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Mass-renormalized electronic excitations at„p,0… in the superconducting state
of Bi2Sr2CaCu2O8¿d
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Using high-resolution angle-resolved photoemission spectroscopy on Bi2Sr2CaCu2O81d , we observe a new

mass renormalization or ‘‘kink’’ in theE vs kW dispersion relations localized near (p,0). The resolution of
bilayer splitting allowed the first direct measurements of this interaction effect. The kink is clearly stronger
than the kink observed along the nodal direction, appears at a lower energy~near 40 meV for overdoped
samples!, and is only apparent in the superconducting state. The kink energy scale defines a cutoff below which
well-defined quasiparticle excitations occur. The most likely origin of this effect is coupling to the magnetic-
resonance mode observed in inelastic neutron scattering.

DOI: 10.1103/PhysRevB.68.174520 PACS number~s!: 74.25.2q, 74.72.Hs, 78.70.Dm, 79.60.Bm
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I. INTRODUCTION

A critical goal in the study of high-temperature superco
ductors~HTSCs! is an understanding of the interactions
correlation effects which ‘‘dress’’ the electrons near t
Fermi energyEF . This is important~1! for its own right,~2!
because these interactions have been considered to be s
treme that even the concept of a quasiparticle may bre
down in these systems,1,2 and ~3! because any particularl
strong interactions may serve as candidates for mediating
pairing of electrons within a Cooper pair, just as the inter
tions of the electrons with phonons is responsible for
pairing in conventional superconductors.

In the many-body language of solid-state physics,
electron self-energyS(kW ,v) contains the information o
these interactions or correlation effects. This dressing re
malizes the dispersion of electrons near the Fermi ene
giving them an enhanced mass or flatterE vs kW dispersion. At
large binding energies~greater than the energy of the bos
being coupled to!, the dispersion returns to its bare valu
giving the dispersion a ‘‘kink.’’ The energy scale an
strength of the kink are thus related to the boson energy
coupling strength, respectively.

In the HTSCs, particular attention should be payed to
electrons near the (p,0) region of the Brillouin zone, which
is the region in which both the ‘‘nonquasiparticle like’’ e
fects and superconducting pairing fluctuations are larges
this paper, we present what we believe to be the first un
biguous evidence of mass renormalizations or kinks in
electronic structure near (p,0) of a high-temperature supe
conductor. In particular, we used angle-resolved photoem
sion spectroscopy~ARPES! to make the first observations o
a relatively low-energy kink of 40 meV or less~dependent on
doping! which is distinct from the higher-energy~60-70
meV! kink which has been observed along the nodal
(p,p) direction of the Brillouin zone where the superco
ducting gap and other interaction effects are weakest.3–7 In
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optimal and underdoped samples these energy scales m
and it is harder to deconvolve the two types of kinks.

Previous ARPES efforts at measuring kink or renorm
ization effects near the (p,0) region have had great disparit
Lanzara6 argued that the observed kink effects are essenti
kW independent, while Valla4 and Kaminski5 argued that the
kink continually evolved, growing stronger as (p,0) ap-
proached. Kaminski additionally argued that the kink
(p,0) was the origin of the well-known peak-dip-hum
~PDH! line shape.9–11We believe that the main reason for th
disparity of these results was an inability to properly deco
volve the various features, especially the bilayer splittin
This deconvolution is especially difficult near (p,0) as the
features are numerous, overlapping, and typically qu
broad. By overdoping high quality single-crystallin
Bi2Sr2CaCu2O81d samples, we have obtained very sha
spectral features near (p,0) and have been able to accurate
deconvolve the bilayer splitting as well as superstruct
effects12,13with similar work done by Fenget al.14 and more
recently, other studies as well.15,16This was a necessary pre
requisite for this work. Our experiments give qualitative
different results than any of these previous studies, and
ditionally indicate that the PDH line shape previously o
served near (p,0)8–11 has major complications from the b
layer splitting, which obscures much of the true interacti
effects. Other recent studies have indicated similar conce
of bilayer splitting on the PDH line shape.15

II. EXPERIMENTAL PARAMETERS

All measurements were performed at beam line 10.0.1
the Advanced Light Source, Berkeley, and at beam line 5
of the Stanford Synchrotron Radiation Laboratory using S
200 electron spectrometers. The experiments were done
ing 20-eV photons, with a combined experimental ene
resolution of 12 meV, and a momentum resolution better th
0.01p/a ~wherea is the Bi2212 lattice constant! along the
©2003 The American Physical Society20-1
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entrance slit to the spectrometer. We label our Bi2212 sin
crystals with a convention based on the transition temp
ture Tc , i.e., an overdoped~OD! Bi2212 sample withTc

558 K is referred to as OD58. The same convention is u
for optimal ~OP! and underdoped~UD! samples. All data
were normalized to have the same intensity at a deep bin
energy of about 400 meV, where the data are featureless@see,
for example, Fig. 4~c!#.

FIG. 1. ~Color online! Nodal kink data as a function of dopin
~d!,~f! and temperature~blue, red! from Bi2212.~b! shows raw data
from aTc585-K UD sample atT510 K. ~a! Shows an MDC atEF

from these data~black dots! as well as a Lorentzian fit result~red
lines!. ~d! and~f! show the centroids of these MDC fits at both 10
~blue! and 100 K~red!. ~c! and~e! show ReS for both temperatures
as described in the text.
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III. KINKS IN NODAL DATA

Figure 1~b! shows raw superconducting state data from
Tc585 K lightly underdoped sample~UD85! with the false
color scale indicating the intensity of the features. We a
lyzed these data by taking momentum cuts at constant
ergy, otherwise known as momentum distribution curv
~MDCs!. Each MDC is made up of'90 data points, with a
momentum resolution of better than 0.01p/a along the de-
tector entrance slit. The MDC at the Fermi energy is plot
in panel~a!, showing a fit to the main band peak consisti
of a Lorentzian peak and linear background. This sim
Lorentzian line shape is a product of the steep dispersion~or
largedE/dk), and the relative independence of the electr
self-energy as a function of momentum.17 Panel~d! shows
the MDC peak centroids between2175 meV and
110 meV, both above~red! and below~blue! Tc , extracted
from Lorentzian fits. Panel~f! shows the same results from
Tc564 K overdoped sample~OD64!. Following Johnson,7

we use a straight line connecting the data between 0 m
and 175 meV to approximate the bare dispersion, i.e.,
dispersion in the absence of the kink interaction. Note t
this bare dispersion may contain additional interactions t
make it different from the free-electron dispersion. Panels~c!
and ~e! show a subtraction of the experimental dispers
from the bare dispersion, for both temperatures on e
sample. These plots show the energy difference between
two dispersions, ReS, as a function of binding energy. A
both dopings we see that the temperature dependence o
kink interaction is a small effect compared to its strength
the normal state, an observation that helped Lanzara6 to con-
clude that this peak was due to coupling to phonons. Con
s

FIG. 2. ~Color online! The ARPES dispersion kink near (p,0). Panel~f! shows the Brillouin zone with bonding band B~red! and
antibonding band A~black! Fermi surfaces, as well as cut locations for panels~a!–~d! ~blue bars!. The B band dispersions~red curves! were
determined by fitting MDC peak positions. The black dots represent A band EDC peak positions. Panel~c! shows two representative EDC
at (p,0) taken from panels~a! and ~b!.
0-2
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FIG. 3. ~Color online! EDCs
and MDCs atT510 K and 85 K
from the (p,0) cut of sample
OD58, from the data of Figs. 1~a!
and 1~b!.
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tent with Johnson,7 we observe a slight softening of the kin
energy as the samples are underdoped. This doping de
dence, which is extended to a wider range than the prev
studies, is summarized by the red points in Fig. 7.

IV. KINKS AT „p,0…

Figures 2~a!–2~d! show raw data near the (p,0) region
@see panel~f!# taken on samples OD58, OD71, and OP91.
these curves the ARPES intensity is indicated by a lin
color scale, as indicated by the color bar. The data of F
2~a! and 2~b! are additionally shown in Fig. 3 in both EDC
~energy distribution curve! form and MDC form. A salient
feature of the data is the clear resolution of two bands,
higher-binding-energy bonding band~B! and the lower-
binding-energy antibonding band~A!, plus some weak super
structure bands due to the extra periodicity induced by
Bi-O plane lattice mismatch. Superimposed on top of the
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band of Fig. 2 we show the peak positions~red! determined
from Lorentzian fitting of MDCs, which are cuts in momen
tum space at constant energy.18 Error bars from the fits are
included, but are so small that they are essentially invisib
We also include the dispersion of the A band~black dots!,
extracted from the sharp low-energy peak in the EDCs.19 A
Lorentzian on a linear background was multiplied by a Fer
function. The normal-state B-band dispersion shown in pa
~a! is seen to be nearly linear and featureless in the ene
range displayed. Upon cooling the sample to 10 K@panel
~b!#, the dispersion as well as near-EF spectral weight are
radically changed. First, the features do not reachEF because
of the opening of the superconducting gapD. In addition to
the gap opening, there is a clear kink in the dispers
around 40 meV. Although for samples OD71 and OP91
spectral features are broader due to decreased doping@panels
~c! and ~d!#, the data show a similar effect. Finally, the s
p

p

FIG. 4. ~Color online! Temperature dependence of the (p,0) kink strength.~a! MDC dispersion from OD71 along (p,0)-(p,p) @Fig. 2,
panel~c!#. The inset shows the temperature dependence of ReS determined using a linear fit to the dispersion~see text!. The kink energy is
'40 meV. ~b! T510-K MDC dispersion~solid black! compared to the expected Bogoliubov dispersion~blue dots! using the measured ga
Dp @panel~c!# andT585-K dispersion@panel~a!#, as described in the text. The inset compares ReS from this method~dotted line! to that
of panel ~a! ~solid line!. ~d! Temperature dependence of the maximum in ReS ~red circles! from panel~a! and the superconducting ga
DLE(T) ~blue squares!.
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FIG. 5. ~Color online! k de-
pendence of the kink strength, fo
sample OD71, atT585 K ~top!
and 10 K~bottom!. MDC-derived
dispersions for the positiveky

~superstructure-free! side B band
dispersion are overlaid in red an
blue.
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perconducting state ARPES peaks are seen to be sharp
intense for binding energies below the kink energy, wher
they are more strongly damped for binding energies ab
the kink energy, as well as for all energies in the normal s
as observed in previous ARPES data.5,11,20

V. TEMPERATURE AND MOMENTUM DEPENDENCES

The temperature dependence of the (p,0) kink can be
seen in Fig. 4~a!, where the MDC-derived bonding band di
persion from sample OD71@Fig. 2~c!# is shown at a series o
temperatures taken on cooling throughTc . The black dotted
line is a linear fit to the highest temperature (T585 K) data.
Since this dispersion is featureless, it appears that what
interaction is responsible for the 40-meV kink is essentia
absent in the normal state, i.e., we can consider this the
interacting dispersion for this effect. Other interactions t
modify the normal-state dispersion are of course likely to
present as well—for example the roughly factor of 2 d
creased dispersion that is observed compared to the lo
density approximation dispersion.21 The component of the
self-energy that is discussed here ignores any self-energ
fects that modify the normal state.

To highlight the temperature-dependent effects we s
tract the superconducting state MDC dispersion from
normal-state dispersion, shown in the inset to panel~a!, giv-
ing an experimental estimate of ReS. An artifact of the
MDC analysis is that inside the gap region ('0
225 meV), where there is no real quasiparticle peak,
MDC method finds a peak due to the finite-energy width
the spectra. We thus focus on the energy range betwee
and 75 meV.

An alternative way to extract ReS in the superconducting
state is to compare the measured dispersion to that expe
with the opening of a superconducting gap. This is illustra
in panel~b!. The dotted curve is the expected supercondu
ing ~SC! state ‘‘Bogoliubov’’ quasiparticle dispersion com
puted from the measured normal-state dispersionek @Fig.
4~a!# and the measured low-temperature gapDp , obtained
from the peak position of the EDC measured atkF @see panel
~c!#. On top of this we plot the measured low-temperatu
dispersion~solid black!, @also plotted in panel~a!#, which
17452
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clearly deviates strongly from the expected SC state dis
sion. The difference is plotted in the inset to panel~b! as the
dotted curve. The black curve in the inset is extracted fr
the inset of panel~a!. While this method probably produces
slightly more accurate estimate of ReS than that in the inset
to panel~a!, it is more difficult to apply at elevated tempera
tures where the thermal broadening becomes comparab
Dp and additional fittings are necessary to extract these
rameters. The general similarities of the two curves in
panel~b! inset does indicate that the extraction of panel~a! is
an adequate estimate of ReS.

Panel~d! shows the maximum point of each ReS curve
from the inset in panel~a! as a function of temperature~red!,

FIG. 6. ~Color online! k dependence of the kink strength, part
~a!–~d! MDC-derived B-band dispersion from sample OD71~raw
data from Fig. 5!. The red dashed lines mark the FS crossin
which are labeled on each panel along with the radial distance f
(p,0). ~e! A schematic of the 2D Fermi surface. The INS wa
vector ~green! naturally connects the (p,0) and (0,p) points and
has half-intensity points which roughly map to the green circles.~f!
The kink strength as a function of the radial distance from the (p,0)
point. The node occurs at 0.5.
0-4
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which is seen to have an onset at or very nearTc571 K. In
addition, we also plot the superconducting gapDLE as a
function of temperature~blue! extracted from the identica
dataset by simply measuring the shift of the midpoint of
EDC leading edge fromEF . Here we plotDLE(T) in lieu of
the gapDp(T), determined from EDC peak positions, b
cause a reliable determination ofDp(T) is made difficult by
thermal broadening forT nearTc . We see that the maximum
in ReS, which provides a measure of the coupling streng
tracks the opening of the superconducting gap, makin
clear that the two are closely related.

Figures 5 and 6 show thekW dependence of the ARPE
kink, measured on sample OD71. We show data along fo
momentum slices centered around thekW values of (p,0),
(0.9p,0), (0.8p,0), and (0.7p,0). Raw data as well as
MDC peaks from Lorentzian fitting are shown in Fig. 5, wi
the results summarized in Figs. 6~a–d!. From the progression
we see that the kink energy stays approximately the s
throughout thisk-space region. Its intensity, however, wea
ens dramatically as we move away from the (p,0) point,
such that it is barely visible in the 0.7p cut of panel~d!. This
falloff in kink strength is shown in panel~f!, which shows
the intensity of the kink@plotted as Re(S)] as a function of
radial position from the (p,0) point.

VI. DOPING DEPENDENCES AND ENERGY SCALES

Figure 7 summarizes the energy scales of the nodal k
~red circles!, the (p,0) kink ~green triangles!, as well as a
number of other phenomena over a wide range of dop
levels. It is clear from these data that the two kinks occu
different energy scales and have different doping dep
dences. Near optimal doping where most previous kink st
ies were done, the energy scales of the two kinks merge~Fig.
7!, making it much more difficult to deconvolve the diffe
ence in the scales.

FIG. 7. ~Color online! Summary of the doping dependence
the energy scales of the ARPES kinks, gaps, and the INS reson
for both underdoped~left! and overdoped~right! samples.Ekink

~node! is from our own unpublished data andEres ~INS! is from He
et al.28
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VII. ORIGIN OF THE „p,0… KINK

From the above data, the differences between the (p,0)
kink and the well-studied nodal kink can be summarized
follows.

~1! The (p,0) kink strength is strongly temperature d
pendent and is observed only belowTc @Fig. 4~d!#, while the
nodal kink is observed aboveTc as well.8

~2! The (p,0) kink is at a significantly lower energy sca
than the nodal kink~Fig. 7! and has a different momentum
and doping dependence.

~3! The strength of the (p,0) kink ~or coupling strength!
is much stronger than the nodal kink.22 These points make a
strong case that the two kinks areseparate entitiesarising
from different phenomena.

Because the (p,0) kink occurs in the region of the Bril-
louin zone where the superconducting gap and pairing co
lations are the strongest, as well as the fact that the ef
only occurs in the superconducting state, it is especially
portant to understand its origin. It may even be that
mechanism which causes this kink plays a very strong rol
the superconductivity. The following paragraphs thus disc
a number of possible scenarios for the origin of the (p,0)
kink, though more are likely to surface as well. This part
the paper is, necessarily, more speculative than the prev
portion which presented the direct experimental data.

The two main classes of explanations that we are awar
are ~1! a byproduct of the opening of the superconducti
gap and~2! a strong coupling to a bosonic excitation such
a phonon or collective magnetic excitation.

In the first class of explanations we consider the damp
of the system~peak broadening! to be due principally to
electron-hole excitations. In the superconducting state e
branch ~the initial electron plus the excited electron-ho
pair! will see a turn on at the gap energyD, leading to a step
in the damping rate ImS near an energy 3D.23 This will in
turn introduce structure into ReS ~as seen by a Kramers
Krönig analysis!, and could be imagined as the origin of th
kink. However, an important problem with this picture is th
as the temperature is raised towardsTc , the energy of the
kink is observed to decrease slowly, staying at a sizable fi
value @Fig. 4~a!#. In contrast, the 3D model would predict
that the kink energy should decrease to zero atTc , just asD
does. We note that while in UD samples the gap may rem
finite up to and acrossTc , the gap clearly does decrease
zero or near zero atTc in these OD samples@Fig. 4~d!#.

Electron-phonon coupling is the most well-known a
simplest example of the second class of explanations, c
pling to a bosonic excitation. In general, we do not exp
electron-phonon coupling strengths to vary greatly with te
perature because the phonons are present equally abov
below Tc . Also, because the coupling is typically most
local in nature, we do not expect the mass-renormaliza
effects due to electron-phonon coupling effects to be stron
k dependent. Therefore, the very strong temperature de
dence of the (p,0) kink, as well as the tight localization o
the kink in k space make it unlikely that electron-phono
coupling is responsible for this effect. It does however,
main a possibility for the nodal kink, as proposed recently

ce,
0-5
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Lanzara.6 Another possibility for the origin of the nodal kin
is coupling to the local magnetic susceptibility, which is o
served inQW integrated INS measurements and which occ
with a slightly higher energy than the magnetic-resona
mode.24

VIII. COUPLING TO THE MAGNETIC-RESONANCE
MODE

The prime candidate for a bosonic excitation is t
magnetic-resonance mode observed in inelastic neutron
tering ~INS! experiments. This mode only occurs belo
Tc ,25 or in underdoped samples belowT* ,26 making the turn
on of the effects we see atTc very natural. Previously, it had
been proposed that the INS magnetic resonance mani
itself in the ARPES EDC line shape, primarily as the orig
of the ‘‘classic’’ PDH line shape,5,11,20though it is now clear
that the bilayer splitting causes a major complication to th
interpretations, with it even possible that much of the clas
PDH effect is simply due to the existence of the bilayer-s
bands.22,27 In momentum space, the mode has aQ vector
~momentum transfer! centered at (p,p), which naturally
connects thek regions (p,0) and (0,p) where the kink effect
is most strongly seen. This is schematically illustrated in F
6~e!. The resonance mode intensity as a function of mom
tum transferQW has been measured on an OD83 Bi22
sample by Heet al.28 They found that the mode intensity
peaked atQW 5(p,p) and has its half-intensity points a
'QW 50.67(p,p) and 1.33(p,p) along this cut. Other neu
tron measurements indicate that the mode falloff is roug
isotropic in QW space.29 We show these half-intensity point
schematically on the Brillouin zone in panel~e! as green
circles centered around (p,0) and (0,p), according to the
standard belief that the (p,p) mode connects these poin
since they have the largest near-EF electron density and ar
separated by a vector of (p,p).20,30,31The circles are drawn
with a radius of 0.17A2p so that the closest~furthest! edges
are connected by aQW of 0.67(p,p) and @1.33(p,p)#.

We converted thekW -space values of the Fermi-surfac
crossings into a radialkW distance from the (p,0) points in
units of A2p , listed in panels~a!–~d! of Fig. 6. In these
units the (p,0) point occurs at 0 and 1.0 and the node occ
near 0.5. ReS from panels ~a!–~d!, obtained using the
method of Fig. 4~a!, are plotted versus radial distance fro
(p,0) in panel~f!. We see that the line at 0.17A2p corre-
sponding to the green circles in panel~e! occurs near the hal
intensity of where ReS would extrapolate at (p,0). There-
fore, the falloff in intensity of ReS as a function ofkW is in
very good first-order agreement with what is expected fr
the falloff in intensity of the INS mode as a function ofQW .
This makes an intimate relationship between the kink and
magnetic mode highly plausible. Recent theoretical w
also supports this view.34

In addition to considering the temperature and momen
dependence of the (p,0) kink, we should consider its energ
scale as well. The mode has a characteristic energy near
meV,’’ though this energy scale is actually doping depend
17452
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with decreasing energy scales as the samples are pro
sively overdoped. This effect is shown by the black circles
Fig. 7, from Heet al.28 Also shown on this plot are the low
temperature superconducting gap values measured from
(p,0) datasets of this paper, including two methods of g
determination,Dp ~blue squares! and DLE ~gray diamonds!
@Fig. 4~c!#.

Following the analogy ofa2F(v) oscillations in strongly
electron-phonon coupled conventionals-wave superconduct
ors, we may expect the (p,0) kink to be observed at an
energy equal toD1vR , whereD is the superconducting ga
and vR is the neutron-resonance mode energy.20,32 If we
choose the superconducting state EDC peak positionDp at
(p,0), theenergiesDp1vR will clearly be larger than the
kink energy scale, though if we choose the leading ed
half-maximum pointDLE at (p,0), theagreement between
DLE1vR and the kink energy scale is much better. Rega
less of whether this should be considered an agreemen
energy scales, it is not surprising that the situation should
more complicated in the cuprates than in conventional su
conductors. For one, the resonance mode to which the e
trons appear to be coupling is not yet understood, even a
basic level of whether it corresponds to particle-particle33 or
particle-hole20,32 excitations. Also, since the magnetic mod
is electronic in origin and only occurs in the paired sta
there is a likelihood of a strong feedback effect that m
change the observed energy scale. Finally, we note that
strong coupling near the (p,0) point makes vertex correc
tions much more important,35 and these as well as possib
excitonic effects32 may lower the energy of the kink. Addi
tionally, possible bosonic excitations which may couple
the (p,0) electrons could be considered, including, for e
ample a mode in the charge channel.

IX. SUMMARY

We have made detailed measurements on Bi2212 wh
delineate mass-renormalization or ‘‘kink’’ effects near (p,0)
from those near the node, and we find significant differen
between the two. While the nodal kinks are observed b
above and belowTc and have only a weak temperature d
pendence, the (p,0) kink is observed only belowTc and has
a very strong temperature dependence. In the overdope
gime the two effects also have a significantly different e
ergy scale@near 40 meV for the (p,0) kink and 70 meV for
the nodal kink# though the two scales merge together ne
optimal doping. The strength of the (p,0) kink decreases
rapidly away from (p,0). While the nodal kink may be du
to coupling to phonons as previously argued, the (p,0) kink
is inconsistent with this possibility and is most likely due
coupling to an electronic excitation. In particular, the IN
magnetic-resonance mode is attractive as an origin of
effect because thekW dependence of the kink intensity awa
from (p,0) is similar to what is expected from theQW depen-
dence of the INS magnetic-resonance mode intensity.

Note added.Recent experimental work by Kimet al. has
observed a (p,0) kink in Pb-Bi2212.36
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