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The prevalent view of the high-temperature superconducting cuprates is that their essential low-energy
physics is captured by local Coulomb interactions. However, this view been challenged recently by studies
indicating the importance of longer-range components. Motivated by this, we demonstrate the importance
of these components by examining the electron-phonon (e-ph) interaction with acoustic phonons in
connection with the recently discovered renormalization in the near-nodal low-energy (~ 8—15 meV)
dispersion of Bi,Sr,CaCu,0g.5. By studying its nontrivial momentum and doping dependence we
conclude a predominance of forward scattering arising from the direct interplay between the e-ph and
extended Coulomb interactions. Our results thus demonstrate how the low-energy renormalization can
provide a pathway to new insights into how these interactions interplay with one another and influence
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pairing and dynamics in the cuprates.
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As in all transition metal oxides, strong correlations play
an important role in the cuprates. The cuprates are on the
verge of localization (or delocalization) and/or ionicity (or
covalency) that can be tuned with doping of either holes or
electrons. This is most apparent in the Coulomb interaction
of these systems where metallic screening exhibited by the
overdoped cuprates is lost as the insulating phase is ap-
proached at half filling. Understanding the role of the
nonlocal components of the Coulomb interaction (beyond
the canonical on-site Hubbard interaction) in this process
is important. Their inclusion can suppress correlation-
induced contributions to d-wave pairing [1], promote
phase separation [2], and produce nontrivial renormaliza-
tions of the electron-phonon (e-ph) interactions [3,4].

The loss of metallicity with underdoping also produces
anomalous screening of the e-ph interactions. Here we
examine this idea in the context of coupling to the in-plane
polarized acoustic phonon branch as the origin of the re-
cently discovered renormalization in the near-nodal low-
energy (~ 8-15 meV) dispersion of Bi,Sr,CaCu,0Og, s
(Bi-2212) [5-9] (Fig. 1). We show that the involvement of
long-range components of the screened Coulomb inter-
action resolves the puzzle of how a mode-coupling feature
observed in angle-resolved photoemission spectroscopy
(ARPES) can appear below the maximum superconducting
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gap energy. This result indicates that the combined interplay
between the e-ph interaction, the extended Coulomb inter-
action, and the breakdown of metallic screening with under-
doping are crucial for understanding not only the energy
scale of this renormalization but also its momentum and
doping dependence. The strong doping dependence in-
ferred in this study also provides new insights into the
discrepancy between the strength of the e-ph interaction
predicted by density functional theory (DFT) [10] and those
inferred experimentally [11,12], as well as the evolution to
strong e-ph coupling in undoped systems observed in opti-
cal [13] and ARPES studies [14,15].

In Fig. 1(a) we present raw ARPES spectra along the
nodal (0,0) — (7, 77r) direction of underdoped Bi-2212
(T. = 55 K, hole-doped p ~ 0.08, UD55K) and the corre-
sponding momentum distribution curve (MDC) analysis
[Figs. 1(b) and 1(c)]. The experimental setup is identical
to that of Ref. [6] with an energy resolution of 3 meV. Both
the well-known 70 meV [12,16] and low-energy band re-
normalizations [5-9] are apparent in the raw data [Fig. 1(b),
indicated by arrows]. Focusing on the latter, the low-energy
renormalization manifests as a subtle bend in the dispersion
with an accompanying change in spectral weight at an
energy ~8-15 meV. This energy scale interestingly ap-
pears below the maximum of the superconducting gap A,
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FIG. 1 (color online). Nodal low-energy dispersion renormal-
ization in Bi-2212 UDS55 (11 K). (a) Color image plot of the raw
data with both the low-energy and 70 meV renormalizations
marked by arrows. (b) The band dispersion derived by fitting the
momentum distribution curves (MDC) at each energy in (a) with
a Lorentzian line shape. The low-energy renormalization is
defined by the deviation of the dispersion from v 4, the velocity
fit between 30-40 meV (dotted line). (¢) The MDC FWHM
which shows a more rapid decrease close to E as a consequence
of the renormalization of the low-energy dispersion.

which implies a strong momentum dependence for the e-ph
vertex g(k, q) for quasiparticle scattering from momentum
state |k) to |k + ). This conclusion stems from the con-
trast with the case of coupling to a sharp bosonic mode with
a weakly momentum-dependent g(k, q), where the elec-
tronic dispersion is renormalized at an energy () + A set
by the mode energy () shifted by A [17]. This shift occurs
for all quasiparticles coupled to the mode, even those at the
node where A(k) is zero, as the electron self-energy
2(k, w) is given by a sum over all phonon scattering
processes with momentum transfers q spanning the
Brillouin zone. Therefore, when g(k, q) is relatively mo-
mentum independent, all scattering processes are compa-
rably weighted and 3(k, @) dominated by contributions
from the large number of final states at the gap edge A in
the superconducting state. However, if g(k, q) is suffi-
ciently peaked as to weight out these same final states
then features can be produced in the dispersion below A
[18]. In the case of nodal electrons, g(k, q) must be peaked
in the forward scattering direction (small q) so as to weight
out large q scattering to the antinodal region. Such is the
case for the in-plane acoustic branch in the cuprates, as
elaborated below.

A first-order coupling between the electrons and acous-
tic phonons arises via the modulation of the screened

Coulomb potential [19]. Here, the displacements of the
ions from their equilibrium position induce quasiparticle
scattering while the involvement of the screened Coulomb
potential results in the forward scattering peak in the
coupling as metallicity breaks down. In this case the e-ph
vertex reduces to a function of momentum transfer only
with g(q) = Vvh/2MQ(q)é, - qV(q)/e(q) where &,
and ()(q) are the polarization and dispersion of the acous-
tic branch, respectively, M is the sum of the Cu and O
mass, V(q) = 4me?/eq” is the bare Coulomb potential, €
is the static dielectric constant, and €(q) is the momentum-
dependent dielectric function. To model the effects of
screening we assume a simple Thomas-Fermi form e(q) =
(1 + ¢3¢/ q%), where gy is the Thomas-Fermi wave vector.
This leads to an overall momentum dependence [apart
from the phonon dispersion Q(q)] g(q) = &, - q/(¢* +
g4g) which is peaked for ¢ ~ grg, vanishing for ¢ — 0,
and small for large q. In this case contributions to the e-ph
interaction occur from both the e-ph and Coulomb inter-
actions via the magnitude of the momentum dependence of
the dielectric function. In the cuprates metallic screening
begins to break down with underdoping resulting in a small
gtr and subsequently |g(q)|? develops a pronounced peak
at small q [20]. As a result, the nodal self-energy (K, w)
is determined from scattering to nearby states with a small
superconducting gap and a peak is produced in (k) at
an energy set by a weighted average of <Q(q) +
AK)> ) = A,.

In order to demonstrate this more concretely we now
compare calculated spectral functions A(k, ) directly to
ARPES experiments. Here, A(K, w) is calculated using
standard Migdal-Eliashberg theory [17,21]. [For details
see the supplementary online material (SOM) [22].] The
model includes coupling to the acoustic phonon branch
(g1r = 0.5/a) and a spectrum of higher energy optical
oxygen vibrations [20,23]. The acoustic dispersion is taken
to be Q(q) = QO\/sinz(qxa/Z) + sin*(q,a/2)/+/2 and the
top of the branch is set by ;= 15 meV (the precise
choice of () is not critical to our conclusions, see SOM
[22]). The superconducting gap is modeled with the usual
d-wave form A(k) = Ag[cos(k.a) — cos(k,a)]/2 with
Ay = 37 meV. The lattice constants are « = b = 3.8 and
¢ = 7.65 A [24]. We take € = 30€, similar to the value in
LSCO [25,26]. Finally, the bare band dispersion is taken
from the parameterization of Ref. [27].

The calculated A(k, w) and MDC analysis applied to the
simulated data are shown in Figs. 2(a)-2(c). Excellent
agreement with experiment is obtained and the low-energy
renormalization is reproduced at the correct energy scale in
the raw spectral function [Fig. 2(a)] as well as the MDC-
derived dispersion [Fig. 2(b)] and linewidths [Fig. 2(c)].
The strength of the coupling A(k), estimated from the ratio
of the simulated Fermi velocities with (v,) and without
(v}) coupling to the acoustic branch, 1+ A =v9/vy,
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FIG. 2 (color online). (a) Calculated A(k, w) along the nodal
direction (0, 0)—(77, 77) in the superconducting state (25 K). Here,
an additional component « w? has been added to the imaginary
part of the self-energy to simulate broadening due to e-e inter-
actions. (b) The MDC-derived dispersion and (c) MDC FWHM
obtained from (a). The parameters used in the calculation are
given in the text.

yields A(K,,qe) = 0.67, consistent with the observed mag-
nitude of the renormalization [6,9].

In Figs. 3(a) and 3(b) we present experimental and
calculated MDC-derived dispersions for a series of off-
nodal cuts taken up to 11 degrees from the node. The
data for underdoped Bi-2212 is presented here for the
first time and covers a wider momentum range than
previously examined [8]. Because of the improved reso-
lution of this study no deconvolution methods have been
applied to the data. Unless otherwise stated, the super-
conducting gap is determined independently for each cut
by fitting symmetrized energy distribution curves at k to
a minimal model [28] while the energy scale of the
renormalization is determined from fitting the dispersion
slope between 30-40 meV (v,,;q), or by subtracting a
linear band. As cuts are taken further from the node
both the measured and calculated data show a shift in
the gap and renormalization energies. This can be further
quantified by using a linear band subtraction as shown in
Figs. 3(d) and 3(e). The momentum dependence of the
gap and renormalization energies are summarized in
Fig. 3(f). The energy scale of the renormalization shifts
for off-nodal cuts, following the local value of A(Kk) as
shown here and in agreement with observations at opti-
mal doping [8].

In Fig. 4 we present considerations for the doping de-
pendence of the renormalization, which naturally emerges

from the doping-driven changes in metallicity. To mimic
this we vary grr and examine changes in the low-energy
renormalization. The results are shown in Fig. 4(a) and the
corresponding coupling strengths are shown in Fig. 4(b)
where they are compared against estimates derived from
previous ARPES studies [6,9]. For decreasing grr (under-
doping) the coupling strength increases producing a
stronger renormalization in agreement with experiment
and implying a strongly doping-dependent interaction.
This result should also survive the inclusion of the short-
range Hubbard interaction, which further enhances the
e-ph vertex at small q [29-31].

Our results show that the e-ph and Coulomb interac-
tions have a strong interplay which produces a highly
momentum- and doping-dependent coupling to the acous-
tic phonon branch. This has a number of important im-
plications. The e-ph interaction is generally thought to
play a secondary role in the high-7,. cuprates, a view
supported by DFT studies predicting weak e-ph interac-
tions in these systems [10,11]. In contrast, experimental
estimates typically infer coupling strengths greater than
those predicted and with a strong doping dependence. For
example, in the doped systems, dispersion renormaliza-
tions [12,16,32] are observed which have been (contro-
versially) interpreted as due to coupling to oxygen
phonons [12] and which are well described by conven-
tional theory. Conversely, in the undoped cuprates, polar-
onic effects are observed that demonstrably alter the
spectral function from a Lorentzian to Gaussian line shape
[14,15], requiring a strong coupling framework [4]. Such a
framework also has been invoked to account for the
position and structure of the midinfrared peak in the
optical conductivity of the undoped cuprates [13]. These
observations point to a strongly doping-dependent varia-
tion in the strength of the e-ph interaction as inferred here.
Since this dependence is rooted in an interplay with the
Coulomb interaction, it is not captured by DFT and helps
to explain the discrepancy between the coupling strengths
predicted by DFT [10] and those inferred from experiment
[11,12,14,15].

The momentum dependence of the acoustic coupling
effectively removes it from transport measurements, which
are dominated by backscattering processes heavily
weighted out by the forward scattering peak [29]. This
peak is also expected to enhance superconductivity, as
phonons with pronounced small q coupling are beneficial
to d-wave pairing when acting in conjunction with an
electronic mechanism [33]. Coupling to the acoustic branch
can therefore enhance pairing in a multichannel scenario,
adding to the attractive contribution mediated by c-axis
optical oxygen modes and countering the repulsive contri-
bution of the in-plane bond-stretching modes [20,33,34]
(see SOM [22]). As such, a significant phonon-mediated
contribution to pairing can be present that is hidden from
bulk transport probes. However, anomalies in the linewidth
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FIG. 3 (color online).

Low-energy dispersion renormalization away from the node (theory/experiment UDS5, T = 11 K). (a) MDC

dispersions at the node (rightmost) and away from the node, offset horizontally for clarity. The black circles indicate the gap energy,
determined by fitting symmetrized data to a minimal model [28]. The red circles indicate the approximate scale of the low-energy
renormalization, determined from the deviation from v,,;4. (b) MDC dispersions obtained from the calculated A(k, w). The parameters
used here are identical to those used in Fig. 2. (c) A sketch of how the energy of the renormalization can be further quantified by
subtracting a linear offset from the dispersion (shown here for a nodal cut) between the gap energy and 40 meV. (d) Difference in k
between the dispersion and dotted line in (c) for cuts taken at the node (top) and progressively away from the node (towards the
bottom). The data has been smoothed over 20 iterations and the curves are offset vertically for clarity. (e) As in (d) but obtained from
the calculated A(k, w). (f) The momentum dependence of the gap and renormalization energies (from experiment), the latter
determined by the method in (c). The error bars on the gap (1.5 meV), reflect uncertainty in determining Ex (0.5 meV) and uncertainty
in the fit (0.5 meV) plus a 50% margin. Error bars for the renormalization energy reflect variation upon smoothing by different numbers

of iterations.

of the acoustic phonon should appear for ¢ ~ grg Which
may be detectable by x-ray scattering [35].

To summarize, we have examined the interplay between
the e-ph and extended Coulomb interactions in the high-T.
cuprates and demonstrated a strong interplay between the
two. For coupling to acoustic phonons, this interplay
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FIG. 4 (color online). (a) Nodal MDC-derived dispersions
obtained from the model A(K, w) for different grg. (Any doping
dependence of € has been neglected.) (b) Solid line: A(K,q.) for
the acoustic mode as a function of grg. Symbols: experimental
estimates for A(Koge) = Umia/VF — 1 as a function of doping
(Refs. [6,9]).

results in a renormalized e-ph interaction with a strong
doping and momentum-dependence, peaked in the forward
scattering direction. This coupling produces electronic
renormalizations whose energy scale, doping, and momen-
tum dependence are in excellent agreement with the
recently discovered low-energy, near-nodal dispersion
renormalization in Bi-2212. Our results indicate that
the e-ph and extended Coulomb interactions are strongly
intertwined, which plays an important role in establishing
the low-energy electronic structure and physics of the
cuprates. Therefore, we conclude the need to consider
both interactions in order to obtain a complete picture of
the high-T, cuprates.
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Note added.—Recently, an anomalous broadening of the
longitudinal acoustic phonon was reported in Bi-2201 at
small q [35].
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