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Low-energy phonons in Bi2Sr2CaCu2O8+δ and their possible interaction with
electrons measured by inelastic neutron scattering
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Electron-phonon interaction in copper oxide superconductors is still enigmatic. Strong coupling for certain
optic phonons is now well established experimentally, but a theoretical understanding is challenging. Scattering
of electrons near the Fermi surface by the longitudinal acoustic (LA) phonons is expected from basic theory
because these phonons modulate electron density. We used inelastic neutron scattering on a large single-crystal
sample of optimally doped Bi2Sr2CaCu2O8+δ to show that low-energy LA phonons could couple to electronic
density fluctuations only at small phonon wave vectors, which naturally limits any interaction to forward
scattering. Such scattering should not be pair-breaking in the case of the d-wave gap. We also found that
the previously reported low-energy phonon spectral weight half-way to the zone boundary is consistent with
conventional lattice dynamics and does not reflect an incipient charge density wave.
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I. INTRODUCTION

In metals, phonons can scatter electrons between different
parts of the Fermi surface. This scattering can contribute to
Cooper pair formation if the superconducting gap amplitudes
at the initial and final electron momenta have the same sign.
If the signs are opposite, the phonons break Cooper pairs.
In d-wave superconductors such as the cuprates, both types
of scattering are possible, so the contributions of phonons
to pair forming and pair breaking tend to partially cancel.
Phonon scattering with small momentum transfer (forward
scattering) can be pair-forming because it scatters electrons
predominantly between nearby regions of the Fermi surface
where the superconducting gaps have the same sign [1–3].

Electron phonon interaction is proportional to electron-
phonon matrix elements. According to many theoretical
models, they are negligibly small in copper oxide super-
conductors, however many experiments show pronounced
anomalous softening and broadening of some Cu-O bond-
stretching and bond-buckling optic phonons [4–9]. These
anomalies appear mostly close to midway between the zone
center and the zone boundary along the Cu-O bond direction
(a∗). In YBa2Cu3O6+δ they renormalize strongly below the
superconducting transition temperature Tc, which is a clear
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sign of strong electron-phonon interaction [10,11]. There are
indications that they are associated with incipient or actual
charge density wave (CDW) charge order with wave vector
qco = 0.25–0.3 reciprocal-lattice units (r.l.u.) induced by low-
energy electronic charge fluctuations. These charge fluctua-
tions have been observed by resonant inelastic x-ray scattering
(RIXS) in many compounds, especially on the underdoped
side of the phase diagram [12–14].

Additional evidence for strong electron-phonon cou-
pling comes from angle-resolved photoemission spectroscopy
(ARPES) measurements on cuprates that report pronounced
kinks in electronic dispersions near the energies of the anoma-
lous optic phonons (30–80 meV). The origin of these kinks is
still not fully settled, but some argue that it originates from
electron-phonon interaction [15,16]. In the simplest case of
an electronic band coupling to a flat bosonic mode such as
an Einstein phonon, electron-phonon interaction is expected
to induce such a kink in the electronic dispersion close to the
mode energy [17]. In the superconducting state, the gap at the
final electron momentum adds to the kink energy, which is
called gap referencing [18,19]. For example, in a copper oxide
superconductor Bi2Sr2CaCu2O8+δ (Bi-2212 or BSCCO) with
the superconducting gap maximum �max ∼ 30 meV, an op-
tic phonon branch with a wave-vector-independent electron-
phonon matrix element will induce a kink in the nodal electron
dispersion at ωph + �max > 30 meV. The relationship be-
tween these kinks and the above-mentioned phonon anomalies
has not been established; in fact, some of us have argued that
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there is none, since the CDW is a collective mode not directly
seen in ARPES [20].

This work explores low-energy phonons in optimally
doped BSCCO showing that previously identified signatures
of incipient CDW are well explained by conventional lattice
dynamics.

We also considered the possible phononic origin of the
electronic dispersion kinks near 10 meV that have been re-
ported more recently [18,19,21,22]. These kinks show gap
referencing to a local gap rather than the maximum gap, i.e.,
Ekink(k) = ωph + �k , where k is the electron crystal momen-
tum. Referencing to a local gap implies forward scattering so
that the wave vector of the final state of the electron-phonon
scattering process is close to the initial state. A low-energy
phonon branch is a particularly compelling candidate because
other bosonic modes in BSCCO, such as spin fluctuations,
appear at higher energies. However, an experimental doping-
dependent study of the kink in Bi-2201 and theoretical work
on Bi-2212 show a significant dependence on doping [23,24].
Previous work has suggested that a low-energy optical mode
could be responsible [18,25], but Raman scattering and optical
experiments do not see a significant doping dependence of
phonon energies, which is inconsistent with this mechanism.
Other work has suggested forward scattering from an acoustic
phonon, with doping-dependent screening of electron-phonon
coupling [24].

We used inelastic neutron scattering to map out the dis-
persions of low-energy phonons while searching for possible
mechanisms of forward scattering in a large high-quality
single-crystal sample of Bi2Sr2CaCu2O8+δ . We found that
a longitudinal acoustic (LA) phonon branch is the most
natural candidate to explain the 10 meV kink. Since these
phonons modulate the electronic density, the electron-phonon
coupling mechanism is well understood [26]. Furthermore,
the q-dependence of the phonon eigenvectors confines strong
electron-phonon coupling to small phonon wave vectors, as
shown in Figs. 1(d) and 1(e).

II. METHODS

Measurements were performed on the 1 T triple-axis spec-
trometer at the Orphée reactor (Laboratoire Léon Brillouin,
France) using a PG002 monochromator/analyzer in the stan-
dard open collimation configuration and in a similar condition
on the HB-3 spectrometer at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory. The sample was
a large single crystal grown with the floating-zone technique
as detailed in Ref. [27]. The sample was mounted in a
closed-cycle refrigerator. We looked at every experimentally
accessible Brillouin zone (BZ) around each L, Q = (00L), as
well as (200) and (202), using fixed final energies E f = 8,
13.2, and 14.7 meV. For the majority of the measurements,
the sample was mounted in the H0L scattering plane (in our
notation, H is along a∗, K is along b∗, and L is along c∗).
Results are reported in reciprocal-lattice units (r.l.u.) with a=
b=3.82 Å and c = 30.9 Å. We measured phonon dispersions
along the H and L directions in reciprocal space as well as
along the HH0/H − H0 and some off-symmetry directions.
The HH0 direction is defined to be parallel to the superlattice
modulation wave vector as shown in Fig. S1 (“S” will be
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FIG. 1. LA phonons relevant for the 10 meV ARPES kink.
(a) Acoustic phonon dispersing in the l-direction from (0, 0, 12).
The peak intensity is similar across the BZ. T = 90 K, Ef = 8 meV.
Points are offset by 400 counts; the thick black lines denote the
baseline for each q. (b,c) LA phonons dispersing along the (110)
and (100) directions. Total wave vectors Q are Q = (1, 1, 0) + q
(b) and Q = (2, 0, 0) + q (c). The intensities decrease rapidly as they
move away from the ZC. T = 10 K, Ef = 8 meV. Points are offset
by 100 counts; the thick black lines denote the baseline for each
q. (d) The blue cone/orange disk indicates acoustic/lowest optic
phonon dispersion at small wave vectors before mixing, consistent
with our measurements. (e) Schematic of the bonding Fermi surface,
superconducting gap, and electron-phonon scattering in BSCCO.
The black curves denote the bonding Fermi surface. The straight
lines pass through the four nodes each marked with an X. Kinematic
constraints for forward scattering of electrons at the centers of the
semitransparent blue circles by LA phonons are met only inside
the circles, as discussed in the text. The variation in transparency
of the circles represents the intensity of the scattering that is propor-
tional to |q|.

used to refer to figures in the supplementary material [28]).
The energy region around 10 meV in the data measured with
E f = 8 meV is not used because it corresponds to a 3k f = 2ki

condition.
The neutron scattering intensity of phonons is determined,

in part, by their eigenvectors [29]. Acoustic phonon intensities
are maximized near the strong Bragg peaks and suppressed
around the weak ones, whereas the optic phonons often follow
the opposite trend. For acoustic phonons we performed mea-
surements in the Brillouin zones adjacent to the strong Bragg
peaks at Q = (2, 0, 0), Q = (1, 1, 0), and Q = (0, 0, 12). Op-
tic phonons were measured in zones adjacent to weak Bragg

144502-2



LOW-ENERGY PHONONS IN … PHYSICAL REVIEW B 100, 144502 (2019)

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. Main experimental results at low temperature for Q = (H, 0, L). (a)–(e) Momentum-energy cuts. Solid lines denote phonon
dispersions visible in a zone: blue for acoustic and orange for optic. Dashed lines indicate that the phonon is not visible in that particular
BZ, but the location is known from other BZs. The orange rectangle is the region exhibiting superlattice TA phonon peaks. Final neutron
energy for (a,b) was Ef = 14.7 meV at T = 10 K. (c,d) Ef = 8 meV, T = 2 K. (e) Ef = 8 meV, T = 90 K. (f) Peak positions for phonons
dispersing along H . The dashed line indicates a linear dispersion expected of the LA branch (blue triangles) in the absence of interaction with
the LO branch (orange circles).

peaks at Q = (2, 0, 2) and Q = (0, 0, 14). See Fig. S2 for a
schematic of cuts in the HK0 plane.

The experiment on phonon lifetime was conducted at
the spin-echo NRSE-TAS spectrometer TRISP [30] at the
Maier-Leibnitz-Zentrum (MLZ) in Garching, Germany. The
BSCCO sample was mounted in a closed-cycle cryostat in
exchange gas in the (HK0) scattering plane. The superlattice
peaks were observed in the elastic signal to ensure proper
orientation. Neutron spin-echo measurements were performed
at Q = (2.11, 0, 0) and (2.12, 0, 0).

III. RESULTS

LA phonons form sound waves in the continuum approx-
imation in which the standard theory can give appreciable
electron-phonon coupling [26]. Such phonons are strong only
near intense Bragg peaks, and their intensity evolves as
1/ω(q) at low temperature. This is true for the LA branch
along c∗ as illustrated in Fig. 1(a), where its intensity does
not change appreciably throughout the zone. On the other
hand, the in-plane LA-phonon intensity drops rapidly beyond
h = 0.1 r.l.u. [Figs. 1(b) and 1(c) and Fig. S3].

Figures 2 and 3 provide insight into the origin of this
behavior. Figures 2(a) and 2(b) show a typical low-energy
transverse phonon spectrum near an intense Q = (0, 0, 12)
Bragg peak and near a weak one with Q = (0, 0, 14). Here
the reduced wave vector is perpendicular to the total wave
vector, which selects TA phonons dispersing along H (i.e.,
a∗) and atomic displacements along the c-axis (parallel to Q).

In Fig. 2(a), the spectrum is dominated by the TA branch
indicated by the solid blue line. The TO phonon dispersion
deduced from the other Brillouin zone is indicated by the
orange dashed line, but the intensity is small. In Fig. 2(b), the
intensity of the acoustic phonons is negligibly small (hence
the blue line is dashed), but the TO phonon indicated by a
solid orange line is clearly visible. This difference between
phonon intensities in the two Brillouin zones is entirely due to
the different phonon structure factors.

Figures 2(c) and 2(d) and Figs. 3(a)–3(e) contrast the
behavior in a Brillouin zone next to the (2, 0, 0) Bragg peak
that emphasizes the LA branch and another zone, near (2, 0,
2), that emphasizes the LO branches. Both branches disperse
along a∗. The LA branch disperses steeply upward, whereas
the LO branches have a much more gradual dispersion. As
the LA branch approaches the LO branch away from the zone
center, the LA and LO characters can be distinguished by the
different intensities in the two Brillouin zones. For example, at
h = 0.1 the LA phonon is strong at Q = (2.1, 0, 0) but weak
at Q = (2.1, 0, 2), whereas the opposite is true for the LO
phonon. At increased h the LA intensity drops dramatically,
and the distinction between L = 0 and 2 disappears by h =
0.2 [Fig. 3(e)].

This behavior follows from conventional lattice dynamics.
Since perovskite oxides have large unit cells containing heavy
atoms, the energy of the first optic branches is relatively small.
In BSCCO low-energy optic phonons disperse gradually from
∼4 and ∼7 meV [Figs. 2(b) and 2(d)]. As a result, the LA
branch, which forms a cone at small q in the h-k plane,
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FIG. 3. Longitudinal phonons along the h-direction. (a)–(e) T =
2 K, Ef = 8 meV. Black triangles: total wavevector Q = (2 +
h, 0, 2). Red circles: Q = (2 + h, 0, 0). Dashed lines denote the
linear background determined from a comparison of the data at
different Q. SI is the supermodulation TA phonon intensity. (f)
Phonon spectrum at Q = (2.25, 0, 0). Black squares: T = 2 K. Open
red circles: T = 300 K. The intensity was divided by the Bose
factor to obtain X ′′. Ef = 8 meV. (g) Phonon spectra at T = 300 K,
Ef = 14.7 meV, at Q = (2, 0, 0) + q. Curves are offset vertically by
approximately 200 points. Figure S4 shows 300 K data along other
directions.

crosses the first optic branch around h = 0.15 [Figs. 2(c) and
S3]. Since an interaction between these branches is allowed
by symmetry [31,32], they make an avoided crossing where
their eigenvectors mix and their energies are pushed apart.
In addition to the crossing with an LA branch, we consider
a crossing with another acoustic branch originating from the
nearby superlattice reflections. In the following section, we
show that these branch crossings can account for the features
of acoustic phonon dispersion discussed above [Fig. 2(f)], as
well as a multipeak profile with additional intensity appearing
at low energies at h = 0.2–0.3 r.l.u. [Fig. 3(g)].

Due to steep phonon dispersion inside the neutron scat-
tering resolution ellipsoid, it was impossible to measure the
intrinsic acoustic phonon linewidth at small crystal momen-
tum on a standard triple-axis spectrometer. Our phonon life-
time measurements on the TRISP spectrometer at FRMII at

FIG. 4. This schematic represents how acoustic phonons origi-
nating from the superstructure modulation interfere with those orig-
inating at the (2, 0, 0) Bragg peak as well as with a low-lying LO
branch. The black line originating at the origin shows the longitu-
dinal acoustic (LA) phonon originating at (2, 0, 0) while the red
line shows the acoustic phonon originating from the superstructural
peak at (2.1, 0.1, ±1). The dotted lines where the two phonons
cross represent the possible mixing. Note that the lines represent
phonon dispersions, but structure factors may be small or large at
different wave vectors, and the actual situation in BSCCO is more
complicated, as explained in the text.

Q = (2.11, 0, 0) gave a lifetime contribution to the intrinsic
phonon linewidth of 217 ± 13 μeV at 20 K, and 223 ±
13.7 μeV at 300 K (33.3 ps) (Fig. S5). This is more than five
times smaller than the intrinsic phonon linewidths measured
by another group using IXS [25]. We found no change in the
phonon response function across either the superconducting
or pseudogap transition temperatures [e.g., Fig. 3(f)].

IV. DISCUSSION AND CONCLUSIONS

An interesting feature of our data is the low-energy spectral
weight near qco indicated by a shaded rectangle in Fig. 2(f).
It can originate from damping of the low-lying optic branch
by incipient CDW fluctuations. Alternatively, it can arise
from two or more closely spaced branches that cannot be
clearly resolved in the experiment, as occurs during branch
anticrossing (see, for example, Ref. [25]). Here we argue that
the latter mechanism with extra branches originating from the
superstructure modulation [33,34] (see Fig. S1) is in better
agreement with experimental observations.

The relevant superlattice reflection at QS = (2.1, 0.1,±1)
is of the same order of magnitude as the fundamental Q =
[2, 0, 0] Bragg peak. Clearly observable acoustic phonons
emanating from this QS have been reported by Ref. [35].

Figure 4 shows the schematic of phonon dispersions along
the H 0 0 direction assuming that there is an acoustic
phonon branch originating at Q = (2, 0, 0) and another acous-
tic branch originating at QS = (2.1, 0.1, 1). Note that the
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second branch has a minimum energy at H = 2.1 where
it is closest to QS . Due to imperfect instrument resolution,
the peaks from two branches will appear as one broad peak
around h = 0.2–0.3.

In BSCCO the situation is actually more complicated:
Ref. [35] has shown that there are two acoustic branches along
the modulation Bragg peaks and one branch in the perpendic-
ular direction. In addition, QS does not lie on a high-symmetry
direction, so it will contribute both TA and LA branches. Fur-
thermore, there is an additional QS = (2.1, 0.1,−1), which
has its own acoustic phonons. This results in at least eight
branches instead of two, making the phonon spectrum very
complicated. Disentangling it is outside the scope of the
present work, but there is a high likelihood that phonon spec-
tra in the vicinity of the crossing of all these acoustic branches
with the optic branch and with each other will be broad for
reasons unrelated to incipient CDW or other electron-phonon
effects.

The temperature dependence of the phonons around qco

is not consistent with the incipient CDW instability where
acoustic phonon softening is expected upon cooling [36].
Instead the observed temperature dependence is consistent
with the Bose factor, as expected from the conventional lattice
dynamical effect outlined above [see Fig. 3(f)]. Furthermore,
it has been reported that the broadening disappears when
the sample is doped with Pb, which destroys the superstruc-
ture [36]. Based on all this evidence, we conclude that the
apparent line broadening and low-energy phonon spectral
weight around h = 0.2–0.3 is a result of the superstructure
modulation.

We now discuss the possible role of forward scattering
by the small wave vector LA phonons in the low-energy
electronic dispersion kink observed by ARPES. First, we
show that strong electron-phonon coupling, which manifests
itself in phonon lifetime broadening, does not extend far from
the zone center.

The best way to isolate pure lifetime broadening from other
mechanisms impacting the phonon linewidth is to measure
the phonon lifetime directly, as we have done for the acoustic
phonon at Q = (2.11, 0, 0) using neutron spin-echo measure-
ments. These gave a very long lifetime, about five times
longer than deduced in Ref. [25] from IXS measurements
of linewidth. This lifetime is similar to that of the Raman
phonon in undoped Si at low temperature where any electronic
mechanism can be excluded.

The direct observation of a very long phonon lifetime
at q = (0.11, 0, 0) using the spin-echo technique shows that
electron-phonon coupling is already negligible by h ∼ 0.1,
thus scattering of electrons by LA phonons that modulate
material density in the ab-plane could be allowed only
near the zone center. On the other hand, scattering of electrons
by the LA branch is unconstrained for the c-axis component,
because phonon dispersion along c∗ is shallow [Fig. 2(e)], so
the phase space for forward scattering by the ab-component
of acoustic phonons can be large.

Other copper oxide superconductors are characterized by
low-lying optic branches that would result in similar lattice
dynamics. For example, this mechanism will limit large elec-
tronic phonon self-energy for the LA branch in the theory of
Ref. [37] to small wave vectors.

An experimental doping-dependent study of the kink in Bi-
2201 and theoretical work on Bi-2212 show a significant de-
crease of the kink energy upon doping [23,24]. However, low-
energy phonons in underdoped and overdoped Bi-2212 are
either doping-independent or harden slightly with increased
doping [25], which would make the kink doping-independent
or will push it in the opposite direction.

It has been proposed that doping-dependent Thomas-Fermi
screening reduces the electron-phonon coupling strength
away from small LA phonon wave vectors [24]. But the cross-
ing between the branches limits the range of conventional
electron-phonon coupling regardless of how the Thomas-
Fermi wave vector evolves with doping.

These observations leave a phonon-based mechanism for
the low-energy electronic dispersion kink with the problem of
explaining the doping dependence. Without phonon spectra
on multiple samples with various doping levels, addressing
this directly is outside of the scope of the current work.
However, we contend that the LA phonon forward scattering
mechanism adequately explains the kink in optimally doped
BSCCO. Furthermore, small changes in the phonon crossing
point with respect to q can lead to significant changes in the
kink energy, as the kink energy will change with both the
phonon energy ωph(q) and the gap-referenced energy �(q),
thus the proposed mechanism may offer a way of explaining
the doping dependence.

We now address the possible role of phonon forward
scattering in pair forming/breaking. Figure 1(e) shows the
schematic of the Fermi surface in optimally doped BSCCO
plotted together with the range in q-space where particular
electrons at the center of the circles can be scattered according
to our results. Aside from the region very close to the node, the
LA branch scatters antinodal electrons between the parts of
the Fermi surface with the same sign (within the blue circles).
Based on kinematics, forward scattering at these regions will
be pair-forming. Very near the node, electrons will scatter
between parts of the Fermi surface where the gaps have
opposite signs, which should be nominally pair-breaking, but
it should have a negligible effect on pairing because it is near
the node [38]. Thus on balance forward scattering by the LA
phonons will weakly benefit d-wave pairing. Its influence on
Tc is very small because the phonon energy is well below
the superconducting gap. These observations suggest that
low-energy phonons do not impact superconductivity in any
significant way.

To conclude, we showed that the observed linewidth en-
hancement near the CDW ordering wave vector is not related
to electronic degrees of freedom, but more likely originates
from an extra low-lying acoustic phonon branch emanat-
ing from a nearby superlattice modulation reflection with
wave vector Q = (2.1, 0.1,±1). We also found that electron-
phonon coupling to LA phonons expected from conventional
theory should be limited to phonons near the zone center by
branch anticrossings. This would lead to forward scattering of
electrons by these phonons, which is very weakly beneficial
for d-wave pairing. An acoustic phonon-based mechanism for
the low-energy electronic dispersion kinks may be consistent
with our results if an explanation for the previously reported
doping dependence of the kinks is found.
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