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Doping dependence of many-body effects along the nodal direction in the high-Tc

cuprate „Bi,Pb…2Sr2CaCu2O8
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Angle-resolved photoemission spectroscopy~ARPES! is used to study the doping dependence of the lifetime
and the mass renormalization of the low-energy excitations in high-Tc cuprate (Bi,Pb)2Sr2CaCu2O8 along the
zone diagonal. We find a linear energy dependence of the scattering rate for the underdoped samples and a
quadratic energy dependence for the overdoped case. The mass enhancement of the quasiparticles due to the
many body effects at the Fermi energy is found to be in the order of 2 and the renormalization extends over a
large energy range for both the normal and the superconducting state. The much discussed kink in the disper-
sion around 70 meV is interpreted as a small additional effect at low temperatures.
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For the past 16 years it has remained an unsolved pu
as to which microscopic process drives the evolution
Mott-type insulating undoped cuprates to a metallic st
with rather conventional properties at the highly overdop
side of the phase diagram. In particular, the phases in
tween the pseudogap state and the ‘‘strange metal’’ state
its anomalous transport properties1 are not understood. Sev
eral normal state properties could be described within
marginal Fermi-liquid~MFL! phenomenology.2 The more
conventional behavior on the overdoped side seems to co
spond to a Fermi liquid~FL!—but this has yet to be conclu
sively shown. Various concepts for the microscopic desc
tion of the phase diagram have been developed3 but no
consensus has been reached. All of these theories intro
certain types of many-body interactions. These interacti
affect the low-energy excitations of the system. Namely, th
cause a typical scattering rate and a mass renormaliza
which are both directly observable by angle-resolved pho
emission spectroscopy~ARPES!.

Firstly, we investigate the scattering rate as a function
energy, systematically, from underdoped to overdop
(Bi,Pb)2Sr2CaCu2O8 @~Bi,Pb!-2212# and find compelling
evidence for a crossover from MFL-like behavior to FL-lik
behavior. We limit ourselves to the zone diagonal, which
been investigated previously by ARPES.4–7 However, these
studies have concentrated almost exclusively on meas
ments on samples with optimal doping.7 Information on the
energy dependence of the scattering rate can also be obt
from optical8 and Raman spectroscopy.9 However, these
methods inherently integrate over large portions of the Fe
surface ~FS! and as they represent two-particle probes
comparison to ARPES as a one-particle probe is difficult

Secondly, the many-body interactions not only impos
finite lifetime of the low-energy excitations but, necessar
also a renormalization of their energy. In this context
‘‘renormalization energy scale’’ at approximately 70 meV
usually referred to as ‘‘kink’’—has been found previously b
ARPES studies in the dispersion along the nodal direction
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Bi-2212.6,10–13The kink has been attributed to a coupling
the quasiparticles to phonons or to spin fluctuations.
show here that~i! the dispersion at high temperatures can
fully understood with a pure MFL-like approach,~ii ! the ac-
tual kink develops at low temperatures and is an additio
effect, ~iii ! the magnitude of the kink renormalization
weak throughout all doping levels compared to the ove
magnitude of the many-body mass renormalization presen
the system. This study on the many-body effects along
nodal direction is complementary to our recent studies of
antinodal direction.14 There we found evidence for stron
coupling between the magnetic resonance mode observe
inelastic neutron scattering~INS! and electronic states below
Tc around theM -point which also leads to the appearance
kinks in the dispersion. We discuss the nature of the no
kinks in light of the characteristics of the antinodal kinks.

The ARPES experiments were carried out using radiat
from the U125/1-PGM beam line and an angle multiplexi
photoemission spectrometer~SCIENTA SES 100! at the
BESSY synchrotron radiation facility. The spectra were
corded using excitation energies hn525– 27 eV with a total-
energy resolution of 10 meV. The momentum resolution w
0.01 Å21 parallel to~0,0!-~pp! and 0.02 Å21 perpendicular
to this direction. Measurements have been performed on
31) superstructure free high quality single crystals
~Bi,Pb!-2212 with varying doping levels ranging from unde
doped with Tc576 K ~UD76! through optimally doped
~OP89! with Tc589 K to overdoped (Tc561 K, OD61!. The
dopant concentration was calculated from the empiri
equation ofTc versus the dopant concentration.15 Previously,
for these compounds, the concentration values have been
rived from the volume of the FS.16 It has been found tha
both methods were in agreement.

Figure 1 introduces the subject of our measurements
Fig. 1~a! the FS of~Bi,Pb!-2212 is shown schematically. I
consists of the typical bilayer split barrels located around
~p,p! points of the Brillouin zone. At the crossing point o
the diagonal and the FS, the bilayer splitting vanishes
©2004 The American Physical Society07-1
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also the superconducting order parameter has a node
We performed several cuts~thin black lines! in the vicinity of
the suspected nodal direction to identify this direction p
cisely. We then applied Lorentzian fits to the constant ene
slices @momentum distribution curves~MDC!# of the two-
dimensional data sets@Fig. 1~b!#. The MDC at the Fermi
energy is presented in Fig. 1~d! along with the fit. The posi-
tion of the maximum gives us the dispersion and the wi
gives the lifetime of the excitation. For reference a cut
constant momentum (kF) resulting in an energy distribution
curve ~EDC! is presented in Fig. 1~c!.

The proper quantity used to describe many-body inter
tions is the complex self-energyS. The real part ReS de-
scribes the energy renormalization of an excitation,
imaginary part describes the scattering rate. ImS can be di-
rectly expressed in terms of the full width at half maximu
~FWHM! of the measured peaks: ImS5v0/23FWHM,
where v0 is the bare Fermi velocity of the noninteractin
system. A physically meaningful determination ofv0 is cru-
cial for a quantitative analysis of ImS. We use here a value
of v054 eV Å as derived from the detailed analysis of t
anisotropic plasmon dispersion in Bi-2212,17 which is deter-
mined by the mean unrenormalized Fermi velocity. The
sult is also consistent with local density approximati
~LDA ! band-structure calculations.18 Both methods are sen
sitive to the bare particle behavior of the electronic syste
Another confirmation ofv054 eV Å comes from the analy
sis of photoemission data itself: imaginary and real parts
S do not represent independent quantities. For instance
hanced scattering rates enforce ultimately decreasing b
width, i.e., enhancement of ReS. It can be shown that ReS
and ImS fulfill Kramers Kronig relation. Making use of this
relation ImS can be inverted to ReS and the bare dispersio
is obtained by subtracting ReS from the measured
dispersion.19 Our value forv0 and the procedure to extract
are different from previous studies.10–12 There,v0 has been

FIG. 1. ~a! Fermi surface of~Bi,Pb!-2212 ~schematically! with
the typical bilayer split barrels around the~p,p! points. The middle
line indicates the position along the nodal direction where the
ergy distribution map~EDM! in ~b! was taken. The row of stacke
thin lines indicate the positions of EDM’s taken to identify th
nodal direction.~b! EDM taken at 30 K for an underdoped samp
along~0,0!-~p,p!. ~c! EDC along the vertical dashed line in~b!. ~d!
MDC at the Fermi energy. The solid line is a simple Lorentzian
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extracted by thead hocassumption that the bare dispersio
matches the measured dispersion at the highest binding
ergies measured. However, we believe that our metho
physically more justified.

In Fig. 2 ImS is presented as a function of energy f
various doping levels. The most underdoped sample show
nearly linear dependence of ImS on energy. With increasing
hole doping the dependence becomes more rounded a
drop of ImS below approximately 80 meV develops and
most pronounced for the optimal doped case. The drop
Im S vanishes for higher temperatures~not shown! in agree-
ment with previous results.5,6 Further doping seems to shi
the energy upward where the drop occurs~OD81!. At higher
doping levels a parabolic shape over the whole energy ra
is observed~OD77,OD61!.20 A previous study of overdoped
Bi-2212 reported a linear dependence.7 We believe that our
data are more conclusive in terms of the signal-to-noise le
of the spectra and the greater number of different sam
presented. All of the curves presented in Fig. 2 have a z
energy offset, which we attribute to the finite momentu
resolution and elastic defect scattering.

The continuous evolution from a linear to a parabolic li
shape of theenergydependence in going from under to ove
doping suggests a transition from a MFL-like regime to a
regime. A similar behavior was found in transport1 and

-

.

FIG. 2. Imaginary part of the self-energyS as a function of the
binding energy extracted from the energy distribution map’s~EDM!
at T530 K for various doping levels. Note the change from a mo
linear behavior for underdoping to a parabola for overdoping. T
dashed straight lines for the underdoped samples~UD76,UD77! and
the optimally doped~OP89! are guides to the eye, showing th
approximate linearity for underdoping and how the drop below
proximately 80 meV develops for optimal doping. The dashed lin
for the overdoped samples are fits to a parabola.
7-2
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ARPES~Refs. 4 and 7! experiments for the scattering rate
the Fermi level as a function oftemperature. These two as-
pects show conclusively that the fundamental many-body
teractions in cuprates change with doping. ImS and hence
the many-body effects are comparable to the binding e
gies of the excitations. We therefore expect a large renorm
ization in the dispersion of the low-energy excitations a
this is now discussed.

The dispersion along the nodal direction for several d
ing levels is given in Fig. 3~a!. The dispersions are simila
for all the doping levels presented. Small differences e
around the kink energy but appear to be subtle and will
be discussed here. On one hand it seems surprising that
small systematic changes with doping are observed given
systematic changes in ImS. On the other hand the absolu
differences among the doping levels for ImS are also small
and lead only to small changes in ReS, which are unlikely to
be detected in the dispersions. The dashed straight line
resents an approximation to the bare dispersion with a s
of v054 eV Å as discussed above. We emphasize that
bare dispersion is not only a theoretical limit but a well d
fined and observable entity.17 In Fig. 3~b! we show a com-
parison betweenT530 K and T5300 K for the optimally
doped sample. The overall temperature dependence is w
and agrees with previous investigations.6,11,12The real part of
S is the difference between the measured dispersion and
bare dispersion. This is shown for the underdoped sample
T530 K andT5200 K in Figs. 3~c! and 3~d!. The dashed
lines represent a fit to the MFL relationship2

FIG. 3. ~a! Dispersions for under, optimally, and overdop
samples atT530 K. The curves have been shifted to match t
samekF . The dashed line represents the bare dispersion as
plained in the text.~b! Comparison of theT530 K andT5300 K
dispersions for the optimally doped sample.~c! and~d! Real part of
S evaluated as the difference between the dispersion and
straight line in~a! for the underdoped sample. The dashed line i
fit to a marginal Fermi-liquid form~see text!. Note the good agree
ment forT5200 K and the deviations at the kink energy scale
T530 K.
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vC
D ,

where the constanta and the cutoff frequencyvC were al-
lowed to vary freely for theT5200 K spectrum. The fit is in
excellent agreement with the data fora50.22 and vC
51.59 eV. Using the same parameters for the lo
temperature spectrum in Fig. 3~c! results in a disagreemen
for values below approximately 60 meV~i.e., at the kink
energy scale!. Allowing the parameters to vary freely doe
not result in a more accurate fit~not shown!.

We conclude from this observation that for underdopi
the normal state is well described by the MFL-like approa
The dispersion has a curvature which mimics a smooth k
At low temperatures the actual kink manifests itself as
deviation from the MFL-like fit, and could be related to th
onset of superconductivity. The magnitude of the renorm
ization described by the MFL exceeds the magnitude of
kink renormalization significantly. Using l
5 @d(ReS)/dE# (E50) we obtainl50.860.1 for the cou-
pling constantl in the normal state, which is similar to va
ues recently reported for the antinodal direction.14 This indi-
cates that the many-body effects in the normal state
~Bi,Pb!-2212 are approximately isotropic and extend ove
wide energy range~in the order ofvc). Whereas it is well
known that the electron-electron interaction is respons
for the characteristics of a FL a variety of proposals exists
the microscopic origin of the MFL phenomenology. Fro
one point of view there exists a hidden order parameter
fluencing the low-energy excitations.21 Another proposal
stresses the importance of the antiferromagnetic phase
sulting in a coupling of the charge carriers to overdamp
spin fluctuations.22,23 In the light of our recent results24 we
find the latter explanation appealing but further investig
tions are clearly needed.

We now discuss the origin of the kink at low temper
tures. From our point of view, the absence of the kink aT
5200 K makes an interpretation in terms of a coupling
phonons questionable. Rather the results suggest a cou
to the resonance mode observed in inelastic neutron sca
ing at temperatures belowTc .22,25,26While the impact on the
electronic states of this mode is maximal at theM points13,14

remnants could still be observable along the no
direction.22 Since the effect is small and could even
masked by thermal broadening it is more difficult to collec
similar set of evidence as we have done in Ref. 14. Nev
theless, this scheme offers a natural and unified explana
for the observed mass enhancement throughout the Brillo
zone, which is difficult to obtain assuming a phonon co
pling. Such a coupling should be more isotropic and ind
pendent of doping. It is, however, possible that both effe
are present with different weight depending on thek-space
location.

In summary we have shown that the scattering r
crosses in a continuous manner from a more linear dep
dence on energy to a more quadratic dependence with o
doping, which represents a crossover from a MFL-like
gime to a FL. We find the real part of the self-ener
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extracted from the dispersion of an underdoped sample in
normal state in agreement with a MFL-like approach. T
mass renormalization extends to high energies. At low te
peratures a kink is observed around 70 meV which could
due to the coupling of the quasiparticles to remnants of
magnetic resonance mode.
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