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Using low photon energy angle-resolved photoemission, we study the low-energy dispersion along the

nodal (�;�) direction in Bi2Sr2CaCu2O8þ� as a function of temperature. Less than 10 meV below the

Fermi energy, the high-resolution data reveal a novel ‘‘kinklike’’ feature in the electron self-energy that is

distinct from the larger well-known kink roughly 70 meV below EF. This new kink is strongest below the

superconducting critical temperature and weakens substantially at higher temperatures. A corollary of this

finding is that the Fermi velocity vF, as measured in this low-energy range, varies rapidly with

temperature—increasing by almost 30% from 70 to 110 K. The behavior of vFðTÞ appears to shift as a

function of doping, suggesting a departure from simple ‘‘universality’’ in the nodal Fermi velocity of

cuprates.
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Angle-resolved photoemission spectroscopy (ARPES)
is a direct and powerful probe of electrons and their inter-
actions in solids and an ideal tool for studying complex
materials. Recently, ARPES has accessed a low-energy
photon regime that has substantially improved the tech-
nique’s resolution, paving the way for several new discov-
eries [1–4]. In this Letter we employ low-energy photons to
reveal a new interaction effect in Bi2Sr2CaCu2O8þ�

(Bi2212)—this one located less than 10 meV below EF.
This feature, occurring in the electron self-energy � along
the nodal (gapless) direction of the Fermi surface (FS), has
a rapid onset as T drops below the superconducting critical
temperature Tc. Correspondingly, vF has a similar strong T
dependence. While electron scattering rate measurements
from ARPES have hinted at the existence of this renormal-
ization [4], this is its first convincing and detailed
observation.

High energy resolution has proved crucial to the identi-
fication of this new self-energy feature. As we will show,
energy broadening effects strongly impede attempts to
reliably obtain band dispersions near EF at low T. The
energy broadening is the combination of the analyzer
resolution, photon bandwidth, photoelectron final state
lifetimes, and inelastic scattering. All these broadening
mechanisms are minimized by shifting from conventional
ARPES photon energies (h�� 20–100 eV) to low ener-
gies (h�� 6–7 eV). Low-h� light sources themselves
generally have ultrahigh energy resolution, typically re-
ducing the combined resolution of the photons and ana-
lyzer to just a few meV. Additionally, extrinsic spectral
broadening due to the photoelectrons’ final state lifetimes
[1] is reduced, and their mean free paths are increased by a
factor of 3–10, thereby minimizing inelastic scattering and
increasing bulk sensitivity. Moreover, low photon energy

yields superb momentum resolution compared to conven-
tional ARPES. As a result, laser and low-energy ARPES
have observed the sharpest spectra from the cuprates to
date, representing the best attempts so far at obtaining the
intrinsic spectral functions of these materials [1,3]. While
resolution is significantly improved for h� ¼ 6–7 eV, the
overall dispersions obtained agree closely with conven-
tional data down to at least�150 meV below EF, signaling
there is no obvious breakdown in the sudden approxima-
tion for these states. This is especially true for the near-EF

energy scale that is the focus of this Letter, as these states
are the longest-lived.
In this work, single crystals of Bi2212 were studied

using the laser ARPES system at the University of
Colorado [5] with h� ¼ 6–7 eV, as well as beam line
5-4 at the Stanford Synchrotron Radiation Laboratory
(SSRL) with h� ¼ 7 eV. For the data shown here, h� ¼
7 eV and the total energy resolution �E (photon band-
width and analyzer resolution) was about 4–5 meV
FWHM. Samples were prepared as originally described
in [1]. For optimally doped (OP) samples, Tc ¼
91–92 K, while the overdoped (OD) sample studied had
Tc � 62 K. Some minor response nonlinearity of the de-
tectors used in ARPES is known to exist [6], but has been
checked to not affect the key findings presented here. The
analysis process for measuring the band dispersion is
illustrated in Fig. 1. As has become the standard recently,
we utilize momentum distribution curves (MDCs)—cuts
through the ARPES spectrum at constant energies [7]. The
Lorentzian peak locations at each energy are taken to mark
the dispersion.
Studies of the fine details of the low-energy nodal spec-

tra require unusual alignment accuracy, because the pres-
ence of even a small gap just off the node can have a

PRL 105, 046402 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
23 JULY 2010

0031-9007=10=105(4)=046402(4) 046402-1 � 2010 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.105.046402


significant effect on the near-EF dispersion. In addition to
the usual Laue diffraction method for azimuthal sample
orientation, we took special care to spectroscopically en-
sure that the dispersions studied were as close to nodal as
possible. By scanning perpendicular to the ARPES cut, we
examined the FS geometry, band velocities, and super-
conducting gap near the node as a function of the azimuthal
angle � [inset of Fig. 1(a)]. For example, Fig. 1(b) shows
the relative shift in energy of the spectral weight edge [8]
(an indirect measure of the gap) as a function of �. The
maximal gapping of the ‘‘nodal’’ spectra is under 1 meV
and insignificant compared to the scale of the new self-
energy effects reported in this work (located �5–10 meV
below EF).

Typically, MDC fitting results are taken at face value.
While this is acceptable for most energies, in the vicinity of
an energetically sharp shift in spectral weight (e.g., near
EF), MDC analysis will not yield fully accurate dispersion
data if �E is greater than or comparable to the width of the
spectral transition [9]. For the fine-scale data near EF

discussed here, this is an automatic concern and highlights
the clear benefit of ultrahigh-resolution low-h� ARPES.
With that said, for simplicity’s sake, we will first demon-
strate the existence and behavior of the new self-energy
feature (nominally the ‘‘10-meV’’ kink) using only raw
data. Later on we will turn to the more complicated task of
considering the role of �E. The analysis will show that
when such effects are taken into account, the case for the
10-meV kink is even more robust, with vF varying dra-
matically and essentially monotonically over the full tem-
perature range studied.

Figure 2(a) illustrates the temperature behavior of the
nodal dispersion. To extract �, the ‘‘bare’’ noninteracting

dispersion must be known. Presently there is no agreed-
upon method to obtain the bare band from the data. Our
approach is to assume a linear band connecting two points
on the measured dispersion that do not change significantly
as a function of T. This choice of dispersion is at least
noninteracting with respect to certain T-dependent phe-
nomena. We employ this bare band to assess key features
of Re�, as seen in Figs. 2(b) and 2(c). The most prominent
aspect of the self-energy data presented here is, of course,
the well-known ‘‘70-meV’’ kink [10] in Re� [Fig. 2(b)]
and corresponding rise in Im� [Fig. 2(c)]. In addition to
the 70-meV kink, however, a novel bend or kinklike feature
is visible at low T, located less than 10 meV below EF

[arrow in Fig. 2(b)]. This feature is especially evident
in the change in Re� from 130 to 70 K [upper portion of
Fig. 2(b)]. Likewise, Im� displays a subtle T-dependent
feature within roughly 10 meV of EF, illustrated by the
decrease in Im� from 130 to 10 K at this energy scale
[arrow in Fig. 2(c)]. These findings qualitatively agree with
the observations of [4], though they were not discussed in
their text, except for one mention of a ‘‘possible feature’’ in
the MDC widths.
As mentioned previously, at low T and very near EF,

energy broadening causes the MDC peaks of a dispersive
band to deflect to lower momenta k [9]—the opposite

FIG. 2 (color online). MDC-derived dispersions from raw data
from nodal Bi2212 (a). The ‘‘bare band’’ (dash-dotted line) is
assumed in order to extract Re�, shown in the lower portion
of (b). Besides the well-known peak at about 70 meV, there is a
low-energy (<10 meV) feature in Re� occurring below Tc

[black arrows in (a) and (b)]. The low-energy feature is espe-
cially evident in the change in Re� from 130 to 70 K [upper
portion of (b)]. At the same energy scale there is also a subtle
feature in Im� at sufficiently low T [lower portion of (c)], as
illustrated by looking at the change in Im� from 130 to 10 K
[upper portion of (c)].

FIG. 1 (color online). Raw ARPES data (a). The horizontal
dashed line is a single MDC, shown above, which is fit with a
Lorentzian. The Lorentzian peak positions at each energy mark
the band dispersion [solid gray (red) line]. The inset is a
schematic of the ARPES cut [gray (red) line] along the nodal
(�;�) direction in the first quadrant of the Brillouin zone. Nodal
alignment is verified by scanning the ARPES cut to study the FS
geometry, band velocity, and leading edge of the spectral weight
(an indicator of the gap). As an example, the spectral weight
edge (b) agrees with the node as determined by FS geometry (0�)
to better than 1� along �.
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direction of the observed kink. Hence �E weakens the
appearance of this feature at low T. The effect is illustrated
in Figs. 3(a) and 3(b). Ungapped ARPES spectra were
simulated with a linear dispersion through EF using real-
istic parameters for nodal data [11] and then convolved
with Gaussian resolution functions. Lorentzian fits to the
resulting simulated MDCs were then performed in the
standard way. The MDC peak deflection seen in the simu-
lations causes the measured Fermi velocity to be greater
than the true vF. The effect becomes more significant as
either T is decreased or �E is increased. Note that k
resolution does not have an effect on MDC fitting, since
there is no sharp transition in spectral weight along the k
axis for a MDC [although there is one for the energy-
integrated spectrum nðkÞ].

To better study the true, underlying behavior of vFðTÞ,
we have removed the effects of �E by performing a 2D
Richardson-Lucy (RL) deconvolution [12]. The technique
successfully corrects the dispersion, though at the expense
of adding some small ripple. It has been validated by
simulations such as those in Figs. 3(a) and 3(b), which
agree well with the results of the deconvolution.
To illustrate the dispersion behavior above and below the

10-meV kink, we define a band velocity v20 in addition to
vF. Whereas vF is obtained by a linear fit to the dispersion
over the range EF � 5 meV, v20 is computed by fitting
from 30 to 10 meV below EF. The velocities found from
the deconvolved spectra are shown in Fig. 3(c).
Deconvolution has little effect on the observed vF for T *
50 K and a negligible effect on v20 at all temperatures. For
T & 50 K, however, the RL results show no significant
upturn in vF, making vFðTÞ essentially monotonic while
preserving the dramatic change in vF relative to v20 near
Tc. The low-energy ‘‘kink strength,’’ defined as the ratio
v20=vF, increases sharply below �100 K and possibly
saturates below�70 K [Fig. 3(d)]. This behavior is evident
in Re� of the deconvolved spectra. Figure 3(e) shows the
change in Re� from its value at 130 K. Here again the new
low-energy feature (arrow) rises quickly as T drops
through 90 K and appears to level off at lower tempera-
tures. The main 70-meV peak, however, continues to grow
as T is lowered down to 10 K.
The new results here have implications for the concept

of a ‘‘universal’’ nodal vF in the cuprates [13]. Based on a
somewhat qualitative comparison of dispersions at an en-
ergy scale comparable to what we have defined for v20, the
authors of [13] concluded that ‘‘vF’’ is nearly independent
of doping. Figure 3(c) compares OP band velocities to
those of an OD sample (Tc � 62 K). Although v20 varies
with T, it is not substantially affected by doping. This
agrees with [13] to the extent that they did not distinguish
between the vF and v20 energy scales. Unlike v20, how-
ever, the behavior of vF does depend on doping. While
vFðTÞ follows the same general trend for OD and OP, the
steep portions of the two curves (i.e., the 10-meV kink
‘‘onsets’’) do not overlap. This is an interesting finding that
merits further study. It implies that the concept of a uni-
versal nodal vF is only relevant over a limited energy range
deeper than the 10-meV kink.
The origin of the 10-meV kink should be of great

interest, because its T dependence suggests that it may
be associated with high-temperature superconductivity.
As has been proposed for the 70-meV kink, the 10-meV
kink could arise from coupling to a bosonic mode (e.g., a
phonon) or, as will be discussed, other possibilities may
exist as well.
Theoretical calculations have routinely predicted a siz-

able, distinct peak in the phonon density of states near or
below 10 meV in cuprates [14]. Moreover, various experi-
ments have observed phonons at this energy scale [15].

FIG. 3 (color online). Simulated ARPES spectra show how
near-EF MDC dispersions deflect to lower momenta as either
(a) T is decreased or (b) �E is increased. Hence the raw vF’s
in (c) have an artificial upturn below �50 K. The upturn
effectively can be removed using 2D RL deconvolution, reveal-
ing essentially monotonic vFðTÞ while the deeper v20 is un-
affected. Optimal (OP) and overdoped (OD) vF and v20 show
similar behavior, except that the shift in vF occurs at a lower T
for OD (roughly shifting with Tc). (d) ‘‘Kink strength’’
(� v20=vF) increases sharply near Tc. (e) The near-Tc onset
of the 10-meV kink (arrow) is seen in the change in Re� relative
to 130 K.

PRL 105, 046402 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
23 JULY 2010

046402-3



However, a generic feature of electron-boson coupling
theories is that self-energy features observed by ARPES
should be shifted by the d-wave gap energy �k0 of the
relevant k0 states to which the nodal electrons couple [16]
[Fig. 4(a)]. This constrains any explanation of the 10-meV
kink in terms of bosonic coupling, because the gap maxi-
mum �max � 35 meV at the antinode is a larger energy
scale than the kink itself. Hence, if bosonic coupling is
responsible for the 10-meV kink, the scattering must be
confined to near-nodal (small gap) states [Fig. 4(b)].

In an alternative to the electron-boson coupling para-
digm, Chubukov and Eremin have recently claimed that the
observed T scaling of vF is consistent with corrections to
Fermi liquid (FL) theory in 2D and that the form and size
of the low-energy feature are roughly what is expected
[17]. The correction ultimately arises from the nonanalytic
Im��!2 ln! term due to 2kF backscattering in a 2D FL,
hence connecting the ungapped portions of the FS and
avoiding theoretical complications related to the gap.

A low-energy crossover in the electronic scattering rate,
such as predicted by marginal Fermi liquid (MFL) behav-
ior [18], potentially could be relevant. However, MFL
theory is characterized by Im� / maxðj!j; kBTÞ, presum-
ably with some smooth crossover behavior at j!j ¼ kBT.
Hence the theory predicts the kink location should vary
with T, which is so far not apparent in the data.

In conclusion, a new kinklike electron self-energy fea-
ture has been observed along the superconducting node in
Bi2212 less than 10 meV below EF. It is visible for T & Tc

and weakens rapidly at higher T. Associated with this
feature, vF scales substantially—increasing by roughly
30% from 70 to 110 K. The overall behavior of vFðTÞ
appears to shift with doping, which conflicts with the
supposed universal nodal vF in cuprates. The T depen-
dence of the feature suggests a possible role in high-
temperature superconductivity, although it is unclear at
this time what mechanism(s) may lead to this low-energy
renormalization.
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FIG. 4. (a) Feynman diagram of a nodal electron-phonon in-
teraction in the Migdal-Eliashberg approach. Below Tc, an
electron at knode is scattered to k0 by a phonon with energy �
and momentum transfer q ¼ knode � k0. The corresponding self-
energy feature observed by ARPES will appear at ! ¼ �ð�þ
�k0 Þ. (b) Fermi surface with examples of q scattering vectors for
bosonic coupling such that �k0 � 0.
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