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Angle-resolved photoemission spectroscfRPES is used to study the doping dependence of the lifetime
and the mass renormalization of the low-energy excitations in fijgtuprate (Bi,Pb)Sr,CaCyOg along the
zone diagonal. We find a linear energy dependence of the scattering rate for the underdoped samples and a
guadratic 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.

DOI: 10.1103/PhysRevB.69.140507 PACS nuntber74.25.Jb, 71.38.Cn, 74.72.Hs

For the past 16 years it has remained an unsolved puzzBi-221251°-13The kink has been attributed to a coupling of
as to which microscopic process drives the evolution ofthe quasiparticles to phonons or to spin fluctuations. We
Mott-type insulating undoped cuprates to a metallic stateshow here thati) the dispersion at high temperatures can be
with rather conventional properties at the highly overdopedully understood with a pure MFL-like approactii,) the ac-
side of the phase diagram. In particular, the phases in bdual kink develops at low temperatures and is an additional
tween the pseudogap state and the “strange metal” state witeffect, (i) the magnitude of the kink renormalization is
its anomalous transport propertieze not understood. Sev- weak throughout all doping levels compared to the overall
eral normal state properties could be described within thenagnitude of the many-body mass renormalization present in
marginal Fermi-liquid(MFL) phenomenolog§. The more the system. This study on the many-body effects along the
conventional behavior on the overdoped side seems to corr@odal direction is complementary to our recent studies of the
spond to a Fermi liquidFL)—but this has yet to be conclu- antinodal directiort* There we found evidence for strong
sively shown. Various concepts for the microscopic descrip€oupling between the magnetic resonance mode observed in
tion of the phase diagram have been develdpedt no inelastic neutron scatterin@\NS) and electronic states below
consensus has been reached. All of these theories introdu@e around theM -point which also leads to the appearance of
certain types of many-body interactions. These interactionkinks in the dispersion. We discuss the nature of the nodal
affect the low-energy excitations of the system. Namely, thexinks in light of the characteristics of the antinodal kinks.
cause a typical scattering rate and a mass renormalization The ARPES experiments were carried out using radiation
which are both directly observable by angle-resolved photofrom the U125/1-PGM beam line and an angle multiplexing
emission spectroscopARPES. photoemission spectrometéSCIENTA SES 10D at the

Firstly, we investigate the scattering rate as a function 0BESSY synchrotron radiation facility. The spectra were re-
energy, systematically, from underdoped to overdopedorded using excitation energies-h25—27 eV with a total-
(Bi,Pb),Sr,CaCy0Og [(Bi,Pb)-2212 and find compelling energy resolution of 10 meV. The momentum resolution was
evidence for a crossover from MFL-like behavior to FL-like 0.01 A* parallel to(0,0)-(77) and 0.02 A" perpendicular
behavior. We limit ourselves to the zone diagonal, which hago this direction. Measurements have been performed on (5
been investigated previously by ARPES.However, these x1) superstructure free high quality single crystals of
studies have concentrated almost exclusively on measuré€Bi,Ph)-2212 with varying doping levels ranging from under-
ments on samples with optimal dopihdgnformation on the doped with T,=76 K (UD76) through optimally doped
energy dependence of the scattering rate can also be obtain@dP89 with T,=89 K to overdopedT.=61 K, OD6J). The
from opticaf and Raman spectroscopyHowever, these dopant concentration was calculated from the empirical
methods inherently integrate over large portions of the Fermequation ofT; versus the dopant concentratibyPreviously,
surface (FS and as they represent two-particle probes, &or these compounds, the concentration values have been de-
comparison to ARPES as a one-particle probe is difficult. rived from the volume of the F¥. It has been found that

Secondly, the many-body interactions not only impose @oth methods were in agreement.
finite lifetime of the low-energy excitations but, necessarily, Figure 1 introduces the subject of our measurements. In
also a renormalization of their energy. In this context aFig. 1(a) the FS of(Bi,Pb)-2212 is shown schematically. It
“renormalization energy scale” at approximately 70 meV— consists of the typical bilayer split barrels located around the
usually referred to as “kink"—has been found previously by (,7) points of the Brillouin zone. At the crossing point of
ARPES studies in the dispersion along the nodal direction ofthe diagonal and the FS, the bilayer splitting vanishes and
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FIG. 1. (a) Fermi surface ofBi,Pb)-2212 (schematically with 016
the typical bilayer split barrels around tke, ) points. The middle |
line indicates the position along the nodal direction where the en- 0.12
ergy distribution magEDM) in (b) was taken. The row of stacked I
thin lines indicate the positions of EDM'’s taken to identify the 0.08
nodal direction(b) EDM taken at 30 K for an underdoped sample L
along(0,0)-(ar,7). (c) EDC along the vertical dashed line (b). (d) 004k I )
MDC at the Fermi energy. The solid line is a simple Lorentzian fit. -0.10 0.00 -0.10 0.00
also the superconducting order parameter has a node here. Energy (eV)

We performed several cugthin black lineg in the vicinity of ) )

the suspected nodal direction to identify this direction pre- F!G- 2. Imaginary part of the self-energyas a function of the
cisely. We then applied Lorentzian fits to the constant energ§nding energy extracted from the energy distribution m&pEM)
slices[momentum distribution curve€MDC)] of the two- t T=230 K for various doping levels. Note the change from a more

. . . . linear behavior for underdoping to a parabola for overdoping. The
dimensional data sefig. 1(b)]. The MDC at the Fermi dashed straight lines for the underdoped sam)&s76,UD77 and

constant momentumkg) resulting in an energy distribution ¢, the overdoped samples are fits to a parabola.

curve (EDC) is presented in Fig. ().

~ The proper quantity used to describe many-body interacextracted by thead hocassumption that the bare dispersion
tions is the complex self-energy. The real part R& de-  matches the measured dispersion at the highest binding en-

scribes the energy renormalization of an excitation, theergies measured. However, we believe that our method is
imaginary part describes the scattering rateXlwan be di-  physically more justified.

rectly expressed in terms of the full width at half maximum  |n Fig. 2 Im3 is presented as a function of energy for
(FWHM) of the measured peaks: B=uvy/2XFWHM,  various doping levels. The most underdoped sample shows a
where v, is the bare Fermi velocity of the noninteracting nearly linear dependence of Bnon energy. With increasing
system. A physically meaningful determinationwof is cru-  hole doping the dependence becomes more rounded and a
cial for a quantitative analysis of 1. We use here a value drop of Im3 below approximately 80 meV develops and is
of vy=4eVA as derived from the detailed analysis of themost pronounced for the optimal doped case. The drop in
anisotropic plasmon dispersion in Bi-2242which is deter- |m3 vanishes for higher temperature®mt shown in agree-
mined by the mean unrenormalized Fermi velocity. The rement with previous results® Further doping seems to shift
sult is also consistent with local density approximationthe energy upward where the drop occ(@81). At higher
(LDA) band-structure calculatiort8 Both methods are sen- doping levels a parabolic shape over the whole energy range
sitive to the bare particle behavior of the electronic systemis observed OD77,0D61.2° A previous study of overdoped
Another confirmation ob,=4 eV A comes from the analy- Bi-2212 reported a linear dependericéle believe that our

sis of photoemission data itself: imaginary and real parts oflata are more conclusive in terms of the signal-to-noise level
> do not represent independent quantities. For instance, enf the spectra and the greater number of different samples
hanced scattering rates enforce ultimately decreasing ban@resented. All of the curves presented in Fig. 2 have a zero-
width, i.e., enhancement of Re It can be shown that R&é  energy offset, which we attribute to the finite momentum
and ImZ fulfill Kramers Kronig relation. Making use of this resolution and elastic defect scattering.

relation ImX, can be inverted to RE and the bare dispersion The continuous evolution from a linear to a parabolic line
is obtained by subtracting Re from the measured shape of thenergydependence in going from under to over-
dispersiont? Our value forv, and the procedure to extract it doping suggests a transition from a MFL-like regime to a FL
are different from previous studié®:** There,v, has been regime. A similar behavior was found in transpgoend
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3-0.10 L where the constant and the cutoff frequencwc were al-
E s lowed to vary freely for th& =200 K spectrum. The fit is in
“J_015 | excellent agreement with the data fer=0.22 and wc
’ b =1.59eV. Using the same parameters for the low-
665 Ti6e 504 DOt .00 DiE 002 D6 temperature spectrum in Fig(c3 results in a disagreement

for values below approximately 60 meW.e., at the kink

k'kF(A1) k‘kF(A1) energy scale Allowing the parameters to vary freely does
. Uo7e not result in a more accurate fitot shown).
5 008 T=200K We conclude from this observation that for underdoping
W 004 " the normal state is well described by the MFL-like approach.
e d The dispersion has a curvature which mimics a smooth kink.
0.00 015 5:10.5 05 006 5150 105,550 60 At low temperatures the actual kink manifests itself as a

deviation from the MFL-like fit, and could be related to the
onset of superconductivity. The magnitude of the renormal-
FIG. 3. (a) Dispersions for under, optimally, and overdoped ization described by the MFL exceeds the magnitude of the

samples aff=30 K. The curves have been shifted to match thekmk renormalization S|_gn|f|cantly. Using A
sameke. The dashed line represents the bare dispersion as exz | d(ReZ)/dE](E=0) we obtain\=0.8+0.1 for the cou-
plained in the text(b) Comparison of thél=30 K andT=300 K pling constani in the normal sta_te, Whlch is S|m||§r .to yal-
dispersions for the Opuma”y doped Samﬂ@_ and(d) Real part of ues recently reported fOI‘ the antm0da| d|recﬂ6ﬁ-h|s Il’ldl-
S evaluated as the difference between the dispersion and theates that the many-body effects in the normal state of
straight line in(a) for the underdoped sample. The dashed line is a(Bi,Pb)-2212 are approximately isotropic and extend over a
fit to a marginal Fermi-liquid formisee text Note the good agree- Wwide energy rangéin the order ofw.). Whereas it is well
ment for T=200 K and the deviations at the kink energy scale forknown that the electron-electron interaction is responsible
T=30K. for the characteristics of a FL a variety of proposals exists for
the microscopic origin of the MFL phenomenology. From
ARPES(Refs. 4 and Yexperiments for the scattering rate at "¢ point of view there exists a h_|dr(%j§en order parameter in-
the Fermi level as a function aémperature These two as- fluencing the. low-energy ex0|tat|o_ .Another proposal
: ._stresses the importance of the antiferromagnetic phase, re-
pects show conclusively that the fundamental many-body in= "~~~ ~° . .
. . . . sulting in a coupling of the charge carriers to overdamped
teractions in cuprates change with doping.3nand hence spin fluctuation$??® In the light of our recent resuftéwe
the many-body effects are comparable to the binding ene

ind the latter explanation appealing but further investiga-

gies of the excitations. We therefore expect a large renormal; < are clearly needed.

ization in the dispersion of the low-energy excitations and  \we now discuss the origin of the kink at low tempera-
this is now discussed. tures. From our point of view, the absence of the kink at
The dispersion along the nodal direction for several dop-— 200 K makes an interpretation in terms of a coupling to
ing levels is given in Fig. @). The dispersions are similar phonons questionable. Rather the results suggest a coupling
for all the doping levels presented. Small differences existo the resonance mode observed in inelastic neutron scatter-
around the kink energy but appear to be subtle and will notng at temperatures beloW. .22?>?%While the impact on the
be discussed here. On one hand it seems surprising that ordectronic states of this mode is maximal at Mepoints314
small systematic changes with doping are observed given th@mnants could still be observable along the nodal
systematic changes in [Bh On the other hand the absolute direction?? Since the effect is small and could even be
differences among the doping levels for lrare also small masked by thermal broadening it is more difficult to collect a
and lead only to small changes in Rewhich are unlikely to  similar set of evidence as we have done in Ref. 14. Never-
be detected in the dispersions. The dashed straight line retheless, this scheme offers a natural and unified explanation
resents an approximation to the bare dispersion with a slopfr the observed mass enhancement throughout the Brillouin
of vo=4eVA as discussed above. We emphasize that theone, which is difficult to obtain assuming a phonon cou-
bare dispersion is not only a theoretical limit but a well de-pling. Such a coupling should be more isotropic and inde-
fined and observable entity.In Fig. 3b) we show a com- pendent of doping. It is, however, possible that both effects
parison betweem=30 K and T=300 K for the optimally are present with different weight depending on kispace
doped sample. The overall temperature dependence is we#dcation.
and agrees with previous investigatidhis:'>The real part of In summary we have shown that the scattering rate
>, is the difference between the measured dispersion and thosses in a continuous manner from a more linear depen-
bare dispersion. This is shown for the underdoped sample fatence on energy to a more quadratic dependence with over-
T=30K andT=200K in Figs. 3c) and 3d). The dashed doping, which represents a crossover from a MFL-like re-
lines represent a fit to the MFL relationship gime to a FL. We find the real part of the self-energy

Energy (eV) Energy (eV)
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