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4
TEMPERATURE AND

k-DEPENDENCE OF THE

MANY-BODY EFFECTS IN THE

SPECTRAL FUNCTION OF

OVERDOPED

(PB,BI)2SR2CACU2O8+δ

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 ,
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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 the Q = (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 Δtsample = 7.2 hours and Δtphoton = 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 Δtsample = 7.2 h whereby in this period the sample was exposed to the
VUV synchrotron radiation for 2.4 h (i.e. Δtphoton = 2.4 h). Δtsample 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



86 CHAPTER 4

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 Δtsample = 3.6 hours and Δtphoton = 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
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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].



90 CHAPTER 4

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 +Δ2, (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 Δ 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 +Δ2, (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 Δ, kF , and v0

F . Δ 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) = vN
F (k − kF ), (4.7)

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

by

vN
F =

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 vN

F 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, Δ, 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 −Δ2. (4.9)

In the case of a conventional superconductor, the mode energy is much larger
than Δ and therefore for |E| slightly larger than Δ, 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.


