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We report the results of a detailed inelastic neutron-scattering study of renormalization of the bond-
stretching phonons in optimally doped YBa2Cu3O6+x �YBCO�. In agreement with previous work, this renor-
malization is strongest halfway to the zone boundary in the �010� direction where it manifests itself as a
transfer of phonon spectral weight from �60 to �50 meV. Phonon renormalization begins on cooling from
well above the superconducting transition temperature, Tc, but strongly accelerates at Tc. In contrast with the
La2−xSrxCuO4 system, where a similar longitudinal phonon anomaly occurs, the anomaly in YBCO appears to
extend in the transverse direction along the branch that connects the longitudinal mode at the in-plane wave
vector qin= �0,0.25� and the transverse bond-stretching mode at qin= �0.25,0.25�. Therefore, phonon renormal-
ization in YBa2Cu3O6.95 seems to be consistent with a quasi-one-dimensional behavior.
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I. INTRODUCTION

It is well known that conventional superconductivity is
mediated by phonons. In fact, conventional superconductors
with the highest Tc’s tend to exhibit exceptionally strong
electron-phonon coupling. Phonon renormalization at spe-
cific wave vectors �Kohn anomalies� appears in the phonon
dispersions of many of these compounds in agreement with
calculations based on the local-density approximation
�LDA�. In the case of the cuprates, LDA calculations1–3 pre-
dict neither any significant Kohn anomalies nor phonon-
mediated high Tc superconductivity. For this reason, the most
intense research effort has focused on purely electronic
mechanisms. However, some researchers have interpreted re-
cent photoemission experiments in terms of renormalization
of electronic excitations by phonons.4–6 Also, inelastic neu-
tron and x-ray scattering experiments on the high Tc cuprates
found huge softening and broadening of the bond-stretching
phonons.7–11

In the most thoroughly studied family, La2−xSrxCuO4
�LSCO�, strong phonon renormalization has been
observed7–9 in the vicinity of the reduced in-plane wave vec-
tor qin= �0.25,0� �in units of �2� /a ,2� /a� where a is the
near-neighbor Cu-Cu distance�. The effect is strongest at low
temperatures and in compositions that exhibit the so-called
stripe order,12–14 where the wave vector at which it occurs is
compatible with the charge order.7 In contrast, this effect
disappears at the nonsuperconducting extremes of doping.
Detailed q-dependent studies revealed that the underlying
electronic instability is two dimensions in nature; i.e., for
qin= �0.25,K�, it is peaked at K=0 with a full width at half
maximum of �0.15 r.l.u. 15

In previous work on YBa2Cu3O6.95, Chung et al.16 iden-
tified an anomaly in the anisotropic bond-stretching modes,
with a strong temperature dependence below Tc. Subsequent
work by Pintschovius and co-workers,17,18 involving a com-

bination of measurements and model calculations, resolved
the character of the anomaly. In particular, it was shown that
the softening of the bond-stretching mode at the zone bound-
ary would cause it to cross the lower-lying bond-bending
mode; however, because the modes have the same symmetry,
they mix and repel one another rather than actually crossing.
Nevertheless, the hybridization of the modes causes the
atomic displacement character associated with the bond-
stretching mode to shift to the lower branch as the wave
vector varies from zone center to zone boundary. For this
reason the phonon anomaly appears as a temperature-
dependent transfer of spectral weight between branches at
the wave vector halfway to the zone boundary for vibration
along the b axis �parallel to the Cu-O chains�; there is no
significant temperature dependence at zone center or zone
boundary.

In the present paper, we report a careful study of the tem-
perature dependence of the phonon anomaly around qin
= �0,0.25� in YBa2Cu3O6.95. We confirm the observation of
Chung et al.16 that there is a strong softening for T�Tc;
however, we show that there is also a gradual change at
temperatures up to several times Tc. We also investigated the
behavior of the anomaly in the transverse direction along
qin= �H ,0.25�. The softened mode appears to remain over a
substantial range of H. We discuss the implications of this
observation for the dimensionality of the electronic instabil-
ity.

II. EXPERIMENTAL DETAILS

Inelastic neutron-scattering measurements were per-
formed on a composite sample of optimally doped
YBa2Cu3O6.95 �Tc=93 K�; details of the sample are given
elsewhere.19 The neutron experiments were carried out on
the 1 T triple-axis spectrometer at the ORPHEE reactor of
the Laboratoire Leon Brillouin at Saclay, France. The �220�
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reflection of a Cu crystal was used as the monochromator.
Pyrolytic graphite �PG� �002� was used for the analyzer crys-
tal. Both were horizontally and vertically focusing. A PG
filter in the final beam suppressed higher order contamina-
tions. We note that the detwinned sample used in a previous
study17,18 was no longer available because this sample disin-
tegrated on warming following the initial experiment.

III. EXPERIMENTAL RESULTS

A. Oxygen phonon branches and their determination

The experiments focused on the Cu-O in-plane bond-
stretching vibrations in the �100� and �010� directions be-
cause it was known from previous investigations16–18 that
these branches show an anomalous dispersion at low tem-
peratures. These earlier studies had shown that the energies
of the bond-stretching modes lie in the range of 55–75 meV
for T�200 K but extend to below 50 meV at low tempera-
tures. Therefore, we investigated an energy range from 42 to
80 meV. There are in total 13 phonon branches in this energy
range. All these modes have predominantly oxygen character
because oxygen has a much lighter mass than all the other
atoms in YBa2Cu3O6+x �YBCO�. Four of these branches are
associated with in-plane Cu–O bond-stretching vibrations. In
the in-plane high-symmetry directions, �1 0 0� and �0 1 0�,
two modes have longitudinal and two have transverse char-
acter. The two branches of longitudinal character differ by
the relative phase of the atomic displacements in the nearest-
neighbor CuO2 planes �bilayer�: the in-phase vibrations have
�1 symmetry and the out-of-phase vibrations have �4 sym-
metry, as illustrated in Fig. 1. Their frequencies are very
similar because the coupling of the oxygen displacements
within the bilayer is quite weak.

The anomaly is observed in both the �1 and �4 bond-
stretching modes; however, the bulk of the measurements in
the present study was done on phonons with �4 symmetry.
The reason is as follows: phonons of Cu–O bond-stretching
character will hybridize with other modes of the same sym-
metry when they are close in energy. This hybridization
causes phonon branches that might otherwise cross to avoid
crossing, but in doing so it mixes the character of the modes.
Within the energy range we study, the �1 planar modes can
mix with a chain mode, while the chain mode does not
couple to �4 and is weak in intensity where �4 is strong.

To reiterate, the hybridization leads to a so-called anti-
crossing of phonon branches. This means that two phonon
branches belonging to the same group-theoretical representa-
tion are not allowed to cross each other but will be separated
by a finite-energy anticrossing gap at all wave vectors. If the
two branches have different dispersions, there will neverthe-
less be a crossing in the following sense: there will be a
gradual exchange of eigenvectors around the q value where
the two branches would have crossed in the absence of any
hybridization. This phenomenon is of particular importance
for the understanding of the bond-stretching phonon disper-
sion at low temperatures �see below�.

Assignments of phonon peaks were based on shell-model
calculations, which reproduce peak positions and intensities
in several Brillouin zones with good, although not perfect,

accuracy.17,18 Based on these calculations, measurements
were made around the �3,0,0� ��1 symmetry� or the �3,0,2�
reciprocal-lattice point ��4 symmetry�. The twinning of our
present sample complicated the assignment of the neutron
peaks to the a� or the b� direction. Figure 2 shows how the
stretching phonon dispersions previously measured on a de-
twinned sample along the �100� and �010� directions are su-
perimposed when the twinned sample is measured. Due to
the different lattice constants,20 measurements of the scatter-
ing intensity at nominal momentum transfers I�H ,0 ,L� actu-
ally probe a superposition of intensities at two different wave
vectors, I�0.99H ,0 ,L�+ I�0,1.01H ,L�, as illustrated in Fig.
2. Thus, the choices of measuring at Q= �3,0 ,L�−q or Q
= �3,0 ,L�+q each have different advantages and disadvan-

FIG. 1. �Color online� �a� Schematic of the bond-stretching �and
bending� vibrations along a and b directions. Small green/Large red
circles represent Cu/O, respectively. Eigenvectors of the zone center
�b� �4 and �c� �1 bond-stretching phonons.

FIG. 2. �Color online� Dispersion relation of the out-of-phase
Cu–O bond-stretching vibrations in optimally doped YBCO as seen
on a twinned sample. The energies are plotted against the nominal
wave vector calculated from an average lattice constant aave= �a
+b� /2. The actual wave vectors for the scattering from each of the
two twin domains differ by 2�=2� /a−2� /b. The arrows show the
zone center for phonons propagating along the a� or the b� direc-
tion. The ellipsoid depicts the instrumental resolution.
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tages. For the former choice, focusing leads to relatively nar-
row phonon lines, but the peaks for the two orthogonal
modes are close in energy for q values around 0.25; whereas
for the latter choice the resolution function is tilted opposite
to the dispersion �defocused condition�, but the energy sepa-
ration of the modes is larger. Both configurations have been
tried to elucidate the behavior of the bond-stretching
phonons. To simplify the notation going forward, we will
only refer to the b� contribution to the scattering intensity
because that is where strong phonon renormalization ap-
pears.

B. Temperature-dependent studies

Figure 3 shows the data taken at the wave vector q
= �0,0.25,0� at 300 and 10 K for the �1 symmetry in �a� and
�4 in �b�. Here we are in the defocused condition of Fig. 2,
which provides a better energy separation between the bond-
stretching modes along a� and b�. In the �4 symmetry of �b�,
there is a pronounced shift of spectral weight from 60 to 50
meV when the temperature is lowered. In the �1 symmetry
of �a�, the shift of spectral weight is more complicated be-
cause of the anticrossings mentioned above. Still, the data
show that some weight is transferred from �57 meV to two
phonon peaks at 53 and 49 meV. These effects appear only in
the bond-stretching phonons along b�. No similar effects are
observed for the bond-stretching mode along a�, which re-
mains at �70 meV as the temperature changes.

At the wave vectors Q= �0,3 ,L�−q, focusing leads to a
better energy resolution. Representative scans are shown in
Fig. 4. At Q= �0,2.75,2�, the contributions from the a� and
b� directions show up at nearly the same energy at T
=200 K. The pronounced intensity loss on cooling seen in
Fig. 4�b� corresponds very well to that observed at Q
= �0,3.25,2� in Fig. 3�b�. In addition, one can see that there
is no apparent peak broadening or softening at any tempera-
ture, indicating that all of the lost intensity must be shifted
out of the measured energy window. This intensity loss rap-

idly disappears when going toward the zone center, as illus-
trated in Fig. 3�a�, where the spectra at Q= �0,2.83,2� are
nearly temperature independent except for a small change in
the background. The temperature effect also diminishes rap-
idly toward the zone boundary at q= �0,0.5,0�, as shown in
Fig. 4�c�, where the dominant temperature effect is a shift in
the background. The width in q of the temperature effect was
found to be �0.15 r.l.u �FWHM�.

We also followed the temperature dependence in greater
detail at a limited number of points. One set of measure-
ments was done for the �1 symmetry at Q= �0,3.25,0�, cor-
responding to Fig. 3�a�, for the energies 49, 53, and 57 meV.
The data points in Fig. 5�a� represent the difference between
the intensity at 57 meV and the average of intensities at 53
and 49 meV. Taking the difference was necessary to remove
the temperature dependence of the background. In the �4
symmetry, we measured only the intensity at Q= �0,2.75,
−2� at 60 meV plus the temperature dependence of the back-
ground. The intensity at 60 meV minus the background is
plotted in Fig. 5�b�. It is clear that although the temperature

FIG. 3. �Color online� Comparison of phonon spectra measured
at q= �0,0.25,0� in the defocused condition and T=10 and 300 K
for �a� �1 and �b� �4. Intensities have been divided by the Bose
factor.

FIG. 4. �Color online� Energy scans taken at different tempera-
tures. ��a�–�c�� Lines correspond to fits with 1 or 2 G. The 100 K
data points have been omitted for clarity from �b�. The double peak
in �a� and �c� corresponds to the a� mode �the higher energy peak�
and the b� mode �the lower energy peak�. These two peaks merge to
a single one in �b�. �d� Data were taken with the final energy Ef

=13.4 meV for ���46 meV and with Ef =12.5 meV 43	��
	48 meV. The 12.5 meV data were corrected for the different
resolution volume by multiplying by �13.4 /12.5�2. The resulting
intensities were averaged in the overlapping energy range �46.5–48
meV�. The 200 K data were divided by the Bose factor and 23
counts were subtracted to correct for the temperature dependence of
the background. Blue/red arrows �on the right/left side� indicate
intensity gain/loss. �e� Integrated intensity loss from 200 to 10 K
integrated around the 60 meV peak in the data shown in �d�.
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evolution begins well above Tc, the most pronounced change
occurs below Tc.

C. Dependence on transverse q

In addition to the high-symmetry �010� direction, we also
investigated the evolution of the phonon anomaly at wave
vectors Q= �H ,2.75,2� for H�0. Based on the previous
studies and calculations, we know that in the direction of
increasing H the longitudinal modes propagating along
�010�, L�010�, connect to the transverse �110� modes, T�110�.
Along the zone boundary, this connection was shown explic-
itly in measurements by Reichardt �see Fig. 2 of Ref. 20�.
Similarly, he showed that T�010� modes �which have zero
structure factor for Q= �0,2+K ,2�� connect to L�110�. Here,
although we measured in a region only halfway to the zone
boundary rather than at the zone boundary, we expect lattice
dynamics to be qualitatively similar. It is important to re-
member that, in a twinned crystal such as ours, we also pick
up contributions from another Brillouin zone at Q
= �2.75,K ,2�. Starting from K=0, the L�100� again connects
to T�110� and T�100� connects to L�110�. Shell-model calcu-
lations predict a smaller structure factor of the L�100�–
T�110� branch in this Brillouin zone than of the L�010�–
T�110� branch along Q= �H ,2.75,2�. Thus, we believe that
most of the stretching phonon intensity away from the �100�
direction comes from Q= �H ,2.75,2�, but this prediction still
needs to be verified on a large detwinned sample.

Figure 4�d� shows the behavior at Q= �H ,2.75,−2� for
0	H	0.25, i.e., along the line in reciprocal space such that
q moves from the �010� to the �110� direction. The spectral
weight redistribution from �60 to �48 meV remains sig-
nificant all the way to H=0.25. As a measure of this, Fig.
4�e� shows the loss of weight from the 60 meV feature as a
function of H.

It is not straightforward to quantify the q dependence of
the underlying electronic instability in the transverse direc-
tion based on the variation in the phonon effect because
electron-phonon coupling is expected to change as a function
of q with the changing phonon eigenvector. Furthermore, our
peak assignments are complicated by the difficulty in sepa-
rating the branches connecting to L�010� and L�100� due to
twinning. Nevertheless, if we make the assumption that the
electron-phonon coupling strength of the bond-stretching

mode is proportional to the volume change around the Cu
ion due to the oxygen displacements of the phonon eigenvec-
tor, our shell-model simulation shows that electron-phonon
coupling should be reduced by approximately a factor of 2
from qin= �0,0.25� to qin= �0.25,0.25�. This is roughly what
we see in Fig. 4�e�, suggesting that the electron-phonon cou-
pling does not depend strongly on the transverse q compo-
nent.

An alternative way to quantify the phonon anomaly is to
look at the frequency shift of the transferred spectral weight.
It is clear from Fig. 4�d� that this frequency shift �from the
red to blue arrows� is not strongly dependent on H. Hence,
we again conclude that the electronic instability underlying
the phonon renormailzation does not depend strongly on H.

IV. DISCUSSION AND CONCLUSIONS

How can we understand the phonon spectral weight redis-
tribution that we have observed? If we consider only the
change along the high-symmetry �010� direction in jumping
from high temperature to low, the interpretation appears
straightforward. A softening of the bond-stretching mode, by
as much as 14 meV, occurs over a narrow range of q �in the
longitudinal direction�. This softening would cause the bond-
stretching mode to touch or cross the lower-energy bond-
bending mode; however, because of hybridization of the two
modes, a transfer of spectral weight �and vibrational charac-
ter� between the modes is observed rather than a crossing.

In order to explore the extent to which the observed phe-
nomena can be simulated by conventional lattice dynamics,
we performed shell-model calculations with a program that
allows the force constants to be adjusted in a way that selec-
tively affects the frequency of modes with Cu–O in-plane
bond-stretching character only. The simulations gave the fol-
lowing results: a softening of the bond-stretching mode leads
to an exchange of eigenvectors with lower phonon branches
and thereby to a redistribution of intensities, as we have pro-
posed; however, in addition to the weight transfer, the simu-
lations also yield a significant shift in energy of the bond-
stretching mode. The latter point is inconsistent with the
experimental observations, such as Fig. 4�b�, where we see
loss of intensity with cooling for the bond-stretching mode,
but no real change in the mode energy. Thus, the simulated
scenario does not adequately describe the experiment.

A variation on this model would be to assume that soft-
ening occurs inhomogeneously, so that some weight stays at
the original mode energy and, for some reason, we do not
resolve the weight corresponding to the softened component.
We note that Stercel et al.21 have made a similar proposal of
mixed inhomogeneous character to describe the behavior of
the bond-stretching branch in underdoped YBa2Cu3O6+x;
however, another important effect in the underdoped regime
is a large difference between the dispersions of the modes
polarized along a� and b�, as reported22 for YBa2Cu3O6.6.

Likewise, the relatively weak change in the spectral
weight loss at �60 meV as a function of transverse q, as
illustrated in Fig. 4�e�, seems difficult, if not impossible, to
explain within the framework of conventional lattice dynam-
ics. With the anomalous temperature evolution as an impor-

FIG. 5. �Color online� Temperature dependence of phonon-
scattering intensity. �a� Difference between the intensity at 57 meV
and the average of intensities at 53 and 49 meV at Q= �0,3.25,0�.
�b� Backround-subtracted intensity at Q= �0,2.75,−2� at 60 meV.
Open and solid circles represent different datasets �see text�.
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tant caveat, the phonon anomaly in the �010� direction at low
T resembles very much the Kohn anomalies observed in one-
dimensional �1D� conductors above the charge-density-wave
�CDW� transition.23 This would mean that the phonon
anomaly is a precursor phenomenon to a charge-
inhomogeneous state. One might conjecture that the effect is
related to flat parts of the Fermi surface �FS� of oxygen chain
character.24 Density functional theory calculations1 indeed
predict a local frequency minimum at q= �0,0.25,0� in a �1
branch with primarily bond-stretching chain O character.
This feature is not unexpected in view of the one-
dimensional nature of the Cu-O chains and may be related to
static charge modulations detected within the Cu-O chains by
scanning tunneling microscopy �Refs. 25 and 26�; however,
we emphasize that the phonon anomaly is best observed in a
branch of �4 symmetry for which the chain O displacements
are zero. This fact excludes a trivial relationship with chain
O related electronic states.

Recent angle-resolved photoemission measurements27–29

have demonstrated that the bonding FS is nested with the
wave vectors q= �0,0.25,L� along b� and �0.2,0 ,L� along
a�. Thus Fermi-surface nesting could be consistent with the
observed phonon effect along b�, but it is not obvious why it
should not also be present along a�. LDA calculations3 also
predict a nearly nested FS for the bilayer bonding band with
the nesting wave vectors near q= �0,0.3,L� and �0.25,0 ,L�,
whereas the antibonding FS is not nested. LDA-based
phonon-dispersion or linewidth calculations, which include
first-principles calculation of electron-phonon coupling
strength, are in a good agreement with our 200 K phonon
data but fail to reproduce the observed phonon renormaliza-
tion at lower temperatures.1 Apparently, the LDA signifi-
cantly underestimates electron-phonon coupling strength for
the stretching �and also for the bond-buckling� phonon.

There are two different ways in which one can try to
relate the effects to the stripe picture. In the first, one as-
sumes that the strong electron-phonon coupling is associated
with screening the formation of the charge stripes, with the
phonon anomaly occurring at the wave vector corresponding
to the stripe modulation.30,31 In that case, the phonon
anomaly along b� would imply stripes running along the a
axis. If the length of the stripes exceeds a few unit cells,
oxygen vibrations must be in phase in the direction perpen-
dicular to the propagation vector in order to match the quasi-
two-dimensional correlations. Since this condition is violated
if the transverse component of the phonon wave vector is not
equal to zero, the phonon anomaly should rapidly disappear
in the transverse q direction. This is observed in LSCO �Ref.
15� but not in YBCO. As shown in Fig. 4�e�, the intensity
loss at �60 meV decreases rather slowly in the transverse
direction. Moreover, the volume change around the Cu ion
due to the oxygen displacements of the phonon eigenvector
decreases also when going away from the �010� direction,
thereby reducing the electron-phonon coupling strength,
which at least partly explains the reduction in the effect.
Another problem with connecting the anomaly to the stripe
modulation wave vector is that it requires the charge modu-
lation to occur in a direction orthogonal to the magnetic
modulation indicated by magnetic scattering studies.32–35

An alternative scenario within the stripe picture is a CDW
instability along charge stripes.36 In this case, the formation

of metallic stripes would make the electronic properties of a
cuprate similar to that of one-dimensional conductors. Based
on the anisotropy of the dynamic magnetic susceptibility in
YBCO,32–35 one would expect these 1D systems to run par-
allel to the Cu-O chains and along the b axis. It follows37 that
the Fermi surface associated with these 1D systems would
form sheets split about the antinodal point k= �0.5,0 ,0�, so
that nesting of these sheets would be relevant to the strength
of the electron-phonon coupling. As noted above, the q for
the phonon anomaly seems to be consistent with 2kF in the
b� direction from photoemission work.27–29 It appears from
the photoemission results that the nesting condition in YBCO
remains valid even when a substantial transverse component
is added to q, and this might explain the observed weak
sensitivity to transverse q. A more careful analysis would
require consideration of nesting effects involving electronic
states with energies differing by 50–60 meV, comparable to
the phonon energy. Nesting conditions at EF would only be
directly relevant if the energy of the phonon mode was ap-
proaching zero.

We should note that this same picture, involving phonons
coupling to low-energy electronic excitations within charge
stripes, can also be applied to LSCO and La2−xBaxCuO4
�LBCO�. In the case of LBCO with x=1 /8, it appears that
the q for the phonon anomaly7 corresponds to 4kF based on
photoemission results.38 Of course, it is then unclear why the
phonon anomaly is more sensitive to transverse q in LBCO
than in YBCO.

Returning to YBCO, Chung et al.16 reported that the pho-
non intensity shift in �1 symmetry occurs only below Tc,
which appears to contradict our result that the phonon effect
begins well above Tc. The contradiction disappears if one
considers a difference in energy range between the two stud-
ies. In generating Fig. 5�a�, we included the peak at 49 meV,
which is below the lower cutoff of 51 meV for analysis of
Chung et al.16 It turns out that if we neglect the intensity of
the 49 meV peak, the temperature change occurs only below
Tc.

The strong influence of Tc �Fig. 5� on the phonon renor-
malization shows that it is intimately connected with super-
conductivity. Of course, the dynamic magnetic susceptibility
also changes dramatically at Tc for optimally doped
YBCO,39–41 so the connection with superconductivity is not
unique. The phonon effect is not simply a result of the su-
perconductivity, as it is already detectable well above Tc and
well above the pseudogap opening temperature �which is
very close to Tc at optimal doping in YBCO�. We propose
here the possibility that the phonon interacts with an elec-
tronic collective mode that develops above Tc, but whose
damping by the Stoner continuum is reduced as a conse-
quence of superconductivity. It would be particularly inter-
esting to explore whether a collective mode with the correct
dispersion and coupling to superconductivity can exist in the
fluctuating stripe picture. A new study of charge excitations
at finite momentum by Wakimoto et al.42 provides intriguing
evidence in this direction.

Comparing optimally doped YBCO �O6.95� to under-
doped O6.6,22 we find that the low T phonon dispersion of
O6.6 shows an anomaly similar to that observed in O6.95,
although not quite as clearly. Reinspection of temperature-
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dependent data also revealed a significant temperature effect,
which was overlooked in Ref. 22 because it does not show
up as a peak shift but, again, as a shift of spectral weight.
This indicates that the phonon anomaly reported in this paper
is not restricted to optimally doped compositions.

In summary, we observed a pronounced temperature-
dependent effect in the Cu-O in-plane bond-stretching vibra-
tions. Although the underlying mechanism is not fully clear
yet �though we have discussed several scenarios�, the experi-

mental results are clear evidence for a strong electron-
phonon coupling, especially because there is a fingerprint of
Tc in the temperature evolution of the phonon anomaly.
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