3(d), respectively. It is apparent from Fig. 4.3(c) that for
the BB, there is a shift of the peak maximum towards the Fermi level of about 6
meV during the cycle of 7.2 hours or 0.8 meV per hour. If one considers only the
photon exposure of the sample, then there is a shift of peak maximum towards
the Fermi level at a rate of 2.5 meV per hour. In general, this peak position in
the ky = kF EDC can be connected to the value of the superconducting gap.

The photon-induced changes in the ARPES spectra can also be observed in
the EDC for ky = 0, i.e. at (π/a,0), as can be seen in Fig. 4.3(d). Upon photon
exposure, the BB hump and the AB peak in the EDC are both shifted towards
the Fermi level, also an indication that the sample surface has become more
overdoped.

The photon-induced changes appear to takes place faster if an excitation en-
ergy of 50 eV is used. Due to matrix element effects, in this case, the ARPES
data will show almost exclusively the AB band [50]. As one can see upon com-
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parison between Figs. 4.4(a) and 4.4(b), it is evident that the two EDMs reveal
subtle qualitative changes. The tail below the intense AB feature (showing up
as green on this colour scale) can clearly be seen to shorten in the aged EDM.
Considering the EDC’s at ky = kF and ky = 0, as seen in Figs. 4.4(c) and 4.4(d),
respectively, it can be seen that there is also a shift of the features towards the
Fermi level, indicating that the sample surface is becoming progressively more
overdoped. The peak shift is ca. 0.9 meV per hour or a huge 7.7 meV per hour
with photon exposure.

Summarising the above, we can say that both the total time and in particu-
lar the ’photon time’ have a large effect on the AB band, and a moderate effect
on the superconducting gap of the BB, when operating under conditions of re-
peated temperature cycling from 25→ 120→ 25 K.

Our strategy to deal with the aging issue was the following. For the supercon-
ducting state data from the bonding band presented and discussed in Chapter
5, no special measures were required, as due to the constant, low temperature
of 15 K throughout the measurements beam-induced aging effects were very
small. For the temperature-cycled measurements presented and discussed in
the remainder of this chapter, we adopted a spatial scanning technique, whereby
for each ’fresh’ position of the photon beam a single cycle of spectra for T < TC ,
T > TC and again at T < TC were recorded (the latter to check that nothing had
changed). For the next Fermi surface angle, a new ’spot’ on the cleave was cho-
sen, far enough from the previous one that the new spot was unirradiated until
that point. Fortunately, the floating zone grown single crystals provided by Dr.
Y. Huang were of large dimension (> 3 × 3 mm2) and excellent homogeneity
due, at least in part, to a three day anneal just prior to the measurements. In
this manner, we were able to minimise spurious effects in the spectra due to
photon-induced aging.

4.3. Results: temperature and momentum dependence

Fig. 4.5 shows the collection of the OD 84K data from the antinodal cut (FSA
of 0◦ or cut 1) to cut 4 with FSA of 17◦, recorded in the superconducting state
at T = 28 K (upper panel) and normal state at T = 120 K (lower panel). One
can clearly distinguish the two bilayer-split bands both in the low (T < TC) and
high temperature (T > TC) data.

To get more insight, we zoom the right side of the ARPES EDMs and present



88 CHAPTER 4

Figure 4.5: ARPES EDM plot of OD 84K as a function of experimental cut as shown in Fig. 4.2(b)
at T=28 K (upper panel) and T=120 K. AB and BB denote the antibonding band and bonding
band, respectively. Cut 1,2,3, and 4 are equivalent to the FSA of 0◦, 4.5◦, 9◦, and 17◦, respectively.

them in Fig. 4.6. To follow the band dispersion, we plot the peak position by
fitting the EDC and MDC cuts through the 2D datasets. The EDC dispersion
(overlaid in red) is more sensitive to the presence of the gap compared to the
MDC dispersion (overlaid in blue). More detail about the EDC and MDC-based
analysis of the mass renormalisation will be given in the next section.

In the superconducting state (T < TC), the data clearly show a momentum
dependence of the mass renormalisation. The bonding bilayer split band is
strongly renormalised at the antinode (left-most data panel in Figs. 4.5 and 4.6).
This can be seen by the flattening of the dispersion close to the Fermi level EF ,
showing a large increase in the effective mass, compared to the steeper disper-
sion at higher binding energies. For a FSA of 17◦(right-most data panels), the
change in velocity at low energies is significantly less.

There is also a clear temperature dependence of the renormalisation effects
observed in this sample. For T > TC , and particularly away from the antinodal
region, the renormalisation become quite weak (see for example the rightmost
panel of Fig. 4.6).

An energy scale of about 40 meV, at which the band dispersion is strongly
renormalised at the antinodal region (see the left-most panel of Figs. 4.5 and
4.6), is observed, in agreement with Kim et al. [79] and Gromko et al. [78].

In Figs. 4.7(a) and 4.7(b) one can see the EDC’s along the Fermi surface of
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Figure 4.6: Zoom of ARPES EDM plot shown in Fig. 4.5 at T=28 K (upper panel) and T=120 K.
Blue and red curve on top of the EDM show the MDC and EDC derived dispersion, respectively.

overdoped Pb-Bi2212 in the superconducting state (T < TC) and in the normal
state (T > TC), respectively. These data reveal that in the superconducting state
there is a strongly anisotropic superconducting gap which is maximal at FSA of
0◦. Moreover, the presence of the gap in the superconducting state is confirmed
by the back-bending dispersion derived from an analysis of the position of the
EDC peaks shown overlaid as a red curve in Fig. 4.6, and the absence of this
back-bending in the normal state data recorded above TC . These two points
provide unequivocal evidence that the gap appearing in the ARPES spectrum
of this sample is a true, superconducting gap.

In the normal state (T > TC) the kF EDC’s still exhibit a well developed peak
at the Fermi energy, with no sign of a leading edge gap. The ratio of the peak
to the high binding energy (incoherent) emission is such that one could classify
the low energy peak as a normal state quasiparticle. Considering high TC of
these bilayer Bi2212 crystals the normal state data has to be recorded at quite
elevated temperatures (120 K), we do not consider these measurements as the
appropriate ones to definitively prove the existence of quasiparticle above TC .
Yusof et al. argue that the present of the quasiparticle peak in OD Bi2212 in
the normal state is not in itself proof of a Fermi liquid (FL) picture since they
found that the imaginary part of the self-energy, ImΣ is linearly proportional to
energy, contrasting with the prediction from the FL picture that ImΣ should be
quadratically proportional to the energy [133].
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Figure 4.7: (a) EDC’s at ky = kF for different FSA at T < TC . Inset is the zoom of these EDC’s
which is scaled to the same peak height, showing the leading edge shift. (b) EDC’s at ky = kF
for different FSA at T > TC . Red, yellow, green, and blue curves are the kF EDC’s at FSA of
0◦, 4.5◦, 9◦, and 17◦, respectively. These kF EDC’s was obtained from EDMs that have been
normalised to a reference EDM from a polycrystalline gold film.

Still, Kordyuk et al. argue that the normal state of the OD Pb-Bi2212 can be de-
scribed by the FL picture since the FWHM (full width at half maximum) of their
ARPES data in the nodal direction follows a quadratic behavior in energy [81].
In the gapless state such in the nodal direction, the FWHM is related directly to
ImΣ, since FWHM = 2ImΣ/v0

F and v0
F denotes the bare Fermi velocity.

4.4. The MDC and EDC-based analysis of the mass
renormalisation

The MDC dispersion (blue line) depicted on top of the EDM shown in Fig. 4.6
is extracted from the fitting of MDC’s with a Lorentzian function. Although in
the superconducting state the ARPES spectral function shows a non-Lorentzian
line shape due to the presence of the bare dispersion both in its numerator and
denominator [134], still the MDC’s are best fitted with a Lorentzian and, in fact,
this procedure can extract the peak position quite well. A typical MDC fit in
the superconducting state can be seen in Fig. 4.8(a) for an MDC that consists of
four bands as the constant energy cut is taken in the range where the AB is still
present. For Fig. 4.8(b) the MDC consists of two features (both from the BB) as
at this binding energies, the antibonding is no longer in the picture.

A striking feature that appears in the superconducting state is the presence
of the back-bending Bogoliubov dispersion shown as the red curve in Fig. 4.6.
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Figure 4.8: Typical MDC fit used for extracting the band dispersion. The MDC is best fitted with
four Lorentzians in the range where the antibonding band (AB) is still present (a and c), while
in the absence of the AB, it is fitted with two Lorentzians (b and d). The upper panel shows the
MDC fit at T < TC , while the lower panel shows the MDC fit at T > TC .

This curve is derived from the EDC peak fitting with a Lorentzian multiplied
by the Fermi-Dirac function and it is convolved with the experimental energy
resolution. The fitting procedure also includes scaling background taken from
ky > kF . Fig. 4.9(a) shows a typical EDC fitting at ky = kF from the EDM with
FSA = 0◦ using the procedure above.

A more quantitative analysis of the temperature and momentum dependence
of the mass renormalisation can be carried out using these simple EDC and
MDC derived dispersions. In this work we concentrate only on the bonding
band sheet. In this quantitative analysis, we would like to extract the value of
the coupling strength parameter λ = −∂Σ′(E)

∂E
as a function of the location at

the Fermi surface of OD Pb-Bi2212 (represented by the FSA). This parameter λ
describes the degree of the renormalisation of the electronic states, and can be
thought of as how strong the electrons couple to a certain degree of freedom.

In the superconducting state (T < TC), one can best extract the coupling
strength λ from the EDC-derived dispersion since this is more sensitive to the
presence of the gap. This EDC-derived dispersion can be approximated by the
Bogoliubov dispersion or BCS-like dispersion [5]

E(k) =
√
ε2
k + ∆2, (4.1)
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Figure 4.9: (a) EDC fit at k = kF for a FSA of 0◦. The EDC is fitted by using a simple Lorentzian
and subsequently convolute them with the experimental energy resolution. This fitting proce-
dure includes the background which is approximated by a spectrum at k > kF . By plotting
the EDC peak position gained from the fit, one can extract the band dispersion. (b) The EDC
dispersion for a FSA of 0◦ and its fitting result using Eqn. (4.4).

where εk is a renormalised dispersion and ∆ is a superconducting gap. The εk
is given by

εk =
ε0
k

1 + λ
, (4.2)

where ε0
k denotes the bare band dispersion in the case of non-interacting sys-

tem and λ denotes the coupling strength parameter. The bare dispersion is a
parabolic function since it represents the dynamics of a free electron. At low
energies in the vicinity of the Fermi level, this bare dispersion can be approxi-
mated by a linear dispersion given by

ε0
k = v0

F (k − kF ), (4.3)

where v0
F denotes the bare Fermi velocity. Rearranging Eqs. (4.1), (4.2), and (4.3)

one can obtain
E(k) =

√
(vF (k − kF ))2 + ∆2, (4.4)

where vF is a renormalised velocity given by

vF =
v0
F

1 + λ
. (4.5)

The EDC-derived dispersion can be fitted using Eqn. (4.4) above. The proce-
dure is to vary the vF and fix the value of ∆, kF , and v0

F . ∆ can be obtained from
the value of peak position from the EDC with the minimum midpoint edge (or
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simply the EDC at ky = kF ). kF is determined from the EDC that possesses a
minimal leading edge midpoint.

From the analysis of the scattering rate as a function of location at the Fermi
surface (FS) in the normal state of optimally doped Bi2212, Kaminski et al. have
extracted a value for v0

F [84]. For the locations corresponding to our data, v0
F

is roughly constant at around 2 eVÅ [84]. In our case the value of v0
F at the FS

locations related to the experimental cut has been set to 1.7 eVÅ. This value is
arrived at from a simulation of the ARPES EDM for the OD 80 K sample. More
details of this simulation can be found in Chapter 5.

In the case of the normal state (T > TC), one can extract the coupling strength
parameter λ from the MDC-derived dispersion since in the gapless state the
MDC near the Fermi level can be accurately described by a Lorentzian. From
Fig. 4.6 one can see that the normal state EDC-derived (red solid line) and MDC-
derived (blue solid line) dispersions are not so different over quite a large en-
ergy range.

In this situation, the MDC dispersion is a quite straight line and can be ap-
proximated by

E(k) =
ε0
k

1 + λN
, (4.6)

where again ε0
k denotes the bare band dispersion and λN now is the coupling

strength parameter in the normal state. Using the same approximation that
near the Fermi level the ε0

k can be approximated with the linear dispersion, this
means that

E(k) = vNF (k − kF ), (4.7)

where vNF is a renormalised velocity in the normal state (T > TC) and is given
by

vNF =
v0
F

1 + λN
. (4.8)

The MDC-derived dispersion then can be fitted by using Eqn. (4.7) above. The
procedure is to vary vNF at a fixed value of kF , which is determined from the
maximum of the MDC for E = EF . The value of v0

F at the FS locations related
to the experimental cuts is again set to 1.7 eVÅ as was the case in the supercon-
ducting state data analysis.

Fig. 4.10(a) shows the renormalised velocity vF of the bonding band sheet
as a function of FSA for OD Pb-Bi2212 in the normal state (white circles) and
in the superconducting state (black circles). In the superconducting state, vF is
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Figure 4.10: (a) Renormalised velocity vF as a function of FSA extracted from OD 84K ARPES
data at T < TC (black circles) and at T > TC (white circles) (b) The coupling strength λ as a
function of FSA extracted from OD 84K ARPES data at T < TC (black circles) and at T > TC
(white circles). The dotted lines are drawn as a guide to the eyes. The error bars in (a) have the
same size as the symbols.

anisotropic in the sense that it gets slower towards FSA = 0◦. In the normal state,
the situation is rather different, and the vF is rather isotropic for the given FSA
range from 0◦ to 17◦. This result is similar to that of optimally doped sample
with TC of 91 K in which vF has an isotropic value of around 1.5 eVÅ for all
FSA [83, 84].

We now examine the momentum dependence of the coupling strength pa-
rameter λ both in the superconducting and normal state. As seen in Fig. 4.10(b),
λ in the superconducting state is anisotropic for the given FSA range. Its value
is maximal at around two at a FSA of 0◦ and decreases ongoing towards the
nodal direction. This is consistent with the results for OD Bi2212 from Gromko
et al., where they found that the maxima of ReΣ (the real part of the self-energy)
decrease as a function of radial distance measured from (π, 0) point [78]. The
λ value at the antinodal region (FSA = 0◦) derived in the work presented here
is smaller compared to that derived via the same method by Kim et al. [79]. In
Ref. [79], a doping dependence of λ for (T < TC) was reported, with values as
high as 8 being reported for underdoped samples and 4 for overdoped samples.
The difference between the absolute values of the antinodal (FSA = 0◦) λ values
of 2 (this work) and 4 (Kim et al.) are easily understood in terms of the different
values of v0

F taken (1.75 eVÅ, this work vs. 3 eVÅ in Kim et al.).
Unlike the situation in the low TC , BCS superconductors, the superconduct-

ing gap in the high TC systems, ∆, is close in energy to the boson mode respon-
sible for the dispersion renormalisation (i.e. the mass renormalisation). Fink et
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al. [135] point out that this situation strictly speaking invalidates the use of the
simple Bogoliubov dispersion used in Eqn. (4.4). Instead of the Bogoliubov dis-
persion relation one should use the more general expression which is given by
[134, 135]

ε = −(1− ReΣ

E
)
√
E2 −∆2. (4.9)

In the case of a conventional superconductor, the mode energy is much larger
than ∆ and therefore for |E| slightly larger than ∆, ReΣ and thus Eqn. (4.9)
reduces to the Bogoliubov dispersion given in Eqn. (4.1).

Using this procedure, Fink et al. obtained a λ value of 2.75 in the supercon-
ducting state of optimally doped (Pb,Bi)2212 at the antinodal region [135]. Thus,
although we have used the simple Bogoliubov dispersion relation, our value of
2.0 fits well in the trend seen in [79] that the antinodal λSC reduces as doping is
increased.

In the normal state, within the given FSA region, the coupling strength pa-
rameter of bonding band sheet is isotropic at around 1.2. This result is compa-
rable to those reported by Kim et al. [79] and Fink et al. [135] to be around 1.5
and 1.3, respectively.

Summarising what we have learned from a simple analysis of the dispersion
relations of overdoped, superstructure-free (Pb,Bi)2212 in the normal and su-
perconducting states we can state that :

The normal state dispersion of the bonding CuO2-derived band for cuts
crossing the Fermi surface at positions corresponding to FS angle of 0◦ (anti-
node) through to 17◦ (i.e. around one third of the way to the node) is quite
linear, and can be fitted with an isotropic dimensionless coupling param-
eter, λN , of value 0.5 (for a v0

F value of 1.7 eVÅ).
On entering the superconducting state, a dramatic change in the spectra
takes place. A significant renormalisation in the dispersion relation cuts
in; the combined effect of the superconducting gap and strong coupling
to a bosonic degree of freedom, with a λSC value of 2.0 for the antinodal
bonding band data.
This clear signature of strong coupling in the superconducting state is also
anisotropic in k-space, with λSC decreasing from 2.0 (FSA = 0◦) to 1.6 at a
FSA of 17◦.
The energy scale of the strong renormalisation effects can be seen in Fig. ??
to be of order 40-50 meV.

Taking these points together, we arrive at a strong argument in favour of a
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further examination of these and related data in terms of the coupling of the
electronic system to the spin-1 resonance mode seen at ca. 40 meV in inelastic
neutron scattering data of the same system [114, 115]. The k-dependence seen
clearly in our data fits nicely with the location of the spin-1 mode at Q=(π, π), as
this Q-vector is highly effective for scattering fermions between the antinodal
regions of Fermi surface.

In the following chapter we present more detailed datasets recorded in the
superconducting state. We also move a step further than the simple analysis
used in this chapter and introduce a more rigorously formulated approach for
simulating the energy distribution maps (E(k) images) based on a model for the
imaginary part of the self-energy.



5
ANOMALOUS MOMENTUM

DEPENDENCE OF THE

MANY-BODY EFFECTS IN THE

SUPERCONDUCTING STATE OF

OVERDOPED BI2SR2CACU2O8+δ

This chapter discusses many-body effects observed in ARPES measurements
of overdoped (OD) lead-doped Bi2212 compounds with TC ’s of 78 K and 80
K. In order to extract reliable information regarding the renormalisation and
lifetime of the quasiparticles, precise experimental data is required concerning
the dispersion and linewidth of the ARPES spectra. Here, we have exploited
the polarisation dependence of the measured data to enable a highly robust
determination of these quantities. The measurements have been performed at
different locations on the Fermi surface (FS) of overdoped lead-doped Bi2212.

With an eye to the temperature dependent data discussed in the previous
chapter, we have chosen to analyse the data presented in this chapter within a
model of the self-energy comprising a Fermi liquid term, an impurity scattering
term, as well as terms covering the coupling of the electronic system to spin de-
grees of freedom. Specifically, the latter contribution contains a term related to
spin-1 resonance mode seen in inelastic neutron scattering (INS) and coupling
to a spin fluctuation continuum. By comparing the simulation based on this
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model with the data, we found that on the qualitative level, the model agrees
well with the main trends in the data in sense that it offers a natural explanation
for the temperature and momentum dependence seen in the strong coupling ef-
fects for the bonding band (BB) sheet of this OD Bi2212. For Fermi surface cut
between the nodal and antinodal regions, the model is also able to provide ex-
cellent quantitative agreement with the experimental data. It is near and at the
zone face (ZF, the antinode region for which the model self-energy - a priori - is
the most appropriate), that a quantitative disagreement with the experimental
data takes place. The experimental self-energy footprint (or the so called spin-
1 resonance mode energy Ω0 - the energy scale that represents the appearance
of the magnetic scattering) - is at much lower energy than in the model, and
would require an Ω0 of only 13 meV and 8 meV for these OD80 K and OD 78 K
lead-doped Bi2212 compounds.

5.1. Introduction

It is apparent from Chapter 4 that a simple analysis based on the conventional
Bogoliubov dispersion model would not be able to adequately explain the mo-
mentum dependence of the self-energy effects seen in the low energy portion of
the ARPES data from OD PbBi2212-based superconductors. This fact calls for a
more systematic study of the same samples. The self-energy (SE) approach can
be applied to the ARPES data in the sense that either the SE effects are extracted
directly from the data without invoking a particular model SE, or through the
modelling of the experimental SE based on a certain model. Note that the exper-
imental energy resolution (RE) and momentum resolution (Rk) of the analyser
should be taken into account when one wants to derive the physics from the
ARPES data and indeed, these factors affect the ARPES spectra and the effect
becomes more important at lower binding energy [91].

The first approach mentioned above seems straightforward, as it was men-
tioned in Sect. 2.2.3 which discussed the data analysis method, that in a gapless
state (e.g. the normal state and the nodal state also below TC in cuprates) within
the linear approximation of the quasiparticle dispersion, the width of the MDC
is related to the quasiparticle inverse lifetime and is equal to the imaginary part
of the SE. In addition, by tracing the peak of the MDC as a function of energy,
one can obtain the renormalised band dispersion. If the bare dispersion (the
dispersion of the non-interacting particles, e.g. for a free electron) is known,
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Figure 5.1: Bosonic excitations that contribute to the scattering process of a photohole in the
normal state (T > TC) of metallic solids: (a) electron-hole excitations based on an Auger-like
decay process. (b) Emission of a discrete bosonic mode. In the superconducting state (T < TC),
due to the opening of the gap 2∆, the excitations require an energy of (c) 3∆ for electron-hole
excitations and (d) ∆SC + Ω0 for emission of a discrete bosonic mode. The Fermi level which is
shown as a dashed line. (Adapted from [135])

then via subtraction the real part of the SE can be extracted [80, 83, 136, 137].
In the second approach, modelling the ARPES based on a certain model would

require prior knowledge of such a model yet it would offer a practical way of
describing the data since the functional form of the underlying SE is explic-
itly given. One would just have to fit to the experimental data and see what
will come out from this procedure. Of course, this approach makes the results
model dependent. Since in this chapter, we are involved in an analysis of data
recorded in the superconducting state, whereby the gap is present, application
of the first approach is not feasible. Hence, here we adopt the second approach
in analysing the data.

5.2. Modelling the self-energy

In this chapter we present an analysis of many-body effects in superconduct-
ing state ARPES data based on a model SE that considers contributions from the
electron-electron interaction and electron-bosonic mode interaction. The contri-
bution from electron-electron interactions involves inelastic scattering processes
and it is described by the Fermi liquid (FL) model of Landau. The scattering
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rate in this model is determined by an Auger-like process in which the photo-
electron hole is filled by a transition from an electron at higher energy and the
energy gained from this transition is used to excite an Auger electron above the
Fermi level. For this process, the final state is photoelectron hole scattered into
a higher state and an electron-hole pair [138] see Fig. 5.1(a). The inverse of the
scattering rate corresponds to ImΣ, which in this process given by

Σ′′FL(E) = λFLE
2, (5.1)

where λFL denotes the coupling strength of this interaction. At zero energy
(here referred to the Fermi level), the scattering rate is zero, meaning that the
life-time is infinite (for T = 0 K). This behaviour at zero energy can be explained
as follows, at T = 0 K the electrons stay below the Fermi level. If one electron
(say ε1 at k1) is excited just above Fermi level then this scattering process re-
quires another electron (say ε2 at k2 with energy less than that of ε1) in order
to satisfy the momentum and energy conservation principle. After this scat-
tering process, these two electrons must scatter to another state say at k3 and
at k4 above the Fermi level, whereby, to obey the Pauli exclusion principle,
they are not permitted to be in the same state. In this situation the energy of
ε1 > ε3 > ε4 > ε2. The momentum and energy conservation require that k1 +
k2 = k3 + k4. If the energy of ε1 is EF then energy conservation requires that the
energy of ε2, ε3, and ε4 are EF , too. This means that no scattering events can
be present in this situation and hence, this gives rise to the vanishing scattering
rate at energy zero (i.e. E = EF ).

The scattering process described in the preceding paragraph takes place an
energy windows of -ε1 to ε1 around the Fermi level. This yields a quadratic
behavior of Σ′′FL(E) since there are two fractions ε1/EF of the electrons within a
shell of thickness 2ε1. The first fraction is above the Fermi level in which ε3 and
ε4 lie. The second fraction is below the Fermi level in which ε2 lies. The product
of these two fractions will give the quadratic form of the scattering rate versus
energy away from Fermi level.

Another process that can contribute to the scattering rate of the photohole is
coupling to a bosonic mode. This process, in the normal state, is illustrated in
Fig. 5.1(b), in which the emission of a bosonic mode can only happen when the
photohole is filled by the electron whose initial energy lies above that of the
photohole by more than the bosonic mode energy, Ω0. In this one mode picture,
the Σ′′(E) contribution due to the mode is zero up to the mode energy Ω0 [139],
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but the total Σ′′(E) still has FL term starting at finite energy below EF . Such
bosonic excitations may be phonons, spin excitations, plasmons, or excitons.

In the superconducting state (for T < TC) the electron-electron interaction
determined by the Auger-like process, is allowed only for E > 3∆. This can be
understood as follows, due to the opening of the superconducting gap ∆, the
minimum energy required to excite the electron to an energy level above the
Fermi level is 2∆, while the energy gained from a transition from higher energy
state to the photohole is ∆ and therefore the total minimum energy involved
in this process is 3∆ (see Fig. 5.1(c)). The situation is rather different for the
scattering process involving the electron-boson interaction in the single mode
model. In the superconducting state, due to the opening of the gap, at k = kF
the photohole can only be created when its binding energy is equal to or greater
than ∆, therefore, the Σ′′(E) or the scattering rate due to the bosonic coupling
channel is different from zero only when |E| > ∆ + Ω0 [86, 135]

It is clear from the description of the bosonic mode coupling in the preced-
ing paragraph that within the single mode model, the bosons are assumed to
propagate as excitations with energy Ω0, independent of whether the fermions
are in the normal (T > TC) or in the superconducting state (T < TC) [135]. But,
from the ARPES measurements on OD Bi2212 presented in Chapter 4, as well
as from similar data in Refs. [78, 140], it is evident that the mode which causes
the appearance of the ”kink” energy structure at low energy (ca. 40 meV) only
appears below the superconducting critical temperature, and is strongest in the
antinodal region of the 2D BZ of OD Bi2212. These facts lead one to modify
the single mode model such that it can be used to describe the experimental re-
sults and, thereby to base the self-energy model on the antiferromagnetic spin
fluctuations which give rise to the scattering vector Q=(π, π): the driving force
behind the strong coupling effects. Numerous authors have used the spin fluc-
tuation collective mode model instead of the single mode model to explain the
low energy many-body effects visible in the superconducting state of the cupra-
tes [134, 135, 141, 142]. This model will be elaborated in more detail in the next
subsection.

5.2.1. The collective mode model

Here, we consider the interaction between the charge carriers and their collec-
tive spin excitations with momenta Q=(π, π). This momentum transfer connects
two antinodal points on the Fermi surface (i.e. (π, 0) and (0,π)), and hence the
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Figure 5.2: (a) The momentum vector Q=(π, π) that connects two antinodal regions on the Fermi
surface of Bi2212. This form the basis for a contribution to Σ′′(E) of the charge carriers due to
scattering from antiferromagnetic spin fluctuations. (b) Model self-energy used in the super-
conducting state: Σ′′(E) consists of the contribution from: the Fermi liquid starting at 3∆, the
resonance mode Ω0, the gapped spin-fluctuation (SF) continuum starting at 2∆, and an impu-
rity term that is represented by an offset of the total Σ′′(E). The small broadening term, δm,
used to reduce the singularity at ∆ + Ω0, will also contribute to the non-zero value of Σ′′(E) at
E ≤ ∆.

antinodal fermions are most strongly scattered by antiferromagnetic spin fluc-
tuations [134, 135, 141, 142], see Fig. 5.2(a).

In the normal state, the spectral function of the spin fluctuation is described
by a continuum rather than by a sharp spin-1 resonance mode and hence the
spectrum is rather flat. In the superconducting state, the low energy spectrum
of the electronic states in the antinodal region are gapped, and this feeds back to
the collective excitation spectrum. Hence the spectral function in the supercon-
ducting states is split into a gapped continuum at energy 2∆ and into a sharp
mode at Ω0. This Ω0 mode appears due to the residual attraction between the
electrons in a dx2−y2 superconductor (in case of cuprates), leading to transfer
of spectral weight below 2∆ and so to the development of the sharp resonance
peak [134, 135, 141, 142].

In Bi2212, the two adjacent CuO planes lead to a bonding and antibonding
band combination of the relevant bands which, in turn gives rise to different
scattering channels namely an odd and an even channel [143], a fact which has
been confirmed experimentally in inelastic neutron scattering (INS) [114].

In the following, we adopt the model proposed by Chubukov et al. [142] to de-
scribe the resonance mode appearing at energy Ω0. In this model, the fermionic
self-energy originates from the strong spin component of the electron-electron
interaction in the particle-hole channel and equivalently can be viewed as due
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to scattering by collective spin fluctuations. The spin resonance scattering is
effective in scattering antinodal fermions near the Fermi energy since they are
connected by the scattering vector Q=(π, π) (see Fig. 5.2(a)), but the same scat-
tering mechanism is not effective for nodal fermions since the bosonic momenta
which connect a nodal point to another nodal point on the Fermi surface are far
removed from (π, π).

In the normal state, the fermionic self-energy (SE) due to the interaction with
the gapless continuum of spin excitations is given by [142]

Σ′m(E) = −λnEsf arctan
E

Esf
,

Σ′′m(E) = −λn
ωsf
2

ln[1 +
E2

E2
sf

], (5.2)

where λn is dimensionless coupling constant in the normal state for this col-
lective mode model and Esf is the typical relaxation energy of the spin fluctu-
ations. At low energies, Σ′′(E) recovers the Fermi liquid form as one can see
when comparing to Eqn. 5.1, in which Σ′′(E) is quadratic. Σ′′(E) is almost flat
at high energies while at intermediate energies, the Σ′′ is almost linear.

In the superconducting state, the self-energy is altered significantly and is
given by [142]

Σ′m(E) = λeff∆
3/2 [E + Ω0 + ∆ +

√
(E + Ω0 + ∆)2 + δ2

m]1/2√
(E + Ω0 + ∆)2 + δ2

m

,

Σ′′m(E) = λeff∆
3/2 [E + Ω0 + ∆−

√
(E + Ω0 + ∆)2 + δ2

m]1/2√
(E + Ω0 + ∆)2 + δ2

m

(5.3)

where δm is a broadening term introduced to reduce the singularity appear-
ing at ∆SC + Ω0 and λeff is a dimensionless parameter related to coupling to
the resonance mode. As one can see from Fig. 5.2(b), Σ′′(E) is zero below the
threshold at (∆ + Ω0), and diverges as a square root approaching the threshold
from large |E|.

The gapped continuum part of the self-energy in the superconducting state
is modelled with a step-like function which aims to resemble mainly the high
energy part of the Σ′′(E) spectrum. Note that the form of the gapped continuum
used here is similar to that proposed in the marginal Fermi liquid model [134,
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144, 145] and the extended collective mode suggested by Eschrig and Norman
[141]. The Σ′′(E) of this part is given by

Σ”C(E) =
λC tanh[−E−2∆H

δc
]

1 + [ E
ECO,C

]nc
, (5.4)

where λC is a dimensionless constant and δc is the parameter that can broaden
this gapped continuum. The SF continuum itself is gapped at 2∆H where ∆H

denotes the gap value at the ”hot spot” region, the region of the Fermi surface
in which the antiferromagnetic Brillouin zone crosses the Fermi surface (there
are those Fermi surface points which are exactly nested with Q = (π, π)). Conse-
quently, ∆H is more relevant for the coupling to the spin fluctuation continuum
than the maximal ∆SC value. The value of 2∆H is slightly less than twice the
maximal gap which is seen in the EDC’s at the antinodal region.

The denominator appearing in Eqn. (5.4) will guarantee a high energy cut-off
at ECO,C for this gapped continuum part of the self energy. This also enables the
Kramers-Kronig transformation (KKT) procedure used to produce Σ′(E) from
Σ′′(E) data covering a limited energy range. The KKT procedure will be elabo-
rated in more detail in the next subsection. The choice of ECO,C does not affect
Σ′′(E) significantly at low energies [86, 141]. In our case, we have chosen an
ECO,C of 120 meV which gives a good resemblance of the high energy part of
the ARPES data as will be seen later. In order to perform the KKT, one should
extend the real data which are available only in the range of 0 - 150 meV.

Our total model SE also includes the contribution from impurities due to im-
perfections of the crystal. Its value may differ from one crystal to another. Here
we have taken the impurity scattering contribution to Σ′′(E) to be ca. 8 meV, a
value derived from nodal ARPES data in Ref. [136]. The effect of the impurity
scattering can be seen as an off-set of Σ′′(E) at zero energy, visible in Fig. 5.2(b).

To summarise, we consider a model SE in the superconducting state that con-
sists of contributions from a Fermi liquid, the resonant spin-1 magnetic mode,
the SF continuum and impurities, where the total imaginary part of the self en-
ergy is given by

Σ′′tot(E) = Σ′′FL(E) + Σ′′m(E) + Σ′′C(E) + Σ′′imp(E), (5.5)

where Σ′′FL(E), Σ′′m(E), and Σ′′C(E) are given by Eqns. (5.1), (5.3), and (5.4), re-
spectively. The Σ′′imp(E) denotes the imaginary part of SE due to impurity scat-
tering, the value of which was discussed in the previous paragraph.
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We use this model SE to simulate our ARPES data of OD (Pb,Bi)2212 which
will be presented later in this chapter. These data are recorded at different lo-
cations on the Fermi surface, in the range from close to the nodal direction to
the antinodal region. Though this model is intended to be used to model the
ARPES spectral function at the antinodal region, we extend its usage to de-
scribe the spectral function away from the antinodal region by assuming a lack
of momentum dependence of the functional forms of the self energies given in
Eqns. (5.1), (5.3), and (5.4). The coupling constant to the spin-1 resonance mode,
λeff , and the superconducting gap, ∆, are taken to be dependent on the Fermi
surface angle for which the data were recorded.

Previous ARPES measurements on the scattering rate in Pb-Bi2212, done in
a range of doping levels from underdoped (UD) to overdoped (OD) in the
nodal direction (i.e. an ungapped location on the Fermi surface), can be well
understood in terms of the Fermi liquid model and the antiferromagnetic spin-
fluctuation model. The latter consists of the resonant magnetic mode Ω0 which
increases with lowering temperature and the SF continuum increases with un-
derdoping [81].

5.2.2. The superconducting state spectral function: Nambu for-
malism

In the superconducting state, the electron-hole excitations and pair excita-
tions have to be accounted in order to describe a representative spectral func-
tion. The ground state of the superconducting state is represented by the for-
mation of Cooper pairs near the Fermi energy that appear due to the instability
of the Fermi gas under an attractive electron - electron interaction. The excited
state of this ground state would be the breaking up of these Cooper pairs into
two single electrons which will cross the energy gap 2∆ and go up in an empty
state above the Fermi level [5].

Nambu has developed an neat way to treat the superconducting ground state
and excited state in which he considered the occurrence of new correlations be-
tween pairs of electrons of opposite momentum and spin, in addition to describ-
ing the usual single-electron state. By introducing the two component creation
operator Ψk which behaves as a spinor [89, 90, 146]

Ψk =

(
c†k↑
c−k↓

)
, (5.6)
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and the 2×2 Pauli matrices

τ1 =

(
0 1

1 0

)
, τ2 =

(
0 −i
i 0

)
, τ3 =

(
1 0

0 −1

)
(5.7)

one can modify the BCS hamiltonian in terms of this one body operator Ψk.
The c†k↑ denotes the creation of an electron with momentum k and spin up while
ck↓ denotes the annihilation of an electron with momentum -k and spin down.
Within the Nambu formalism, the Green’s function (GF) in the superconduct-
ing state transforms into 2×2 matrices whereas its diagonal component known
as the normal GF represents the electron-hole excitation while the off-diagonal
known as the anomalous GF represents the pair excitation [90]. Accordingly, the
self-energy (SE) has two components too, namely the normal SE Σ(k,E) and the
anomalous SE Φ(k,E). These two self energies are related each other through
the following relation

E − Σ(k,E) = EZ(k,E), Φ(k,E) = Z(k,E)∆(k,E), (5.8)

where Z(k,E) is the complex renormalisation function. The superconducting
gap ∆(k,E) is also a complex function and depends on both parameters k and E.
For simplicity, numerous authors have made the simplification in which ∆(k,E)

is approximated by an energy independent gap ∆(k) [135, 142]. Its momentum
dependence has the form of a dx2−y2 function which has its maximum value at
the antinodal region. Near the antinodal region, the gap is rather flat in k and
we can replace the gap ∆(k) with a constant gap, ∆, and hence, Z(k,E) with Z(E).
Neglecting the imaginary part of ∆, the normal GF is then given by [142]

Gsc(k,E) =
Z(E)E − ε0

k

Z(E)2[E2 −∆2]− ε0
k

, (5.9)

where the ε0
k denotes the bare quasiparticle dispersion. Correspondingly, the

spectral function is given by [90, 139]

A(k,E) = − 1

π
ImGsc(k,E). (5.10)

It is apparent that in the normal state, when the superconducting gap has
vanished, the spectral function in Eqn. (5.10) will reduce to the normal state
spectral function given by Eqn. (2.30).
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5.2.3. Kramers-Kronig transformation

The self-energy Σ′′ = Σ′+ iΣ′′ is an analytical complex function meaning that
Σ is differentiable at any point in the complex plane. The real and imaginary
parts of the self-energy are related by the Kramers-Kronig transformation (KKT)
1 and are given by

Σ′(E) =
1

π
P
∫ ∞
−∞

Σ′′(E ′)

E ′ − E
dE ′, (5.11)

Σ′′(E) = − 1

π
P
∫ ∞
−∞

Σ′(E ′)

E ′ − E
dE ′, (5.12)

where P denotes the Cauchy principal value of the integral. It is apparent
that one can obtain Σ′(E) if Σ′′(E) is known and vice versa, which in light of
an ARPES analysis is convenient since one can verify the ARPES data through
this relation. But verifying the data using this relation requires a very large
data range in order to perform the integration, as one can see in Eqs. (5.11) and
(5.12), which is almost impossible to be realised since E range of the data is
limited. In order to make this relation still applicable, one should extrapolate
the data with certain assumptions such as particle-hole symmetry in the ARPES
data in the sense that the data recorded from the occupied states are reflected
so as to appear also in the unoccupied states. Another assumption is a high
energy cut-off of the extrapolated data which should give a reasonable result
for its high-energy tail. This extrapolation data should blend into the recorded
data. In practice, the Cauchy principal valueP , which appears in Eqs. (5.11) and
(5.12), is treated as the summation over the complete energy range, but leaving
out the pole at E = E ′.

Fig. 5.3 shows the application of the KKT procedure to ARPES data recorded
at nodal direction of underdoped Bi2212 (data from Ref. [136]). The real data is
only available in the range of 0 to 450 meV. The particle-hole symmetry assump-
tion with regards to Σ′′(E) was exploited and then the data were extrapolated
so as to enable the KKT to go to beyond the recorded energy range. The high
energy tail shape is determined by the choice of the high-energy cut-off ECO
[136].

In our model of self energy, we deal with the problem of the high energy tails
by inserting parameters which can modify the position of ECO (see Fig. 5.3) and

1The Kramers-Kronig transformation (KKT) is derived using the complex function analysis.
For more rigorous description, see Ref. [147].
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Figure 5.3: The KKT procedure applied to the nodal data of underdoped Bi2212. the red curve
represents Σ′′(E) while blue curve shows the corresponding Σ′(E) obtained by using the KKT
procedure. The arrow shows the high energy cut-off ECO. The real data were available from 0
to 450 meV. Clearly, the particle-hole symmetry assumption has been used here. From [136]

change the shape of the high energy tail. The relevant SE terms that affect the
high energy spectrum are the Fermi liquid term and the SF continuum term,
since both of them still have a contribution at high energy. The parameters nc
andECO,C in the denominator of Eqn. (5.4) are therefore the parameters that can
affect the shape of high energy tail and the position of the high-energy cut-off,
respectively.

5.2.4. The simulation of the ARPES spectral function

It is apparent from the preceeding sections that the model we aim to use con-
tains numerous parameters. Thus good physical arguments are needed to guide
our choices of values for these parameters. In this subsection, we try to provide
a kind of guidance in order to narrow down the number of free parameters in
the model, so as to be able to extract physical insight from the eventual agree-
ment (or not) of the model’s output with the experimental ARPES data.

In the first step, the Σ′′total(E) which contains the contribution from electron-
electron interaction, resonance mode, spin fluctuation (SF) continuum and im-
purity scattering, should be defined. The Σ′total(E) then can be obtained by do-
ing a Kramers-Kronig transform (KKT) of Σ′′total(E) as described in the previous
subsection.

We now go through an example ARPES simulation, step by step, so as to
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Figure 5.4: Simulating the ARPES spectral function in the superconducting state at an antinodal
cut (ZF or cut 1) with a model self-energy as described in the text (magnetic resonance mode +
SF continuum + Fermi liquid). Parameters : λeff = 1, ∆SC = 20 meV, Ω0 = 38 meV, δm = 1 meV.
(a) The total imaginary part of the model self energy. (b) The total real part of the self energy
as obtained by Kramers-Kronig transform (KKT) of the imaginary part. Both of them show
structure at an energy scale around (∆SC+Ω0). (c) and (d) show the simulated spectral functions
without and with the experimental broadening ( RE = 20 meV, Rk = 6 mÅ−1), respectively. (e)
The dispersion extracted from the EDM shown in panel(c) (black) and panel (d) (red). (f) FWHM
extracted from EDM shown in panel (c) (black) and panel (d) (red). The grey blocks in panels
(e) and (f) represent the energy region gapped in the superconducting state.
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Figure 5.5: The calculated MDC (open circles) and its Lorentzian (solid lines) line shape fit. (a)
For FSA = 0◦(antinodal region) and (b) FSA = 32◦. Close to the gap, there are discrepancies
visible, but the peak position and FWHM are not gravely affected. For higher binding energies
the Lorentzian fit is a very good approximation.

give the reader an overall feeling of the procedure. Firstly, on the basis of
Eqn. (5.5), a total imaginary part of the self energy Σ′′total(E) is generated. An
example is shown in Fig. 5.4(a). Via KKT a Σ′total(E) is arrived at and displayed
in Fig. 5.4(b). With these Σ′′total(E) and Σ′total(E), a bare Fermi velocity v0

k and
Eqs. (5.9) and (5.10), we can now generate a simulated ARPES EDM. In its un-
broadened form an example EDM is shown in Fig. 5.4(c) and after broadening
with the experimental energy (RE) and momentum resolution (Rk) we arrive at
Fig. 5.4(d).

The simulated EDM’s are then sliced into MDC’s and the resulting curves are
fitted with Lorentzians, yielding the width and dispersion relation, which are
related to Σ′′total(E) and Σ′total(E), respectively. Figs. 5.4(e) and 5.4(f) show the
MDC FWHM and dispersion, respectively, whereby the black curves show the
analysis of the unbroadened simulation and the red those in which the experi-
mental broadening in E and k has been taken into account.

In the simulation illustrated here, which is intended to match the measured
data for the antinodal or zone face (ZF) cut (cut 1 in Fig. 5.8(b)), the parameters
are : λeff = 1, ∆ = 20 meV, Ω0 = 38 meV and v0

k = 1.7 eV Å. A small broadening
δm=1 meV has been used in order to damp the singularity occurring at E =

∆SC + Ω0. The negative intensity that occurs at k = kF and −∆ ≥ E ≥ ∆ can be
avoided by introducing a small energy broadening δE (in this example δE=0.5
meV). Besides, −∆ ≥ E ≥ ∆ marks the region where the superconducting gap
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Table 5.1: Parameters that used to simulate the ARPES spectra of OD 80 K shown in Fig. 5.6.

panel λeff Ω0 ∆SC

b1 1 38 meV 20 meV
b2 3 38 meV 20 meV
b3 1 28 meV 20 meV
b4 1 38 meV 10 meV

exists, and in this region, one would not expect - apart from the effects of finite
resolution and temperature - the self energy to be non-zero.

Since the bare dispersion ε0
k appears in both the numerator and denominator

of the spectral function in the superconducting state (see Eqn. (5.9)), the MDC
line shape has no longer a simple Lorentzian form. Nevertheless, via inspection
of the MDC obtained from the calculated spectral function - as can be seen in
Figs. 5.5(a) and 5.5(b) - it is not inappropriate to fit them with a Lorentzian line
shape in which one can extract the dispersion from the peak position and the
imaginary part of the self-energy from the FWHM (full width at half maximum).
The dispersion and FWHM shown in Figs. 5.4(e) and 5.4(f) are based on fits such
as those shown in Fig. 5.5(a),

It is interesting to gain a feeling for how sensitive the calculated ARPES spec-
tral function is to the parameters chosen, and especially for the most important
parameters such as λeff , the resonance mode energy Ω0, and the superconduct-
ing gap ∆SC . Figs. 5.6(a1) and 5.6(b1) show the same calculated ARPES spectral
function as shown in Figs.5.4(a) and 5.4(b). Significant changes in the calcu-
lated ARPES spectra appear as one alters these three parameters. Compared
to Figs. 5.6(a1) and 5.6(b1), the simulations shown in Figs. 5.6(a2) - 5.6(b2) only
differ by a λeff value of 3 instead of unity.

The increase in λeff can clearly be seen to result in a more pronounced ’kink’
in the broadened EDM, with the most spectral weight (of all four EDM’s shown)
concentrated in the low energy branch. In addition, the λeff = 3 simulation
shows the most flat dispersion of the ”eye” - the low energy blob of high in-
tensity situated in energy between ∆SC and ∆SC + Ω0. In Fig. 5.6(a3) and (b3)
λeff is back to a value of unity but now the resonance mode energy Ω0 is taken
as 28 meV instead of the 38 meV taken until now. Comparing panel (b3) with
(b1) one can see that the high binding energy tail (the high energy branch) picks
up significantly more spectral weight when Ω0 = 28 meV and that the lower left
portion of the ’eye’ is truncated in (b3), consistent with the smaller energy win-
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Figure 5.6: The effects of selected parameter variation on the simulated ARPES data for FSA
= 0◦ (i.e. the antinode). Panels (a1) and (b1) have identical parameters to Fig. 5.4(c) and 5.4(d).
The parameters that have been used to generate EDM’s at panels (a1-a4) and (b1-b4) are shown
in Table 5.1 in the text. The panels (c1) and (c2) show the results of the MDC analyses for the
unbroadened and broadened simulated data, respectively. Panels (d1) and (d2) show the analo-
gous dispersion data. Panels (e) and (f) recap the total self energies inserted into the simulation
on the input side. The grey blocks in panel (c1-c2) and (d1-d2) represent the energy region
gapped by the superconducting.
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Figure 5.7: The alignment of the Scienta 2002, the sample, and the photon source used in the
experiment. The sample mounted such that polar θ = 0◦ results in a normal emission. The
movement axes of the sample is also shown. (b) The experimental cut through the FS of Bi2212
Brillouin zone (schematically). ΦFSA denotes Fermi surface angle i.e.: the angle formed by the
experimental cut with respect to the M-Y line.

dow between ∆SC and ∆SC + Ω0. In Figs. 5.6(a4) and (b4) the superconducting
gap ∆SC has been set to 10 meV (instead of 20 meV). This can be seen to have an
immediate effect as on the low energy onset of the spectral weight, shifting it to
lower binding energy. In this manner, we can be optimistic that a careful com-
parison with good quality data will enable us to pin down parameter values
within a reasonable margin.

Panels (c1) and (c2), plus (d1) and (d2) of Fig. 5.6 show the MDC FWHM and
dispersion data for unbroadened (panel’s 1) and broadened (panel’s 2) simu-
lated spectral functions, whereby, as in Figs. 5.4(e) and (f) the grey blocks indi-
cate the regions where E < ∆SC and Σ′′ would be expected to be zero. Here,
again, the impact of the parameter variation can be seen clearly in the analysis
of the MDC data. The (expected) good agreement between the input self ener-
gies shown in Fig. 5.6(e) and (f) and the result of the MDC analysis of the EDM’s
(panel (c1) and (d1)) again attest to the fact that the Lorentzian approximation
for the superconducting state MDC line shape is not too bad.

5.3. Experimental and results

Having dealt with the systematics of the ARPES simulations, we now turn to
the experiments they are designed to simulate. The ARPES experiments were
performed at the Surface and Interface Spectroscopy (SIS) beamline of the Swiss
Light Source (SLS), using a Scienta 2002 spectrometer. Energy and angular res-
olution were better than 20 meV and 0.2◦, respectively. High quality overdoped
Pb-doped Bi2212 untwinned single crystals with TC = 78 K and 80 K were grown
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by Dr. Y. Huang using the travelling solvent floating zone method and were
mounted on a 5-axis cryomanipulator that allows polar and azimuthal rotation
of the sample in ultra-high vacuum (c.a 10−10 mbar) with a precision of 0.1◦.
Cleavage and measurement took place at T = 15 K. In order to get sufficient
contrast between the bonding and antibonding CuO2 plane related bands, a
photon energy of 39 eV was used.

A sketch of the experimental set-up is shown in Fig. 5.7(a) whereby the sam-
ple was mounted such that polar θ = 0◦ is normal emission. The detector was
aligned parallel to the (π,−π) - (π, π) direction (XMY direction). Since we would
like to investigate the momentum dependence of the many-body effects in these
compounds, the variation of experimental location in the 2D BZ of OD Pb-
Bi2212 has been done as seen in Fig. 5.7(b). Cut 1 is the antinodal (XMY) cut
and is equal to a Fermi surface angle (FSA) of 0◦, the angle that is defined be-
tween the line parallel to zone face (ZF) and the position of the detector crossing
the Fermi surface (see Fig. 5.7(b)). The other cuts (of which number 4,6 and 8 are
shown schematically in Fig. 5.7(b)) are parallel to cut 1 but shifted more towards
the Γ point. These experimental cut can be expressed in term of FSA’s of 15◦,
23◦, and 32◦, respectively, with respect to the bonding bi-layer split Fermi sur-
face. In practice, these experimental cuts can be obtained by altering the polar
degree of freedom of the sample.

5.3.1. The use of multiple light polarisation and the constrained
fitting procedure

In order to investigate self energy effects in the ARPES data we need to de-
termine the position and FWHM of the MDC, purified from the effects of the
c-axis bilayer splitting. To this end, we have used multiple polarisations of the
synchrotron radiation, namely, linear horizontal (LH), circular left (CL) or σ+

and circular right (CR) or σ− to record the data, thereby multiplying the num-
ber of independent data sets that can be analysed in a methodology employing
a constrained fitting procedure. Fig. 5.8 shows the OD 80 K data taken for FSA’s
of 0◦, 15◦, 23◦ and 32◦ and using different polarisation. An MDC-based linear
background has been subtracted from the data (see subsection 2.2.3).

What is immediately evident from the data is that the polarisation plays a
large role in the determination of the relative intensity of features across the de-
tector. For example, for the FSA = 0◦ cut, CR polarisation puts all the intensity at
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Figure 5.8: Upper part: cartoons showing the position of the experimental cut in the 2D BZ
of Pb-Bi2212. ΦFSA denotes the Fermi surface angle. Lower part: momentum and polarisa-
tion dependent ARPES data from OD 80 K (Bi,Pb)-Bi2212 (after MDC-based linear background
subtraction). Cuts 1, 4,6 and 8 correspond to the EDMs for FSA’s of 0◦, 15◦, 23◦, and 32◦, respec-
tively. � and 	 correspond to σ− (CR) and σ+ (CL), while←→ corresponds to linear horizontal
polarisation of the synchrotron radiation.
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Figure 5.9: The upper row show the zooms of the positive ky region of the data from cut 6
in Fig. 5.7(b) (FSA = 23◦). The relative intensity ratio between bonding band and antibonding
band features varies strongly with the polarisation: circular right (CR, left panel), circular left
(CL, middle panel) and linear horizontal (LH, right panel). The lower row shows the multiple
MDC fitting procedure which gives a robust, quantitative analysis.

the right-hand side of the detector, whereas CL does the same for the left-hand
side of the detector. LH polarisation gives a symmetric intensity distribution.

The use of polarized light in ARPES studies particularly in high TC super-
conducting cuprates has been elaborated, specifically in detecting the origin of
the pseudogap phase of these cuprates [42, 148, 149] and recently, in disentan-
gling the surface and bulk related emission of ARPES spectra [150]. As was
described in Chapter 2 that one of the explanations is that the pseudogap is due
to the circulating orbital current [42, 43].

The explanation of the observed polarisation of the sensitivity of the ARPES
spectra to the polarised light (CR, CL, and LH) is beyond of the scope of this
thesis. This subject is treated in Ref. [151]. In our case, we are interested to ex-
ploit this behavior as a route to analyse the data in a more rigorous and robust
way. Fig. 5.9 shows a zoom of the right-hand side of the total k-region measured
at a Fermi surface angle of 23◦ (this region is highlighted in Fig. 5.8 with a light
blue box). The left, middle, and right column of Fig. 5.9 are the data recorded
with CR, CL, and LH polarised light, respectively. As one can see, the bond-
ing (outer) and antibonding (inner) bands are getting close to each other at this
FS angle, making fitting of the position and width of the momentum distribu-
tion curves a tricky business. This is even more the case as we continue further
towards the node. The relative intensity ratio between the bonding and anti-
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Figure 5.10: (a) The kF of OD 80 K and OD 78 K bonding and antibonding bands. The kF s of
corresponding doping level from LDA calculation by Sahrakorpi et al. (Northwestern univer-
sity) are also depicted. (b) The superconducting gap of OD 80 K and OD 78 K as a function of
Fermi surface angle. The solid black lines show the simple d-wave line as a guide to the eye for
OD 80 K (upper line) and for OD 78 K (lower line). For OD 80 K, FSA = 0◦ is cut 1, FSA = 15◦ is
cut 4, FSA = 23◦ is cut 6 and FSA = 32◦ is cut 8.

bonding bands varies significantly as we alter the polarization of the incoming
synchrotron radiation from LH to CR and CL. The corresponding MDC’s for a
binding energy of 13 meV are shown below the EDM’s. In this way, for each
Fermi surface angle, we can triple the amount of physically equivalent data
going into the peak fitting procedure, thereby giving a huge boost to the quan-
titative precision of the determination of the self energies. The MDC’s are best
fitted with 2 Lorentzian functions as shown in the lower panel of Fig. 5.9.

In this fitting procedure, as many fit parameters as possible were held fixed
for the simultaneous fit of all three MDC’s, essentially, only the intensity was
allowed to vary freely from one polarisation to the next.

Fig. 5.10.(a) shows the kF locations for OD 80 K and OD 78 K extracted from
the EDMs that were recorded with LH photons. Our kF ’s are in good agreement
with those extracted from LDA calculations done by Sahrakorpi et al. (North-
western University, private communication). This calculation is done using 20%
Pb-doped Bi2212. Fig. 5.10.(b) shows the superconducting gap, ∆SC , as a func-
tion of Fermi surface angle (FSA) for OD 80 K (blue) and OD 78 K (red). These
∆SC have been determined from the peak maximum of the kF EDC’s and its
value changes with FSA. For OD 80 K, ∆SC are 20, 15, 9 and 6 meV for FSA’s of
0, 15, 23 and 32◦ , respectively.
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Figure 5.11: The comparison between the OD 80 K data and the model simulation. The red dot
marks the bonding band (BB) kF . Row (a) shows the experimental and simulated results taken
at cut 8 (see Fig. 5.8(b), close to the Brillouin zone diagonal). For the simulation (centre panel of
row (a)), the simulation parameters are λeff = 0.8, Ω0 = 38 meV, ∆SC = 5 meV . Row (b) shows
analogous data and simulation results for cut 6 (FSA of 23◦). With regards to the parameters
adopted: only the gap has been changed (∆SC = 9 meV). The EDMs in the second column are
obtained from the MDC Lorentzian fit of bonding band data. The third (centre) column shows
the results of the simulation. The fourth column shows the dispersion data obtained from fitting
MDC slices of the data (symbols) and simulation (solid red line) using Lorentzians. The right-
most figures show analogous plots of the MDC full widths at half maxima (FWHM). The error
bars in the dispersion and FWHM plots are those from the fitting procedure. The grey blocks in
dispersion and FWHM graphs represent the energy region below the superconducting gap.

5.4. Comparing the data and simulation

From Fig. 5.8, it is very clear that even without doing the quantitative analy-
sis one can see the momentum dependence of the renormalisation by observing
the changes of the ’eye’ shape in the EDM at an energy of about 25 meV as one
moves from cut 1 (FSA = 0◦) towards cut 8 (FSA = 32◦). Of course, a detailed
description of the many-body effects requires a quantitative analysis which we
will give in the next subsection, step by step, starting from high FSA and to-
wards the antinode.

5.4.1. Intermediate region : FSA = 32◦ and 23◦

We kick off the quantitative analysis of the data for the cuts with FSA 32◦ and
23◦, i.e. cuts at ca. half-way (23◦) and three-quarters (32◦) towards the node,
seen from the antinodal point. Figs. 5.11(a) and 5.11(b) shows the comparison
between the data and the simulation based on the model self-energy described
in section 5.2.1.
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Table 5.2: Parameters that used to simulate the ARPES spectra of the bonding band of OD 80 K
(Pb,Bi)2212 for FSA’s of 23◦ and 32◦.

position λeff Ω0 δm ∆SC ∆H λFL λC v0
F

FSA 23◦ 0.8 38 meV 10 meV 9 meV 15 meV 3eV−1 0.39 eV 1.8 eVÅ
FSA 32◦ 0-0.8 38 meV 10 meV 5 meV 15 meV 3eV−1 0.39 eV 1.95 eVÅ

In the first step, from the global fit of the multiple-polarisation MDC dataset,
a fit of the bonding band (BB) is arrived at. These fit results are shown in the
form of a synthetic EDM in the middle panel of Fig. 5.11. As can be seen in
Fig. 5.8 for FSA 0◦ and 15 ◦ there is barely any intensity under these conditions
for the antibonding band (the blue band in the FS sketches in Fig. 5.8), thus
we are only able to undertake a full analysis of the self energy effects for the
bonding band across the full range of Fermi surface angles studied.

It is clear from the upper left panel of Fig. 5.11 that the intensity for FSA =
32◦ is dominated by the antibonding band, with the bonding band clearly iden-
tifiable at low binding energies (see the red dot on the EDM). This makes the ”fit
EDM” for this FSA somewhat noisy in character. Nevertheless, the MDC max-
ima and FWHM can be extracted for the bonding band from the fit, and these
data are shown on the right-hand side of the top row of Fig. 5.11, together with
the values arrived at from a fit to the simulated (and broadened) EDM’s based
on the model self-energy terms described earlier. The FSA = 23◦ data (cut 6) is
very clear, as far as the BB is concerned. Here we can see an excellent agreement
between the simulation and the BB data, not only in terms of the MDC position
and FWHM, but also as regards the intensity distribution within the EDM.

The parameters that one used to successfully simulate the ARPES spectra of
OD 80 K (Pb,Bi)2212 at for FSA’s of 23◦ and 32◦ are given in Table 5.2. Here we
note that the data can be well described, also in terms of the dispersion relation,
from a model self energy that has been optimised to match the MDC widths.
In this manner, the Kramers-Kronig consistency of the experimental data them-
selves is illustrated. Now turning to the values of the simulation parameters,
we note firstly that the spin-1 resonance mode energy can be left constant at a
value (both in terms of the energy position and energy width, Ω0 = 38 meV, δm
= 10 meV) matching the inelastic neutron scattering data [114] (see Fig. 5.12)
for both FSA’s, which is physically reasonable. The hot spot energy gap for OD
80 K (∆H) is 15 meV. This value is simply the ∆SC measured for an angle for
which the FS is cut by the antiferromagnetic Brillouin zone (i.e. the line joining
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Figure 5.12: (a) Doping dependence of the magnetic resonant mode energy in Bi2212 measured
using INS. The full symbols represent the odd (E0

r) and even (Eer) modes, and the threshold
energy (ωc). The notation E0

r is equivalent to the notation Ω0 used in the text. The open symbols
are the energy gap measured by ARPES and Raman scattering. The inset shows the equivalent
diagram for Y123 systems. (b) Resonant magnetic modes seen in the INS spectra of nearly
optimally doped BSCCO OD 87 K measured at Q=(0.5,0.5,L) in the odd scattering channel with
L=14 and even channel with L=18. The signal is obtained by subtracting the intensity at T=5 K
from the intensity above TC . From [114]

the (π, 0) and (0, π) and equivalent points).
The real ”free parameters” that are then left in the simulation are λFL, λeff ,

and Fermi bare velocity v0
F . λFL is the parameter that corresponds to the Fermi

liquid contribution to the self-energy and it is expected to be isotropic in k. The
value of λFL shown in Table 5.1 is obtained from the analysis of the relation be-
tween the ARPES spectra and the dynamic magnetic susceptibility [152] based
on a Kramers-Kronig procedure [136], λFL can be seen as being experimentally
determined in independent experiments, thus reducing the ”free parameters”
here to two. λeff and v0

F are adjusted to get best correspondence to the disper-
sion, FWHM, and EDM obtained from the ARPES spectra. The value of λeff for
FSA 32◦ given as 0 - 0.8 means that 0.8 can be seen as an upper bound for λeff ,
as taking a value of 0 also gives a good agreement with the experimental data.
This point will be returned to in the discussion of Fig. 5.15 later in this chapter,
but clearly means that in the range 0 ≤ λeff ≤ 0.8 the contribution to the self
energy from the coupling to the spin-1 mode is marginal.

The values of v0
F for FSA’s of 32◦ and 23◦ are 1.95 and 1.8 eVÅ, respectively.

The general trend that v0
F decreases on going from the node towards the antin-

ode is fully reasonable, as the band bottom at kx = ky = 0 is far deeper that that at
kx = π/a, ky = 0 or equivalent points. From the analysis of the scattering rate as a
function of location at the Fermi surface in the normal state of optimally doped
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Figure 5.13: The comparison between bonding band OD 80 K data and the model simulation for
a FSA of 15◦ (cut 4). The red dot marks the bonding band (BB) kF . Panel (a) shows the results
for the simulation parameters: λeff = 1.4, Ω0 = 38 meV, ∆SC = 15 meV, and v0

F = 1.7 eVÅ. In
panel (b) all parameters are unchanged except for the energy position of the spin-1 resonance
mode, which has been reduced by 10 meV to Ω0 = 28 meV. The grey blocks in dispersion and
FWHM graphs represent the energy below the superconducting gap.

Bi2212, Kaminski et al. have extracted a value for v0
F . For the locations corre-

sponding to our data, v0
F is roughly constant at around 2 eVÅ [84]. Our values

for v0
F are - seen the higher doping level - fully in line with those of Ref. [84].

The last main contribution to the self energy in the model comes from the spin
fluctuation continuum. This term is not expected to be strongly varying with k:
being roughly constant for a wide k-area centered centered at the hot spots, but
than finally tailing off far from the Brillouin zone face (see, for example, Fig. 1
in Ref. [143]). For FSA’s of 32◦ and 23◦ we took λC to be 0.39.

5.4.2. Towards the zone face (antinodal) region : FSA = 15◦

In the preceeding subsection we have seen that the model self-energy works
perfectly in the region half-way and three-quarters towards the nodal FS cut.
We now consider data from cuts moving progressively towards the zone face
(antinode). We would expect the coupling to the magnetic resonance mode
λeff to increase, but the contribution from the SF continuum is expected to be
isotropic over quite a considerable momentum range [86, 141, 143], and thus
the coupling was kept the same here for a FSA of 15◦ as we took for the FSA’s
23◦ and 32◦. On reducing the FSA, the (isotropic) Fermi liquid contribution is
not expected to change, except for a shift of its onset, which starts at 3∆SC (∆SC

being FSA dependent as shown in Fig. 5.10(b)).
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Table 5.3: Parameters that used to simulate the ARPES spectra of OD 80 K (Pb,Bi)2212 at FSA =
15◦.

position λeff Ω0 δm ∆SC ∆H λFL λC v0
F

FSA 15◦ (a) 1.4 38 meV 10 meV 15 meV 15 meV 3eV−1 0.39 eV 1.7 eVÅ
FSA 15◦ (b) 1.4 28 meV 10 meV 15 meV 15 meV 3eV−1 0.39 eV 1.7 eVÅ

Fig. 5.13(a) shows the comparison between the data and simulated EDM spec-
tra for a FSA of 15◦. The parameters that have changed with respect to those of
FSA 23◦ are λeff , ∆, and v0

F , and now take the values of 1.4, 15 meV, and 1.7
eVÅ, respectively. Table 5.3 summarises the main parameters values. It is clear
from Fig. 5.13(a), and in particular from the the right-most panel showing the
FWHM data and that the simulation is not fully able to correctly capture the
energy scale of the main step-like structure in Σ′′, which is given by ∆SC + Ω0.

Thus, on the one hand, the simulation seems to overestimated the energy
∆SC +Ω0, while on the other hand the fact that the simulated dispersion is fitted
well hints at a weakening in the Kramers-Kronig self consistency of the experi-
mental data themselves. These considerations go to show that the extraction of
the physical parameters behind the simulation is only possible in a meaningful
manner if the optimisation between the model and experimental goes well be-
yond a mere optical inspection of the simulated and measured EDM’s. Here the
discrepancy is only visible in the MDC width data as a subtle difference in the
energy region in which Σ′′ is increasing fastest.

In order to get a match between the energy scales in the Σ′′-related quantity
of the MDC FWHM, there are two possibilities: either to reduce the energy gap,
∆SC , or to reduce the resonant mode energy, Ω0. If one considers how the AR-
PES simulation works, then reducing ∆SC will shift the ’eye’-like high intensity
feature to lower binding energy in the EDM, as can be seen in Fig. 5.6(b4). The
fact that the ’eye’-like structures in the simulation have the correct low bind-
ing energy onset and are - if anything, already longer than those in experiment
certainty (meaning they extend over a larger energy region) indicates that ∆SC

should not decrease from the value extracted from the peak position in the kF
EDC. Fig. 5.6(b4) shows that a reduction in ∆ (with other parameter unchanged)
leads to a lengthening of the ’eye’-like feature at low binding energies; some-
thing that would certainly lead to reduction in the quality of the match with the
experimental data. Thus, the only possibility is to reduce Ω0 (in this case from
38 mev to 28 meV) and indeed, by doing so, the EDM, dispersion, and FWHM
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Figure 5.14: The comparison between the bonding band OD 80 K data and model simulations.
The red dot indicates the bonding band (BB) kF . The simulations are for parameter sets as given
in Table 5.4. The most important parameters are λeff = 2.3, Ω0 = 38 meV, ∆SC = 20 meV, and
v0
F = 1.7 eVÅ. (b) as (a) excepts Ω0 = 23 meV. (c) as (a) excepts Ω0 = 13 meV. The grey blocks in

dispersion and FWHM graphs represent the energy region below the superconducting gap.

from calculated ARPES spectra match the data as can be seen in Fig. 5.13(b).
Before going further we point out that by reducing the resonant mode energy

from the values observed in INS experiments on BSCCO, we do appear to be
departing from the original idea behind the self energy model adopted. Indeed
this model would be expected to become increasingly quantitatively accurate
as we approach the antinode. We will return to this issue in the next subsection.

5.4.3. Zone face (antinodal) region

As was described in some detail in subsection 5.2.1 which dealt with the
model self energy, if the scattering of the quasiparticles from spin-fluctuations
and the spin-1-resonance mode are, besides Fermi liquid term, the factors domi-
nating the dynamics of the charge carriers in the cuprate superconductors, then
the model self-energy used to describe the ARPES data should work well at the
antinodal region (FSA = 0◦ or cut 1 in our jargon). If we now continue our con-
sideration of the model self-energy as in the previous subsection, the coupling
strength to the magnetic resonant mode should further increase at the antinodal
region.
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Table 5.4: Parameters that used to simulate the ARPES spectra of OD 80 K (Pb,Bi)2212 at FSA =
0◦.

position λeff Ω0 δm ∆SC ∆H λFL λC v0
F

FSA 0◦ (a) 2.3 38 meV 10 meV 20 meV 15 meV 3eV−1 0.39 eV 1.7 eVÅ
FSA 0◦ (b) 2.3 23 meV 10 meV 20 meV 15 meV 3eV−1 0.39 eV 1.7 eVÅ
FSA 0◦ (c) 2.3 13 meV 10 meV 20 meV 15 meV 3eV−1 0.39 eV 1.7 eVÅ

Fig. 5.14(a) shows the comparison between the data and simulated ARPES
spectra at the antinodal region (FSA 0◦ or cut 1). In panel (a) of Fig. 5.14, the pa-
rameters that have changed from those of cut 4 shown in Fig. 5.13(a) are λeff , v0

F

and ∆SC . Before going further we mention that the value of v0
F has been taken

as 1.7 eVÅ, as was that for FSA = 15◦. This is less than for FSA’s of 32◦ (1.95
eVÅ) and 23◦ (1.8 eVÅ), which is reasonable considering the underlying band
structure of the CuO2 plane. λeff and ∆SC have been adjusted to be 2.3 and 20
meV, respectively, in order to achieve the best fit to the ARPES spectra. Nev-
ertheless, it is clear from Fig. 5.14(a) that the simulated data does not match
the experimental as well as one would expect. The discrepancy is significantly
greater than was the case for FSA = 15◦, but the trend is the same: the simulated
Σ′′ (expressed most clearly via the MDC FWHM graph) rises sharply and peaks
at greater binding energies (some 25 meV) than the experimental FWHM data
does. Table 5.4 summarises all parameters needed in order to produce Fig. 5.14.

In analogy with our approach for the FSA = 15◦ simulations, is there a modifi-
cation of the parameters possible that will restore good agreement with both the
dispersion (Σ′ dominated) and FWHM (Σ′′ dominated) data? The short answer
is no. In panel (b) of Fig. 5.14 we show the result of the simulation in which the
parameter choice has been guided by optimising the agreement with the disper-
sion data. Except for the unphysical region with E < ∆SC , a good agreement
can be reached as far as the dispersion concerned, when taking a resonance
mode energy of Ω0 = 23 meV, i.e. as we took for FSA = 15◦ and 10 meV less than
the experimental value for this doping level from inelastic neutron scattering
[114].

Turning to the data extracted from the MDC FWHM, however, although the
agreement is improved with respect to the Ω0 = 38 meV case, the main peak in
Σ′′ is still of order 10-15 meV too high in binding energy in the simulation. In
addition, careful inspection reveals that the length of the ’eye’ - i.e. the region of
(E, k) space that would give a clear, narrow peak in a constant momentum slice
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Figure 5.15: (a) The total imaginary part of the self energy as a function of different cuts in BZ
from sample OD 80K. The contribution from (b) resonance mode, (c) spin fluctuation continuum
and (d) Fermi liquid.

(or EDC) - in panel (b), although better than was the case in panel (a), is still
too great compared to the situation in the experimental data itself. The level of
visibility of the Bogoliubov ”back-bending” of intensity in the simulated EDM
is most like the experimental case for the Ω0 = 23 meV case shown in panel (b).

If we now turn the tables and aim for the best agreement for the MDC FWHM
versus energy curve, we arrive at Fig. 5.14(c). Here, we need to adopt a ”reso-
nance mode energy” of only 13 meV, way off the bulk experimental value.

From the self-energy analysis based on collective mode model described in
Sec. 5.2.1, it is apparent that on approaching the antinodal region (FSA = 0◦),
the experimental ARPES spectra demand that the energy of the bosonic mode
Ω0 (in this case is resonant magnetic mode) drops far below the value measured
in inelastic neutron scattering (INS) experiments on Bi2212. In this sense, the
energy scale that should be a fingerprint of the coupling of the charge carriers
to the spin-1 resonance mode does not match.

Figure 5.15(a) to 5.15(d) summarises the Fermi surface angle (FSA) depen-
dence of the self-energy contributions we extract from our simulation of the
ARPES data. As we mentioned in the preceding paragraph, this model does
not capture the energetics near or at the antinode in a fully quantitative manner.
Nevertheless, it is clear that there is a strong indication of significant anisotropy
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of the coupling to a bosonic mode in a sense that as the FSA moves towards
0◦ (the antinodal region) the coupling to the bosonic mode increases steadily as
can be seen in Fig. 5.15(b). The Fermi liquid contribution is isotropic as seen in
Fig. 5.15(d), only its onset is shifted in order to track 3∆SC , as expected. The
electrons also couple to the spin fluctuation continuum (SFC) at an energy start-
ing from 2∆H . For all FSA’s, the spin fluctuation continuum contribution is
essentially isotropic for binding energies below 0.1 eV. At high energies there
appear to be a difference between the FSA = 23◦ & 32◦ data and those at FSA’s
of 0◦ or 15◦.

5.4.4. Results from OD 78 K (Pb,Bi)2212

In this subsection we check the reproducibility of the main trends seen for
the OD 80 K sample by examining a compound that is slightly more overdoped
with the TC of 78 K. We have performed the same experimental and analysis
procedure to this sample and the data overview is shown in Fig. 5.16. Again,
at first sight without doing the quantitative analysis, one can see the anisotropy
of the many-body effects in the ARPES data in terms of very different shape of
the ”eye” in the EDM and the ”kink” in the dispersion and FWHM for the
different cut locations in the 2D BZ (see Figs. 5.16(a) to Fig.5.16(d3)).

For the intermediate region in the 2D BZ (FSA’s of 31◦ and 23◦), as was the
case for the OD 80 sample, the model self-energy can describe the ARPES spec-
tra very well. The same trend as revealed for OD 80 K sample are found here in
the sense that the dispersion and FWHM from the model self-energy are KKT-
conform and they are in best agreement with those extracted from the ARPES
data if the parameters given in Table 5.4 are adopted.

The key parameters such as Ω0, ∆SC , and ∆H are expected to alter as the
doping level is changed. For OD 78 K, the Ω0 value of 36 meV and its broad-
ening δm of 10 meV were obtained again from the extrapolation of the experi-
mental results on the magnetic resonant mode using inelastic neutron scattering
(INS) [114]. The superconducting gaps ∆SC are determined from the supercon-
ducting (SC) peak position appearing in the kF EDC (energy distribution curve),
and its value varies, naturally, depending on the location on the Fermi surface.
In this OD 78 K sample, it is maximal at FSA = 0◦ (14 meV) and FSA’s of 23◦ and
31◦has values of 6 meV and 3 meV, respectively.

For the FSA’s of 31◦ and 23◦ one can see from Table 5.5 that the simulation
describes the experimental data without the need for any coupling to the spin-1
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Figure 5.16: The comparison between OD 78 K data and the model simulation. The red dot
denotes the bonding band (BB) kF . Panel (a) shows the result for FSA of 31◦ (see Fig. 5.7(b), this
is 3/4 of the way to the zone diagonal). λeff = 0, Ω0 = 36 meV, ∆SC = 3 meV. Panel (b) shows
the results from the analysis for FSA = 23◦. Only the superconduting gap is changed (∆SC =
6 meV). (c1) at FSA of 15◦ with λeff = 1.3, Ω0 = 36 meV, ∆SC = 8 meV. (c2) as (c1) except Ω0 =
26 meV . (d1) at FSA = 0◦ with λeff = 2.3, Ω0 = 36 meV, ∆SC = 14 meV. (d2) as (d1) except Ω0

= 20 meV. (d3) as d1 except Ω0 = 8 meV. The grey blocks in the dispersion and FWHM graphs
represent the energy region below the superconducting gap.
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Table 5.5: Parameters that used to simulate the ARPES spectra of OD 78 K (Pb,Bi)2212 for FSA’s
= 23◦ and 31◦.

position λeff Ω0 δm ∆SC ∆H λFL λC v0
F

FSA 23◦ 0.2 36 meV 10 meV 6 meV 8 meV 0.39 eV 3eV−1 2.0 eVÅ
FSA 31◦ 0 36 meV 10 meV 3 meV 8 meV 0.37 eV 3eV−1 2.2 eVÅ

mode (i.e. λeff does not need to differ from zero).
As we move towards the antinodal region (reducing the FSA), again as was

the case for OD 80 K, we would expect the coupling to the magnetic resonant
mode to increase and to maximise at FSA = 0◦. Also, in analogy with the OD
80 K case, we expect both the contribution from the spin fluctuation continuum
(SFC) and from the Fermi liquid to be isotropic over quite a considerable mo-
mentum range [143].

The same trends as seen in the OD 80 K case are revealed in these OD 78
K data as we move towards a FSA of 0◦. Again, the data demand that lower
values of Ω0 be adopted in the model when approaching the antinodal region.
The Ω0 required for OD 78 K is even lower than for OD 80 K. As one can see
from Fig. 5.16(d1) to Fig. 5.16(d3), the analysis applied to the antinodal region
can be carried out either with the model self energy optimised with respect
to the dispersion (related to Σ′) or with respect to the FWHM (related to Σ′′).
Again this points at an issue as far a Kramers-Kronig conformity of the data
themselves are concerned. If we leave the value of Ω0 unchanged at 36 meV
then the model does not fit the data as the model self-energy footprint, which
is peaked at ∆SC + Ω0 lies at considerably higher energy than in experiment. If
one optimises the fit to the dispersion data by reducing only the Ω0 to 20 meV
and keep the other parameters unchanged, the FWHM and the size of the ’eye’
in the EDM do not match as can be seen in Fig. 5.16(d2). On the other hand,
if the model parameters are tuned to maximise the agreement with the FWHM
data, then the dispersion does not match to that from the data while the size of
the ’eyes’ in the EDM does closely match that from the data, but the intensity
at higher binding energy is too great, compared to the data (see Fig. 5.16(d3)).
The ”FWHM tuned” situation involves adopting a value of Ω0 = 8 meV, and
keeping the other parameters unchanged.

Figures 5.17(a) to 5.17(d) finally summarises the Fermi surface angle (FSA)
dependence of the self-energy contributions in this OD 78 K sample. As men-
tioned previously, the model is not able to achieve a quantitative match near
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Figure 5.17: (a) The total imaginary part of the self energy from the simulation as a function of
the different cuts in the BZ from sample OD 78 K. (b) The contribution from resonance mode,
(c) spin fluctuation continuum and (d) Fermi liquid.

the antinode, as far as the energetics goes. Nevertheless, there is a strong indi-
cation of anisotropic coupling to the bosonic mode in the sense that as the FSA
move towards 0◦ the coupling to the bosonic mode increases steadily as seen
in Fig. 5.17(b). The Fermi liquid contribution is isotropic as seen in Fig. 5.17(d),
only its onset is shifts as 3∆SC . The electrons also couple to the spin fluctuation
continuum (SFC) at energy starting from 2∆H . As was the case for the OD 80 K
sample, this self energy contribution is stronger at high binding energies, and
its contribution to the total self-energy is roughly isotropic in the sense that it is
the same over quite a considerable momentum range (up to and including FSA
23◦), whereafter the antinodal region requires a slightly different shape.

5.5. Discussions

Comparing Figs. 5.15 and 5.17 one sees small, yet significant differences-
particularly in the self energy contribution from the spin-1 magnetic mode-
between the OD80 and 0D78 data. The stronger overdoped sample possesses a
less sharply peak Σ” contribution from the spin-1 mode, also of reduced abso-
lute value, which is in keeping with the expectations from theory [86]. Also the
doping dependency of the superconducting gap is in keeping with the accepted



130 CHAPTER 5

trend.
Turning now to a discussion of the k-dependencies within the two datasets

we can state clearly that for the Fermi surface region lying half-way between
the node and antinode - i.e. FSA’s of 23◦ and 32◦ - the experimental data can
be fully understood within the model self-energies adopted in the simulation
i.e. with contribution from Fermi liquid, spin-fluctuation continuum and spin-1
resonance mode coupling. On approaching the antinodal region, the coupling
to the spin-1 mode starts to dominate Σ” at low energies, this coupling reaching
maximal values at the antinodal point. So far, all indications-both the doping
and k-dependencies-point to the validity of the model we used here to describe
the self energies for the bonding bi-layer split band in overdoped PbBi2212.

As mentioned in the preceding section, the self energy model meets unex-
pected challenges in correctly predicting the energy scale of the structure in the
self energy at a close to the antinode. This can be seen in the fact that the un-
derside of the ”eye” (which is also the energy at which the strong kink is seen
in the dispersion) is located at an energy below that of ∆SC + Ω0. Seeing as the
self energy model captures a lot of the ’action’ in the data, both at intermediate
FSA between the node and antinode, as well as the remarkable temperature de-
pendence discussed in the previous chapter, it is first appropriate to discuss the
experimental data themselves, before turning to the model.

Considering the literature for the bonding band of bilayer BSCCO2, it does
not take long to discover that previous studies also give a bonding band ”eye”
position for the antinodal cut such that the energy scale ∆SC + Ω0 exceeds the
experimental one. For example, in Ref. [78] for the OD78 sample, Gromko et
al. take the value of ∆SC from the leading edge position of the EDC, rather than
the EDC peak value, so as to reduce the energy scale mismatch. Naturally, this
cannot be a solution, as if we were to reduce ∆SC from the value given by EDC
maximum (e.g. in Fig. 5.16 panel d3), this would shift the ”eye” correspond-
ingly to lower energy, making for an unacceptably bad agreement with the ex-
perimental data. In Ref. [135], one can also see that the high energy part of the
bonding band ”eye” shown in Fig. 3(a) is at ca. 50 meV, whereas ∆SC + Ω0 for
the optimal doping level involved is 30+40 = 70 meV. Indeed, in the simulation
shown in Fig. 3(c) of Ref. [135] the underside of the low energy bonding band

2one expects the spin-1 mode related self energy effects to be far greater for the bonding
band due to the dominance of the odd channel, which is responsible for interband scattering.
As the van Hove singularity of the antibonding band is close to the Fermi level this leads to
strong self energy effects for the bonding band [86].
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Figure 5.18: Particle-hole asymmetry effect on the calculated EDMs. This effect might result
from the asymmetric density of states. (a) 0% particle-hole asymmetry, (b) The Σ′′ in the unoc-
cupied states is 20% less than that in the occupied state. (c) 40% less. The comparison of the
effect of particle asymmetry in (d) Σ′′(E), (e) FWHM and (f) dispersion.

feature is located at 70 meV. Also in Fig. 1 of Ref. [79], the high energy border of
the ”eye” for the Opt 89 K hν = 38 eV dataset is at substantially lower energy
than 70 meV. Therefore, it appears as if this discrepancy between the simple
∆SC + Ω0 model and the bonding band data at the antinode of Bi2212 based
HTSC is not restricted to our own data alone.

Now turning to the self energy model, we should critically examine the as-
sumptions made, either implicit or explicit. The simplifications accepted to
make the complexities of the superconducting self energy a tractable problem
were dealt with in the previous chapter. Here, we limit ourselves to the question
of the particle-hole symmetry, which is one of the necessary conditions for the
KKT used to obtain Σ’ from the model Σ” functions. In general, one can expect
an asymmetry of the self-energy due an asymmetric electron-boson interaction
or as a simple consequence of an asymmetric density of states. The presence of
both the bonding and antibonding band van Hove singularities below the Fermi
level around k=(π/a,0) could be expected to provide a k-dependent contribution
beyond the particle-hole symmetric self energies considered up to now. With-
out needing to consider the microscopic origin of a possible asymmetry any
further than this, we simulate this possibility by making the unoccupied state
spectra, which represent the hole spectra, less intense than the occupied state
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which represent the particle spectra.
Fig. 5.18(d) shows the comparison of the imaginary part of the self energy

for the particle-hole symmetric and two asymmetric scenarios. The effect of the
particle-hole asymmetry has been included in Σ′′(E) by reducing the E > EF

side by a factor of either 20% or 40%. These spectra simulate the Σ′′(E) be-
haviour at the antinodal region using the same parameters we used in order to
describe the antinodal ARPES data for the OD80 K data (∆SC=20 meV , Ω=38
meV). Looking at the EDM’s in Fig. 5.18 panel (a)-(c), and the simulated ex-
perimental FWHM and dispersion data in panels (e) and (f), it is evident that
the effect of particle-hole asymmetry in Σ′′(E) does not change the characteris-
tic energy scale in the simulation. This result is very convincing since it is not
only observed in the simulated EDM but also in the dispersion and FWHM. The
particle-hole asymmetry affects the shape of the Bogoliubov-like back-bending
dispersion in the EDM as the unoccupied state have been scaled to have a lower
Σ”.

Having dealt with the issue of the effects of possible particle-hole asymme-
try within the model spectral functions, we now examine the spin-1 resonance
mode self-energy contribution itself. Recently, new neutron scattering data
from LSCO (x=0.16) has shown that the density of magnetic excitations versus
energy has a clear two peak structure, with a sharp low energy feature at ca. 18
meV connected to incommensurate intensity in the neutron scattering and, at
50 meV, a second, broader maximum [153]. If these new, high quality neutron
data on LSCO are transferable to Bi-based systems (the data of Ref. [114]) then
we would expect structure in the self energy at energies significantly lower than
the characteristic energy scale included in the simulations dealt with in the pre-
ceeding sections, a development which would be in agreement with our ARPES
data.

A final discussion point is that regarding whether the gap we observe at the
antinode is a superconducting gap or pseudogap, an issue arising in the very
recent discussion of the coexistence of two energy gaps for T < TC ARPES data
from Bi2212-based HTSC [45, 75], in Raman data [47] and in STM studies [154].
Our ARPES data are at too low temperature to be able to see the characteris-
tic signs of the particle-hole mixing in the form of spectral weight above the
Fermi level, indicating that the photoemission spectrum is from a supercon-
ducting condensate [155]. Having said that, the data of Fig. 5.14(a) (OD80) and
Fig. 5.15(d3) clearly show the ”back-bending” dispersion of the bonding band
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for k > kF . In Ref. [156] it has been shown that the pseudogap (measured at
the antinode for an UD77K sample) dispersion shows no Bogoliubov-like back
bending, whereas the T = 0.39TC spectra do, a fact that was theoretically mod-
elled in this paper in terms of a phase fluctuation model. A similar phenomenol-
ogy as regards the EDC-derived dispersion can be seen in Fig. 4.6 in Chapter 4
of this thesis. The fact that our superconducting state antinode EDM’s for the
bonding band show clear signs of back-bending, means that this is a strong ev-
idence that the gap we see at the antinode is the superconducting gap. We also
note that its value (2∆) is of order 4.5 kBTC , in agreement with values derived
from bulk sensitive neutron scattering data in the superconducting state, which
are also - via the spin sector - sensitive to the gap at the antinodal region.

5.6. Conclusions

We have performed momentum and polarisation dependent ARPES mea-
surements on high quality OD (Pb,Bi)2212 samples, resulting in high quality,
bi-layer resolved data for T < TC . As a consequence we are be able to carry out
a robust MDC fitting procedure as a function of Fermi surface location from the
antinodal region towards the nodal region. This combination of Pb-doping and
use of multiple polarisations per Fermi surface angle thus enables us to carry
out a detailed and quantitative self-energy analysis.

By comparison of simulated EDM’s based on the physics of the superconduct-
ing self energy and explicitly taking into account the effects of the finite energy
and momentum resolution, we have examined whether a model based upon
coupling of the charge carriers to the spin-1 resonance mode and to an contin-
uum of spin fluctuations can describe the experimental data. On the qualitative
level, the model describes the k-and doping dependence seen in the data very
well : (i) coupling to the spin-1 resonance mode increase strongly so as to dom-
inate the self energy at the antinodal Fermi surface cut, (ii) the coupling to the
spin-1 resonance mode decrease as the doping level increases. Quantitatively, at
the antinode, coupling strengths to the spin-1 mode rise from negligible values
for FSA of 32◦ to be as high as λ = 2.3. A surprising outcome of the quantita-
tive analysis was that at (and near to) the antinode, the main structure in the
experimentally-derived self-energies was to be found at energies below their
counterparts appearing at ∆SC + Ω0 in the simulated data. Whether the micro-
scopic reasons for this apparent discrepancy lie in the presence of incommensu-
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rate magnetic excitations lying at lower energy, as have been seen in very recent
INS measurement from doped LSCO [153] remain to be seen.

Therefore, despite the precautions taken to avoid all possible artefacts aris-
ing from insufficient data to (via strong overdoping) enable a robust fit (bilayer
resolution, multiple polarisation), diffraction replica’s (Pb doping) and possi-
ble confusion of superconducting and pseudogaps, the bonding band data pre-
sented here still remain steadfastly difficult to describe quantitatively within
any of the current bosonic mode coupling models.



SUMMARY

It is now some 22 years since the discovery of superconductivity in cuprates,
and the origin of its microscopic mechanism still not agreed upon. The super-
conductivity occurs due to pairing of the electrons, forming what are known as
Cooper pairs, whereby the effective attraction is mediated by virtual exchange
of a bosonic degree of freedom. Two main interpretations are emerging con-
sidering the microscopic origin of superconductivity in cuprates, in which the
Cooper pairs are formed either due to the interaction between the electrons via
phonons or via magnetic spin fluctuations. This thesis is one part of many
efforts carried out in order to resolve this exciting issue in condensed matter
physics.

In this thesis, we have presented our experimental study of the fermiology
and many-body effects seen in superconducting cuprate materials, namely in
Bi2Sr2CaCuO8+δ, using the angle resolved photoemission (ARPES) technique, a
leading tool in probing the electronic states of solids. We summarise the main
results presented in this thesis in the following paragraphs.

In Chapter 3, we investigated the origin of the shadow Fermi surface, one of
the primary features in the fermiology of these systems besides the main Fermi
surface. By applying a symmetry argument on the ARPES measurements geom-
etry, we can distinguish between initial and final state effects in the photoemis-
sion from the main and shadow bands. Our polarisation dependent data, along
with low energy electron diffraction (LEED) results, have proved convincingly
that the shadow bands and their associated shadow Fermi surface that occur
in Bi2Sr2CaCuO8+δ and related systems are due to orthorhombic displacements
of atoms from the initial tetragonal symmetry. We remarked that as a conse-
quence of our proof that the shadow Fermi surface is of bulk, structural origin,
we should formally change our paradigm for 2D Brillouin zone from tetragonal
to orthorhombic and thus depart from the simple picture of the (π, π)-centered
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”barrels” as the basal plane projection of the Fermi surfaces of the Bi-based
HTSC.

In Chapter 4, we investigated the momentum and temperature dependence
of the many-body effects in overdoped (Pb,Bi)2Sr2Ca-Cu2O8+δ with TC of 84K.
We paid particular attention to avoid photon-beam-induced sample aging, since
this effect was found to be pronounced at temperatures above TC and it leads
to a reduction in the size of superconducting gap, a quantity required in the
analysis of the renormalisation of the electronic states.

Based on a simple analysis of the dispersion relations, we have shown that the
normal state dispersion of the bonding CuO2-derived band for cuts crossing the
Fermi surface at positions corresponding to the antinode through towards the
node is quite linear. It is found that the dimensionless coupling parameter, λN ,
derived from the dispersion, is isotropic in k-space and has a value of 0.5. On
entering the superconducting state, a dramatic change in the spectra takes place.
A significant renormalisation in the dispersion relation cuts in; the combined
effect of the superconducting gap and strong coupling to a bosonic degree of
freedom, with a λSC value of 2.0 for the antinodal bonding band data. This clear
signature of strong coupling in the superconducting state is also anisotropic in
k-space, with λSC decreasing from 2.0 (FSA = 0◦, antinode region) to 1.6 at a
FSA of 17◦ (one third of the way to the node). The energy scale of the strong
renormalisation effects is of order 40-50 meV.

Taking these points together, we arrived at a strong argument in favour of a
further examination of these and related data in terms of the coupling of the
electronic system to the spin-1 resonance mode seen at ca. 40 meV in inelastic
neutron scattering data of the same system. The k-dependence seen clearly in
our data fits nicely with the location of the spin-1 mode at Q=(π, π), as this Q-
vector is highly effective for scattering fermions between the antinodal regions
of Fermi surface.

In Chapter 5, we have reported a detailed study of many-body effects ob-
served in ARPES measurements of overdoped (Pb,Bi)2Sr2CaCuO8+δ compound
with TC ’s of 78 K and 80 K in the superconducting state. The measurements
have been performed at different locations on the Fermi surface of this system
and have used multiple polarisations of the synchrotron radiation. The polar-
isation dependence of measured data enables us to carry out a highly robust
determination of the quantities related to many-body effects, such as the dis-
persion (related to the renormalisation of the band) and the linewidth (related
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to the lifetime of the quasiparticles). Based on the temperature dependent data
discussed in the previous chapter, we chose to analyse the data presented in
this chapter within a model of the self-energy comprising a Fermi liquid term,
an impurity scattering term, as well as the terms dealing with the coupling of
the electronic system to spin degrees of freedom. Specifically, the latter contri-
bution contains a term related to the spin-1 resonance mode seen in inelastic
neutron scattering data and coupling to a spin fluctuation continuum.

On the qualitative level, the model self-energy we adopted agrees well with
the main trends in the data, offering a natural explanation for the temperature
and k-dependence seen in the strong coupling effects. For Fermi surface cuts
between the nodal and antinodal regions, the model is also able to provide
excellent quantitative agreement with the experiment data. Surprisingly, it is
near and at the antinode (the k-space region for which the model self-energy -
a priori - is the most appropriate) that a significant quantitative disagreement
with the experimental data comes to light. The model self-energy footprint is
most prominent at an energy scale which is the sum of the superconducting
gap and the bosonic mode energy under consideration (i.e. at ∆SC + Ω0). The
salient structure in the experimentally determined self-energy near the antinode
is found to be at considerably lower energy than ∆SC + Ω0 if the mode energy
is taken from inelastic neutron scattering results from BSCCO based supercon-
ductors.

We are not able, at present, to offer a complete resolution of this issue, al-
though we note that new inelastic neutron scattering data for the La2CuO4-
based HTSC [153] show that the spin response for Q=(π, π) is less simple than
has been seen for BSCCO to date, with a very clear structure at energies of or-
der of one half of the ’traditional’ values for Ω0. It remains to be seen whether
this low energy spin susceptibility with Q=(π, π) is the answer to the puzzle pre-
sented in Chapter 5 for the BSCCO based systems, or whether we need to search
for a new source of strong coupling to fermionic sector close to the antinode.
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I. TÜTTO, A. ERB, B. REVAZ, E. WALKER, H. BERGER, and L. FORRÓ, Carrier relaxation,
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SAMENVATTING

Het is nu ongeveer twee en twintig jaar geleden sinds de ontdekking van su-
pergeleiding in cupraten en over de oorsprong van het microscopische mech-
anisme zijn de meningen nog steeds verdeeld. Supergeleiding ontstaat ten
gevolge van paarsgewijze rangschikking van elektronen, die zogenaamde Cooper
paren vormen, waarbij de effectieve aantrekking plaats vindt door virtuele uitwissel-
ing van een bosonische vrijheidsgraad. Wat betreft de microscopische oorsprong
van supergeleiding in de cupraten zijn de twee belangrijkste interpretaties dat
de Cooper paren worden gevormd ten gevolge van de wisselwerking tussen
de elektronen ofwel via fononen ofwel via magnetische spinfluctuaties. Dit
proefschrift is een deel van vele inspanningen uitgevoerd om deze opwindende
kwestie in de gecondenseerde materie fysica op te lossen.

In dit proefschrift presenteren wij onze experimentele studie van de fermi-
ologie en de veel-deeltjes effecten, zoals gezien in supergeleidende cupraat ma-
terialen, in het bijzonder Bi2Sr2CaCu2O8+δ. Hierbij is gebruik gemaakt van
hoek opgeloste fotoemissie spectroscopie (angle resolved photoemission spec-
troscopie ofwel ARPES), de belangrijkste techniek voor het bepalen van de elek-
tronische toestand van vaste stoffen. In de volgende paragrafen vatten wij de
belangrijkste resultaten uit dit proefschrift samen.

In Hoofdstuk 3 onderzochten wij de oorsprong van het schaduw Fermi op-
pervalk, een van de voornaamste kenmerken in de fermiologie van deze sys-
temen, naast het hoofd Fermi oppervlak. Door symmetrie argumenten toe te
passen op de ARPES meet geometrie kan onderscheid gemaakt worden tussen
effecten van de initiele en eind toestanden in de fotoemissie van de hoofd en
schaduw banden. Onze polarisatie afhankelijke gegevens, samen met de lage
energie elektron diffractie (LEED) resultaten, hebben overtuigend bewezen dat
de schaduw banden en hun bijbehorende schaduw Fermi oppervlak in
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Bi2Sr2CaCu2O8+δ en verwante systemen toe te schrijven zijn aan een orthorom-
bische verplaatsing van atomen ten opzichte van de oorspronkelijk tetragonale
symmetrie. Vanwege het feit dat het schaduw Fermi oppervlak een gevolg is
van een structuurverandering en een eigenschap is van de bulk van het materi-
aal, zou formeel de 2D Brilliouin zone voorgesteld moeten worden als tetrago-
naal in plaats van orthorombisch. Hierdoor verlaten wij het eenvoudige beeld
van de (π, π) gecentreerde ’vaten’ als de projectie van het grond valk van de
Fermi oppervlakken van de op Bi gebaseerde hoge temperatuur supergeleiders.

In Hoofdstuk 4 onderzochten wij de impuls en temperatuur afhankelijkheid
van de veel-deeltjes effecten in overgedoteerd (Pb,Bi)2Sr2CaCu2O8+δ met een
kritische temperatuur (TC) van 84 K. Hierbij besteedden wij veel aandacht aan
het vermijden van monster veroudering door blootstelling aan de foton bundel,
omdat dit effect aanzienlijk was bij temperaturen boven TC en leidt tot een re-
ductie in de grootte van de supergeleidende kloof, een waarde die nodig is in
de analyse van de renormalisatie van de elektronische toestanden.

Op basis van een simpele analyse van de dispersie relaties, hebben we aange-
toond dat de dispersie van de bindende, van CuO2 afgeleide band, lineair is bij
het Fermi niveau in de normale (niet supergeleidende) toestand. Dit is aange-
toond voor doorsneden door het Fermi-niveau van de node tot anti-node. Het
bleek dat de dimmensieloze koppelingsparameter, λN , afgeleid van de disper-
sie, isotroop is in k-ruimte en een waarde van 0.5 heeft. Bij het bereiken van de
supergeleidende toestand vindt er een dramatische verandering in de spectra
plaats. Er is een significante normalisatie in de doorsneden van de dispersie re-
latie ; het gecombineerde effect van de supergeleidende kloof en een sterke kop-
peling aan een bosonische vrijheids graad, waarbij λSC afneemt van 2.0 [FSA
(Fermi suface angle)=0◦, antinode regio] tot 1.6 op een FSA van 17◦ (een derde
van de weg naar de node). De energie schaal van de sterke renormalisatie ef-
fecten is van orde 40-50 meV.

In het samen nemen van deze punten vonden we een sterk argument voor
het verder onderzoeken van deze en gerelateerde data in termen van de kop-
peling van het elektronen systeem aan de spin-1 resonante mode bij Q=(π, π)
aangezien deze Q-vector erg effectief is in het verstrooien van fermionen tussen
de antinodale regionen van het Fermi oppervlak.

In hoofdstuk 5 hebben we een gedetailleerde studie gepresenteerd van veel-
deeltjes effecten, die gevonden zijn in de ARPES metingen aan het overgedo-
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teerde (Pb,Bi)2Sr2CaCu2O8+δ materiaal met een TC van 78 K en 80 K. De metin-
gen zijn uitgevoerd op verschillende locaties op het Fermi oppervlak van dit
systeem en er is gebruik gemaakt van meerdere polarisaties van de synchrotron
straling. De polarisatie afhankelijkheid van de genomen data maakt het mo-
gelijk om een zeer robuste bepaling van de grootheden die gerelateerd zijn aan
de veel-deeltjes effecten te doen, zoals de dispersie (gerelateerd aan de renor-
malisatie van de band) en de lijnbreedte (gerelateerd aan de levensduur van de
quasideeltjes). Gebaseerd op de temperatuur afhankelijke data die besproken
is in het vorige hoofdstuk, kozen we ervoor om de data gepresenteerd in dit
hoofdstuk te analyseren binnen een model van de zelf-energie die een Fermi
vloeistof term bevat, een onzuiverheids verstrooiingsterm, alsmede de termen
die de koppeling van het elektronen systeem aan vrijheids graden in de spin
beschrijven. Vooral deze laatste contributie bevat een term die gerelateerd is
aan de spin-1 resonante modus, zichtbaar in inelastische neutron verstrooiings-
data en koppeling aan een spin fluctuatie continuum.

Op het quantitatieve niveau is het zelf-energie model dat we gebruikt hebben
in goede overeenstemming met de belangrijkste trends in de data, wat een
natuurlijke uitleg biedt voor de temperatuur- en k-afhankelijkheid gezien in de
sterke koppelings effecten. Voor doorsneden van het Fermi oppervlak tussen
de nodale en antinodale regionen kan het model ook uitstekende quantitatieve
over eenstemming leveren met de experimentele data. Verrassend genoeg is
dat er, nabij en op de antinode (de k-ruimte regio waarvoor het model van zelf-
energie - a priori - het meest geschikt is), een quantitatieve onenigheid met de
experimentele data aan het licht komt. De vingerafdruk van het model van de
zelf-energie is het meest prominent op een energie schaal die gegeven wordt
door de som van de supergeleidende kloof en de bosonische modus energie
onder beschouwing (met andere woorden bij ∆SC + Ω0). De opvallende struc-
tuur in de experimenteel bepaalde zelf-energie nabij de antinode blijkt zich bij
een aanzienlijk lagere energie dan ∆SC + Ω0 te bevinden als de energie van de
modus, zoals wordt bepaald uit inelastische neutron verstrooiing resultaten van
op BSCCO gebaseerde supergeleiders.

We zijn momenteel niet in staat een volledige antwoord op deze kwestie te
geven, hoewel we moeten vermelden dat nieuwe onelastische neutronen ver-
strooiings data voor de op La2CuO4 gebaseerde HTSC laten zien dat de reactie
van de spin voor Q=(π, π) minder simpel is dan tot nu toe gezien is voor BSCCO,
met een zeer duidelijke structuur bij energie van de orde van de helft van de
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’traditionele’ waarden voor Ω0. Het moet nog blijken of deze lage energie spin
susceptibiliteit met Q=(π, π) het antwoord is op de puzzel die gepresenteerd
is in Hoofdstuk 5 voor de op BSCCO gebaseerde systemen, of dat we moeten
zoeken naar een nieuwe bron van sterke koppeling aan de fermionische sector
dicht bij de antinode.
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