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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 2Δ, the excitations require an energy of (c) 3Δ for electron-hole
excitations and (d) ΔSC + 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



100 CHAPTER 5

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) = λFLE2, (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 > 3Δ. This can be
understood as follows, due to the opening of the superconducting gap Δ, the
minimum energy required to excite the electron to an energy level above the
Fermi level is 2Δ, while the energy gained from a transition from higher energy
state to the photohole is Δ and therefore the total minimum energy involved
in this process is 3Δ (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 Δ, therefore, the Σ′′(E) or the scattering rate due to the bosonic coupling
channel is different from zero only when |E| > Δ+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 3Δ, the
resonance mode Ω0, the gapped spin-fluctuation (SF) continuum starting at 2Δ, 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 Δ + Ω0, will also contribute to the non-zero value of Σ′′(E) at
E ≤ Δ.

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 2Δ 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 2Δ 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) = λeffΔ
3/2 [E + Ω0 +Δ+

√
(E + Ω0 +Δ)2 + δ2

m]
1/2√

(E + Ω0 +Δ)2 + δ2
m

,

Σ′′m(E) = λeffΔ
3/2 [E + Ω0 +Δ−√(E + Ω0 +Δ)2 + δ2

m]
1/2√

(E + Ω0 +Δ)2 + δ2
m

(5.3)

where δm is a broadening term introduced to reduce the singularity appear-
ing at ΔSC + 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 (Δ+ 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 theΣ′′(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−2ΔH

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 2ΔH where ΔH

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, ΔH is more relevant for the coupling to the spin fluctuation continuum
than the maximal ΔSC value. The value of 2ΔH 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, Δ, 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 2Δ 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 SEΣ(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)Δ(k,E), (5.8)

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

is approximated by an energy independent gap Δ(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 gapΔ(k)with a constant gap,Δ, and hence, Z(k,E) with Z(E).
Neglecting the imaginary part of Δ, the normal GF is then given by [142]

Gsc(k,E) =
Z(E)E − ε0

k

Z(E)2[E2 −Δ2]− 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

and ECO,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, ΔSC = 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 (ΔSC+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, Δ = 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 =

ΔSC + Ω0. The negative intensity that occurs at k = kF and −Δ ≥ E ≥ Δ can be
avoided by introducing a small energy broadening δE (in this example δE=0.5
meV). Besides, −Δ ≥ E ≥ Δ 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 ΔSC

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 ΔSC . 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 ΔSC and ΔSC + 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 ΔSC and ΔSC + Ω0. In Figs. 5.6(a4) and (b4) the superconducting
gap ΔSC 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 < ΔSC 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, ΔSC , as a func-
tion of Fermi surface angle (FSA) for OD 80 K (blue) and OD 78 K (red). These
ΔSC have been determined from the peak maximum of the kF EDC’s and its
value changes with FSA. For OD 80 K, ΔSC 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, ΔSC = 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 (ΔSC = 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 ΔSC ΔH 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 (ΔH) is 15 meV. This value is simply the ΔSC 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 (Ee
r) 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, ΔSC = 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 3ΔSC (ΔSC

being FSA dependent as shown in Fig. 5.10(b)).



122 CHAPTER 5

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 ΔSC ΔH 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 , Δ, 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 ΔSC + Ω0.

Thus, on the one hand, the simulation seems to overestimated the energy
ΔSC+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,
ΔSC , or to reduce the resonant mode energy, Ω0. If one considers how the AR-
PES simulation works, then reducing ΔSC 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 ΔSC

should not decrease from the value extracted from the peak position in the kF

EDC. Fig. 5.6(b4) shows that a reduction inΔ (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, ΔSC = 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 ΔSC ΔH 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 ΔSC . 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 ΔSC 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 < ΔSC , 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 3ΔSC , as expected. The
electrons also couple to the spin fluctuation continuum (SFC) at an energy start-
ing from 2ΔH . 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, ΔSC , and ΔH 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 ΔSC 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



ANOMALOUS MOMENTUM DEPENDENCE OF THE MANY-BODY EFFECTS IN THE

SUPERCONDUCTING STATE OF OVERDOPED BI2SR2CACU2O8+δ 127

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, ΔSC = 3 meV. Panel (b) shows
the results from the analysis for FSA = 23◦. Only the superconduting gap is changed (ΔSC =
6 meV). (c1) at FSA of 15◦ with λeff = 1.3, Ω0 = 36 meV, ΔSC = 8 meV. (c2) as (c1) except Ω0 =
26 meV . (d1) at FSA = 0◦ with λeff = 2.3, Ω0 = 36 meV, ΔSC = 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 ΔSC ΔH 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 ΔSC + 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 3ΔSC . The electrons also couple to the spin fluctuation
continuum (SFC) at energy starting from 2ΔH . 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
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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 ΔSC + 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 ΔSC + Ω0 exceeds the
experimental one. For example, in Ref. [78] for the OD78 sample, Gromko et
al. take the value of ΔSC 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 ΔSC 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 ΔSC + Ω0 for
the optimal doping level involved is 30+40 = 70meV. 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
ΔSC + 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 (ΔSC=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 (2Δ) 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 ΔSC + 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.


