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Using high-resolution angle-resolved photoemission spectroscopy,@mnL8aCy0g. 5, We observe a new
mass renormalization or “kink” in theE vs k dispersion relations localized neatr,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 etrezgy 40 meV for overdoped
sampleg 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.
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I. INTRODUCTION optimal and underdoped samples these energy scales merge
and it is harder to deconvolve the two types of kinks.

A critical goal in the study of high-temperature supercon- Previous ARPES efforts at measuring kink or renormal-
ductors(HTSC9 is an understanding of the interactions or ization effects near ther(,0) region have had great disparity.
correlation effects which “dress” the electrons near thelanzard argued that the observed kink effects are essentially
Fermi energyE . This is importan{1) for its own right,(2)  k independent, while Valfaand Kaminski argued that the
because these interactions have been considered to be so &k continually evolved, growing stronger asr,0) ap-
treme that even the concept of a quasiparticle may breakdroached. Kaminski additionally argued that the kink at
down in these systenis, and (3) because any particularly (7,0) was the origin of the well-known peak-dip-hump
strong interactions may serve as candidates for mediating tH€DH) line shap€~**We believe that the main reason for the
pairing of electrons within a Cooper pair, just as the interacdisparity of these results was an inability to properly decon-
tions of the electrons with phonons is responsible for the/olve the various features, especially the bilayer splitting.
pairing in conventional superconductors. This deconvolution is especially difficult neasr(0) as the

In the many-body language of solid-state physics, thdeatures are numerous, overlapping, and typically quite

electron self-energys (k,») contains the information of broad. By overdoping high quality single-crystaliine

these interactions or correlation effects. This dressing renoP'2srzcaCU308” samples, we have obtained very sharp
malizes the dispersion of electrons near the Fermi energgpectral features neair(0) and have been able to accurately

. . ) econvolve the bilayer splitting as well as superstructure
giving them an enhanced mass or flattars k dispersion. At

e : effects?*3with similar work done by Fengt al1* and more
large binding energieggreater than the energy of the boson acently other studies as wéft's This was a necessary pre-
being coupled tp the dispersion returns to its bare value

g ) . A 'requisite for this work. Our experiments give qualitatively
giving the dispersion a “kink.” The energy scale and gitferent results than any of these previous studies, and ad-
strength of the kink are thus related to the boson energy angitionally indicate that the PDH line shape previously ob-
coupling strength, respectively. served near £,0)8~* has major complications from the bi-

In the HTSCs, particular attention should be payed to the?ayer splitting, which obscures much of the true interaction

electrons near ther(, 0) region of the Brillouin zone, which  ggects. Other recent studies have indicated similar concerns
is the region in which both the “nonquasiparticle like” ef- ¢ bilayer splitting on the PDH line shape.

fects and superconducting pairing fluctuations are largest. In
this paper, we present what we believe to be the first unam-
biguous evidence of mass renormalizations or kinks in the
electronic structure nearr(,0) of a high-temperature super-
conductor. In particular, we used angle-resolved photoemis- All measurements were performed at beam line 10.0.1 of
sion spectroscopfARPES to make the first observations of the Advanced Light Source, Berkeley, and at beam line 5—-4
a relatively low-energy kink of 40 meV or legsdependent on  of the Stanford Synchrotron Radiation Laboratory using SES
doping which is distinct from the higher-energg60-70 200 electron spectrometers. The experiments were done us-
meV) kink which has been observed along the nodal oring 20-eV photons, with a combined experimental energy
(7r,) direction of the Brillouin zone where the supercon- resolution of 12 meV, and a momentum resolution better than
ducting gap and other interaction effects are weakésin 0.01m/a (wherea is the Bi2212 lattice constantalong the

II. EXPERIMENTAL PARAMETERS
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Ill. KINKS IN NODAL DATA

a f
h/I)QC atEd| ) )
A Figure Xb) shows raw superconducting state data from a
T.=85 K lightly underdoped sampl@JD85) with the false
o~ color scale indicating the intensity of the features. We ana-
[0} " .
E_ lyzed these data by taking momentum cuts at constant en-
32 ergy, otherwise known as momentum distribution curves
Q! . . .
5 | (MDCs). Each MDC is made up of 90 data points, with a
2g momentum resolution of better than 0k along the de-
Ew’ oD64 tector entrance slit. The MDC at the Fermi energy is plotted
10,0) () i‘% 100K in panel(a), showing a fit to the main band peak consisting
S I S N e of a Lorentzian peak and linear background. This simple
" 02030405 032 , 040 Lorentzian line shape is a product of the steep dispergon
Kk (m units) Kk (r units) Kk (m units)

. . ) ~ largedE/dk), and the relative independence of the electron
FIG. 1. (Color online Nodal kink data as a function of doping self-energy as a function of momentl}FnPanel(d) shows

(d),(f) and temperaturéblue, red from Bi2212.(b) shows raw data the MDC peak centroids between-175 meV and

from aT.=85-K UD sample al =10 K. (@) Shows anMDC aE | 1 ey poth abovéred and below(blue) T, extracted

from these datdblack dot$ as well as a Lorentzian fit resulted from Lorentzian fits. PandF) shows the same results from a

lines). (d) and(f) show the centroids of these MDC fits at both 10 K T —64K d .d 1€OD64). Followi Joh A

(blue) and 100 K(red). (c) and(e) show R&, for both temperatures, ¢ over_ ope. sampleO . 4. Following Johnsor,

as described in the text. we use a straight line connecting the data between 0 meV
and 175 meV to approximate the bare dispersion, i.e., the
dispersion in the absence of the kink interaction. Note that
this bare dispersion may contain additional interactions that

entrance slit to the spectrometer. We label our Bi2212 singlenake it different from the free-electron dispersion. Paf@ls

Crystals with a convention based on the transition temperagng (e) show a subtraction of the experimenta| dispersion

ture T¢, i.e., an overdopedOD) Bi2212 sample withT.  from the bare dispersion, for both temperatures on each

=58 K is referred to as OD58. The same convention is usedample. These plots show the energy difference between the

for optimal (OP) and underdopedUD) samples. All data two dispersions, Re, as a function of binding energy. At

were normalized to have the same intensity at a deep bindinigoth dopings we see that the temperature dependence of the

energy of about 400 meV, where the data are featurgbess  kink interaction is a small effect compared to its strength in
for example, Fig. &)]. the normal state, an observation that helped Lafizaraon-

clude that this peak was due to coupling to phonons. Consis-

e) T=85K |
2z T=10K / |
(2] Al
S (n,0) /|
E Mrl 3\

§—T=1|OK| i \ T T \ | l
-0.2 0.0 0.2 -0.2 0.0 0.2 min
K (m units) K (m units)
<— (7, m) (m, -m)—» <—(m, W) (m, -m)—>

FIG. 2. (Color online The ARPES dispersion kink nearr(0). Panel(f) shows the Brillouin zone with bonding band (Bed) and
antibonding band Ablack) Fermi surfaces, as well as cut locations for paii@ls(d) (blue bar$. The B band dispersior(sed curvegwere
determined by fitting MDC peak positions. The black dots represent A band EDC peak positiongcPshels two representative EDCs

at (7,0) taken from panel§éa) and(b).
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MDCs T=85K

FIG. 3. (Color online EDCs
and MDCs atT=10 K and 85 K
from the (w,0) cut of sample
0OD58, from the data of Figs.(4)
and 1b).

20 0 .20 0 : (
B.E. (meV) 0 B.E. (meV) ky (1T units)

tent with Johnsori,we observe a slight softening of the kink band of Fig. 2 we show the peak positiofed) determined
energy as the samples are underdoped. This doping depefflem Lorentzian fitting of MDCs, which are cuts in momen-
dence, which is extended to a wider range than the previousim space at constant enef§yError bars from the fits are

studies, is summarized by the red points in Fig. 7. included, but are so small that they are essentially invisible.
We also include the dispersion of the A batack dots,
IV. KINKS AT (7r,0) extracted from the sharp low-energy peak in the EBUS.

Figures 2a)—2(d) show raw data near ther(0) region Lorentzian on a linear background was multiplied by a Fermi
[see panelf)] taken on samples OD58, OD71, and OP91. infunction. The normal-state B-band dispersion shown in panel
these curves the ARPES intensity is indicated by a lineaf® is seen to be nearly linear and featureless in the energy
color scale, as indicated by the color bar. The data of Figgiange displayed. Upon cooling the sample to 1(g&nel
2(a) and 2b) are additionally shown in Fig. 3 in both EDC (b)], the dispersion as well as nelag spectral weight are
(energy distribution curveform and MDC form. A salient radically changed. First, the features do not reaglbecause
feature of the data is the clear resolution of two bands, thef the opening of the superconducting gapIn addition to
higher-binding-energy bonding ban@®) and the lower- the gap opening, there is a clear kink in the dispersion
binding-energy antibonding bard), plus some weak super- around 40 meV. Although for samples OD71 and OP91 the
structure bands due to the extra periodicity induced by thapectral features are broader due to decreased dfpamngls
Bi-O plane lattice mismatch. Superimposed on top of the B(c) and (d)], the data show a similar effect. Finally, the su-

A, = SC EDC peak at k=k (QP pole energy) c)

20~ ALg = 50% point of k=k. EDC leading edge
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FIG. 4. (Color online Temperature dependence of the, Q) kink strength(a) MDC dispersion from OD71 along#,0)-(, ) [Fig. 2,
panel(c)]. The inset shows the temperature dependence Bf dkgermined using a linear fit to the dispersisee text The kink energy is
~40 meV. (b) T=10-K MDC dispersionsolid black compared to the expected Bogoliubov disperginine dot$ using the measured gap
A, [panel(c)] and T=85-K dispersior{panel(a)], as described in the text. The inset compares Rem this methoddotted ling to that

of panel(a) (solid line). (d) Temperature dependence of the maximum ik Reed circles from panel(a) and the superconducting gap
A g(T) (blue squares
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(1.0m,0) (0.97,0) (0.87,0) (0.71,0)

FIG. 5. (Color online k de-
pendence of the kink strength, for
sample OD71, aff=85 K (top)
and 10 K(bottom. MDC-derived
dispersions for the positivek,
(superstructure-frgeside B band
dispersion are overlaid in red and
blue.

T=85K

T=10K

=

02 02 00 02 -02 00

K (

T units)
perconducting state ARPES peaks are seen to be sharp adearly deviates strongly from the expected SC state disper-
intense for binding energies below the kink energy, whereasion. The difference is plotted in the inset to pafi®las the
they are more strongly damped for binding energies aboveotted curve. The black curve in the inset is extracted from
the kink energy, as well as for all energies in the normal stat¢he inset of panela). While this method probably produces a
as observed in previous ARPES dafa:?° slightly more accurate estimate of Rehan that in the inset
to panel(a), it is more difficult to apply at elevated tempera-
tures where the thermal broadening becomes comparable to
V. TEMPERATURE AND MOMENTUM DEPENDENCES A, and additional fittings are necessary to extract these pa-

The temperature dependence of the,@) kink can be rameters. The general similarities of the two curves in the
seen in Fig. ), where the MDC-derived bonding band dis- Panel(b) inset does indicate that the extraction of pa@gis
persion from sample OD7[Fig. 2(c)] is shown at a series of an adequate estimate of Re
temperatures taken on cooling througih. The black dotted Panel(d) shows the maximum point of each Recurve
line is a linear fit to the highest temperatufe=85 K) data.  from the inset in panefa) as a function of temperatuteed),
Since this dispersion is featureless, it appears that whatever
interaction is responsible for the 40-meV kink is essentially 3~ |2) L | |® [ ]
absent in the normal state, i.e., we can consider this the nonE g{k=1-0t) k=09  1k=08r j  lk=0.7m
interacting dispersion for this effect. Other interactions that & OD71
modify the normal-state dispersion are of course likely to be::j / 85K
present as well—for example the roughly factor of 2 de- o }/ 19K
creased dispersion that is observed compared to the loca@s ky=o.1901; jkfo_{gog

r=o.147’2n r=0.15V2n

40 20

k,=0.1951

: : : r|=0.20|\/2n
0.2 0.1 0.2

ky (m) 0.1 0.2 ky (m) 0.1

k, (m)
(m,-T) 40

k,=0.2057
r|=0.26|\/211

c

density approximation dispersiéh.The component of the @
self-energy that is discussed here ignores any self-energy el 0.1
fects that modify the normal state.

To highlight the temperature-dependent effects we sub-
tract the superconducting state MDC dispersion from the (m.m)
normal-state dispersion, shown in the inset to paaglgiv- e
ing an experimental estimate of Re An artifact of the
MDC analysis is that inside the gap region~Q .
—25 meV), where there is no real quasiparticle peak, the.
MDC method finds a peak due to the finite-energy width of
the spectra. We thus focus on the energy range between 2
and 75 meV. 0 017 033 05

. . . : : Radial k-distance from

An alternative way to extract Rein the superconducting K (r,0) (V2r units)
stgte is to compare the measured Qispersion t.o .th‘?‘t expected FIG. 6. (Color onling k dependence of the kink strength, part 2.
ywth the opening of a supercor)ductlng gap. This is |IIustrated(a)_(d) MDC-derived B-band dispersion from sample OD{Faw
in panel(b). The dotted curve is the expected superconductyais from Fig. 5. The red dashed lines mark the FS crossings,
ing (SO state “Bogoliubov” quasiparticle dispersion com- \hich are labeled on each panel along with the radial distance from
puted from the measured normal-state dispergpiFig. (7 0). (e) A schematic of the 2D Fermi surface. The INS wave
4(a)] and the measured low-temperature gap, obtained  vector (green naturally connects ther,0) and (0) points and
from the peak position of the EDC measuredgafsee panel has half-intensity points which roughly map to the green cirdf@s.
(©)]. On top of this we plot the measured low-temperatureThe kink strength as a function of the radial distance from th@®)
dispersion(solid black, [also plotted in panel(a)], which  point. The node occurs at 0.5.
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VII. ORIGIN OF THE (ar,0) KINK

From the above data, the differences between th@)
kink and the well-studied nodal kink can be summarized as
follows.

(1) The (w,0) kink strength is strongly temperature de-
pendent and is observed only beldw[Fig. 4(d)], while the
nodal kink is observed above, as well®

(2) The (m,0) kink is at a significantly lower energy scale
than the nodal kinKFig. 7) and has a different momentum
and doping dependence.

(3) The strength of the,0) kink (or coupling strength
is much stronger than the nodal kifkThese points make a
strong case that the two kinks aseparate entitiegrising
from different phenomena

Because the#,0) kink occurs in the region of the Bril-
louin zone where the superconducting gap and pairing corre-
lations are the strongest, as well as the fact that the effect

FIG. 7. (Color onling Summary of the doping dependence of only occurs in the superconducting state, it is especially im-
the energy scales of the ARPES kinks, gaps, and the INS resonangsprtant to understand its origin. It may even be that the

for both underdopedleft) and overdopedright) samples.E,;nx
(nods is from our own unpublished data agg, (INS) is from He
et al®®

which is seen to have an onset at or very near 71 K. In
addition, we also plot the superconducting gap: as a
function of temperaturéblue) extracted from the identical

mechanism which causes this kink plays a very strong role in
the superconductivity. The following paragraphs thus discuss
a number of possible scenarios for the origin of the Q)

kink, though more are likely to surface as well. This part of
the paper is, necessarily, more speculative than the previous
portion which presented the direct experimental data.

dataset by simply measuring the shift of the midpoint of the  The two main classes of explanations that we are aware of

EDC leading edge frorkg . Here we plotA, g(T) in lieu of

are (1) a byproduct of the opening of the superconducting

the gapAy(T), determined from EDC peak positions, be- gap and(2) a strong coupling to a bosonic excitation such as

cause a reliable determination &f,(T) is made difficult by

thermal broadening fof nearT.. We see that the maximum

a phonon or collective magnetic excitation.
In the first class of explanations we consider the damping

in ReX, which provides a measure of the coupling strengthpf the system(peak broadeningto be due principally to
tracks the opening of the superconducting gap, making itlectron-hole excitations. In the superconducting state each

clear that the two are closely related.

branch (the initial electron plus the excited electron-hole

Figures 5 and 6 show thie dependence of the ARPES pair) will see a turn on at the gap energy leading to a step
kink, measured on sample OD71. We show data along fourin the damping rate 1% near an energy 8.2 This will in

momentum slices centered around thevalues of @r,0),
(0.97,0), (0.87,0), and (0.7,0). Rawdata as well as

turn introduce structure into Re (as seen by a Kramers-
Kronig analysi$, and could be imagined as the origin of the

MDC peaks from Lorentzian fitting are shown in Fig. 5, with kink. However, an important problem with this picture is that

the results summarized in Figgaé-d. From the progression

as the temperature is raised towafs the energy of the

we see that the kink energy stays approximately the sam&nK is observed to decrease slowly, staying at a sizable finite
throughout thisk-space region. Its intensity, however, weak- value [Fig. 4@]. In contrast, the & model would predict

ens dramatically as we move away from the,Q) point,
such that it is barely visible in the Oz7cut of panel(d). This
falloff in kink strength is shown in pan€f), which shows
the intensity of the kinkplotted as ReX)] as a function of
radial position from the 4,0) point.

VI. DOPING DEPENDENCES AND ENERGY SCALES

that the kink energy should decrease to zerdatjust asA
does. We note that while in UD samples the gap may remain
finite up to and acros$,, the gap clearly does decrease to
zero or near zero dk. in these OD sampledig. 4(d)].
Electron-phonon coupling is the most well-known and
simplest example of the second class of explanations, cou-
pling to a bosonic excitation. In general, we do not expect
electron-phonon coupling strengths to vary greatly with tem-

Figure 7 summarizes the energy scales of the nodal kinperature because the phonons are present equally above and

(red circles, the (7,0) kink (green triangles as well as a below T.. Also, because the coupling is typically mostly
number of other phenomena over a wide range of dopindpcal in nature, we do not expect the mass-renormalization
levels. It is clear from these data that the two kinks occur aeffects due to electron-phonon coupling effects to be strongly
different energy scales and have different doping depenk dependent. Therefore, the very strong temperature depen-
dences. Near optimal doping where most previous kink studedence of the 4r,0) kink, as well as the tight localization of
ies were done, the energy scales of the two kinks m@fge  the kink in k space make it unlikely that electron-phonon
7), making it much more difficult to deconvolve the differ- coupling is responsible for this effect. It does however, re-
ence in the scales. main a possibility for the nodal kink, as proposed recently by
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Lanzara® Another possibility for the origin of the nodal kink with decreasing energy scales as the samples are progres-
is coupling to the local magnetic susceptibility, which is ob- sively overdoped. This effect is shown by the black circles in

served inQ integrated INS measurements and which occurFig. 7, from Heet al*® Also shown on this plot are the low-
with a slightly higher energy than the magnetic-resonancéemperature superconducting gap values measured from the
mode?* (,0) datasets of this paper, including two methods of gap
determination, A, (blue squargsand A g (gray diamonds
[Fig. 4(0)].

Following the analogy ofr®F (w) oscillations in strongly
electron-phonon coupled conventiosalave superconduct-

The prime candidate for a bosonic excitation is theors, we may expect then{0) kink to be observed at an
magnetic-resonance mode observed in inelastic neutron sca&nergy equal td + wg, whereA is the superconducting gap
tering (INS) experiments. This mode only occurs below gnq wg is the neutron-resonance mode endfgi? If we
Tc.*® or in underdoped samples beldW, * making the tum  ¢pgose the superconducting state EDC peak posiiiprat
on of the effects we see &t very naturz_il. Previously, it haq 7,0), theenergiesA,+ wg will clearly be larger than the
been_proposed that the I.NS magnetlc. resonance mar_ufg k energy scale, though if we choose the leading edge
itself in the ARPES EDC line shape, primarily as the onigin | -1t maximum pointA ¢ at (,0), theagreement between

“ ‘o : 111,20 P
of the “classic” PDH line shapé;™*’though it is now clear A g+ wg and the kink energy scale is much better. Regard-

that the bilayer splitting causes a major complication to thes . .
interpretations, with it even possible that much of the classi ess of Whethef t_h|s should _b_e conS|dered_ an _agreement of
energy scales, it is not surprising that the situation should be

PDH effect is simply due to the existence of the bilayer-split N ) i :
band?22” In momentum space, the mode hafavector ~MOre complicated in the cuprates than in conventional super-
conductors. For one, the resonance mode to which the elec-

(momentum transfercentered at 4,7r), which naturally ina h
connects thé regions ¢r,0) and (Or) where the kink effect 'ONS appear to be coupling is not yet understood, even at the
basic level of whether it corresponds to particle-particte

is most strongly seen. This is schematically illustrated in Fig.” > 032 : .
6(e). The resonance mode intensity as a function of momenpartlcle-holé ¢ excitations. Also, since the magnetic mode

tum transfer® has been measured on an OD83 Bi2212is electronic in origin and only occurs in the paired state,
sample by Heet al?® They found that the mode intensity is there is a likelihood of a strong feedback effect that may

ked at®= d has its half-i . _ change the observed energy scale. Finally, we note that the
peaked atQ=(w,m) and has its half-intensity points at g,ng coupling near them(,0) point makes vertex correc-

~Q=0.67(m,m) and 1.33¢r,w) along this cut. Other neu- tions much more importarit,and these as well as possible
tron measurements indicate that the mode falloff is rOUghl)éxcitoniC eﬁect§2 may lower the energy of the kink. Addi-
isotropic inQ space?® We show these half-intensity points tionally, possible bosonic excitations which may couple to
schematically on the Brillouin zone in pan@) as green the (7,0) electrons could be considered, including, for ex-
circles centered arounds(0) and (Om), according to the ample a mode in the charge channel.

standard belief that then(,7w) mode connects these points

since they have the largest négr-electron density and are

separated by a vector ofr(7).2%3%31The circles are drawn IX. SUMMARY

with a radius of 0.172 so that the closesfurthes) edges ) ) )
We have made detailed measurements on Bi2212 which

are connected by Q clf 0.67(m,m) and[1'33(77’77)]'_ delineate mass-renormalization or “kink” effects near,0)

We converted thek-space values of the Fermi-surface from those near the node, and we find significant differences
crossings into a radiaf distance from the 4,0) points in  between the two. While the nodal kinks are observed both
units of 27 , listed in panels@—(d) of Fig. 6. In these above and belowl, and have only a weak temperature de-
units the @r,0) point occurs at 0 and 1.0 and the node occurpendence, thei,0) kink is observed only beloW, and has
near 0.5. RE from panels(a)—(d), obtained using the a very strong temperature dependence. In the overdoped re-
method of Fig. 4a), are plotted versus radial distance from gime the two effects also have a significantly different en-
(,0) in panel(f). We see that the line at 0.42 corre-  ergy scalgnear 40 meV for the £,0) kink and 70 meV for
sponding to the green circles in pattel occurs near the half the nodal kink though the two scales merge together near
intensity of where RE would extrapolate at+,0). There- optimal doping. The strength of ther(0) kink decreases
fore, the falloff in intensity of RE as a function ok is in ~ rapidly away from ¢r,0). While the nodal kink may be due
very good first-order agreement with what is expected fronfO coupling to phonons as previously argued, the0) kink
the falloff in intensity of the INS mode as a function 6t is inconsistent with this possibility and is most likely due to

This makes an intimate relationship between the kink and th8Oupllng 0 an electronic excitation. In particular, the INS

magnetic mode highly plausible. Recent theoretical Worwnagnetm-resonanfe mode is attractive _as _an or|_g|n of the
also supports this view effect because thk dependence of the kink intensity away

In addition to considering the temperature and momentunfrom (7r,0) is similar to what is expected from i depen-
dependence of then(,0) kink, we should consider its energy dence of the INS magnetic-resonance mode intensity.
scale as well. The mode has a characteristic energy near “41 Note addedRecent experimental work by Kiret al. has
meV,” though this energy scale is actually doping dependenobserved a £,0) kink in Pb-Bi2212%°

VIIl. COUPLING TO THE MAGNETIC-RESONANCE
MODE
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