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While electron-phonon coupling (EPC) is crucial for Cooper pairing in conventional superconductors, its
role in high-7, superconducting cuprates is debated. Using resonant inelastic x-ray scattering at the oxygen K
edge, we study the EPC in Bi,Sr,CaCu,0g,5 (Bi2212) and Nd,,,Ba,_,Cu;0;_s (NBCO) at different doping
levels ranging from heavily underdoped (p = 0.07) to overdoped (p = 0.21). We analyze the data with a
localized Lang-Firsov model that allows for the coherent excitations of two phonon modes. While electronic band
dispersion effects are non-negligible, we are able to perform a study of the relative values of EPC matrix elements
in these cuprate families. In the case of NBCO, the choice of the excitation energy allows us to disentangle
modes related to the CuO chains and the CuO, planes. Combining the results from the two families, we find
the EPC strength decreases with doping at q; = (—0.25, 0) r.Lu., but has a nonmonotonic trend as a function of
doping at smaller momenta. This behavior is attributed to the screening effect of charge carriers. We also find
that the phonon intensity is enhanced in the vicinity of the charge-density-wave excitations while the extracted
EPC strength appears to be less sensitive to their proximity. By performing a comparative study of two cuprate
families, we are able to identify general trends in the EPC for the cuprates and provide experimental input to
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theories invoking a synergistic role for this interaction in d-wave pairing.
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I. INTRODUCTION

The pairing interaction in conventional superconductors
is mediated by phonons and critically depends on the
electron-phonon coupling (EPC) [1,2]. The role played by
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EPC in copper-based high critical temperature superconduc-
tors (HTSs), however, is still debated. On the one hand,
experimental probes like angle-resolved photoemission spec-
troscopy (ARPES) [3-9] and scanning tunneling microscopy
(STM) [10-12] have found evidence for the interplay between
lattice vibrations and superconductivity. On the other hand,
spin fluctuations are widely believed to provide the domi-
nant contribution to pairing in cuprates [13—15], since the
superconducting order parameter is of d,>_,» symmetry [16]
and superconductivity appears in proximity to antiferromag-
netism. This observation, however, does not explicitly rule out
a potential role for phonons in pairing. For example, while a
complete microscopic picture is currently absent, the interplay
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of the electron-phonon and electron-electron interactions may
lead to the enhanced critical temperature (7;.) in HTSs. Indeed,
theoretical work has shown that the materials with the largest
coupling to the out-of-phase bond-buckling oxygen phonon
branch (often referred to as the Bj, modes) also have the
largest T, max [17], suggesting that these modes are relevant
to superconductivity.

HTSs have complex phase diagrams that include compet-
ing spin-, charge-, and pair-density-waves, a pseudogap, and
strange metallic behavior [18-24]. The pivotal parameter that
determines the nature of the ground state at a given tem-
perature is the doping p, which gives the number of holes
introduced in the CuO, planes. In the underdoped region of
the phase diagram, the phonon branches are also renormalized
in the presence of charge-density-wave (CDW) correlations.
This behavior is reminiscent of what happens in conventional
metals, where the EPC is the driving force behind the for-
mation of charge modulations [25]. Recent resonant inelastic
x-ray scattering (RIXS) studies have indeed observed anoma-
lous softening and enhanced phonon excitations in the vicinity
of charge order [26-30].

In the underdoped region of the phase diagram, the cou-
pling between phonon and electrons is also affected by the
onset of the pseudogap phase. The pseudogap in HTSs is
characterized by a temperature 7, below which a partial gap
opens in the normal state [31]. In general, T* falls to zero at
a critical doping p. = 0.19, where Hall coefficient measure-
ments show a change of carrier density from p to 1 + p [32].
Interestingly, a recent ARPES study of Bi,Sr,CaCu,0Og4s
(Bi2212) revealed a rapid change of bosonic coupling strength
to the bond-buckling B;, phonon branch (~37 meV) across
the pseudogap boundary [8]. To better understand these obser-
vations, it is necessary to investigate how EPC changes with
doping across the cuprate phase diagram, spanning from the
underdoped region to the overdoped Fermi liquid region found
for p > p..

Measuring the full EPC vertex M(k, q) is challenging,
as it can depend on both the fermionic (k) and bosonic
(q) momenta. Techniques like ARPES probe the k depen-
dence of the EPC via the electron self-energy, which averages
over the phonon momentum q. Similarly, scattering probes
like inelastic x-ray and neutron scattering tend to probe
the q dependence of M(k, q) via the phonon line width,
which averages over the fermion momentum k. Time-resolved
pump—probe optical spectroscopy can extract the electron-
boson coupling strength via the relaxation time, but can only
access very small q near the Brillouin zone center [33]. Re-
cently, RIXS has been demonstrated as an effective tool to
determine the momentum dependence of the EPC with ele-
ment specificity, due to the interaction between the excited
electrons in the intermediate state and phonons [34]. Since no
photoelectron is emitted, RIXS, unlike ARPES, is sensitive to
the momentum transfer q of the phonon and integrates over
the fermion momenta k [35,36]. However, this weighting can
be complicated. For example, models have shown that the k
integration can be weighted by other factors like the electron
occupations and orbital character of the bands if the system
hosts itinerant electrons [34-36]. In cases where the electron
mobility can be neglected (e.g., due to a strong core-hole
potential), the EPC strength can be extracted from the ratio be-

tween the intensity of the phonon and of its overtones in RIXS
spectra [34,37]. Alternatively, one can measure the phonon
intensity as the incident beam is detuned from the resonance,
as successfully done recently at the Cu L3 in cuprates [36,38].

Prior RIXS studies of EPC in the 2D cuprates have focused
largely on the Cu L3 edge [30,36,38]. However, it has been
established that the bands that cross the Fermi level in doped
cuprates have significant oxygen 2p, , orbital character [39].
Moreover, the phonons believed to be most relevant to pairing
in the cuprates are the optical oxygen modes [6,17]. It is
therefore desirable to also study the EPC at the O K edge
in these materials. The RIXS process at this edge involves
the 1s — 2p transition, so in the intermediate state the charge
perturbation mostly involves the electron in a 2p orbital (plus
a core hole, on whose influence we will discuss in the follow-
ing). Moreover, RIXS experiments at the O K edge can benefit
from a better energy resolution and longer-lived core-hole
compared to experiments conducted at the Cu L3 edge [40].

Here, we have studied the coupling between electrons and
the oxygen-related phonons in bilayer compounds Bi2212 and
Nd;4,Ba;_,CuzO7_s (NBCO), using O K-edge RIXS with
an energy resolution of about 33 meV. We have extracted the
EPC strength from the data using a localized model which is
based on a Lang-Firsov transformation (we refer to the model
as a Lang-Firsov model in the following) [41-43] that ac-
counts for both bond-buckling and bond-stretching phonons.
Combining the results of the two cuprate families, we find
that EPC strength decreases with doping at q; = (—0.25, 0)
r.l.u. while this trend becomes nonmonotonic at smaller mo-
menta. The observed changes in the EPC with doping agree
with the nonuniform screening effect discussed in theoretical
calculations [17]. We have also studied the effect of CDW cor-
relations on EPC. Our results provide experimental insights on
the general trends of EPC and allow us to better understand
their role in high-T7; cuprate superconductors.

II. METHODS

A. RIXS experiments

We have performed O K-edge RIXS studies on NBCO and
Bi2212 samples with different doping levels. The NBCO sam-
ples were 100 nm films grown on SrTiO3, with two different
doping levels: a heavily underdoped sample with 7, =38 K
(UD38, p ~ 0.07) and an optimally doped sample with T, =
92 K (OP92, p ~ 0.16). Sample growth description and resis-
tivity measurements of NBCO can be found in the Appendix.
Lattice constants were a = b = 3.9 A, while ¢ = 11.714 A
in the UD38 sample and ¢ = 11.74 A in the OP one. RIXS
spectra were collected at the 121 beamline of the Diamond
Light Source [44]. Energy resolution was determined to be
34 meV by measuring the width of the elastic line on a carbon
tape. We used a fixed temperature of 20 K.

The Bi2212 samples were single crystals with three doping
levels: optimally doped with 7. =91 K (OP91, p >~ 0.16),
overdoped with 7, = 82 K (OD82, p ~ 0.19), and overdoped
with T, = 66 K (OD66, p ~ 0.21). Crystal growth descrip-
tion and magnetization measurements of Bi2212 can be
found in the Appendix. The RIXS measurements on Bi2212
were performed using the soft x-ray inelastic beamline (SIX)
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FIG. 1. Overview of data on NBCO and Bi22212 at the O K edge. (a), (b) XAS spectra for different doping values of Bi2212 and NBCO,
respectively. The legends indicate the critical temperature of the samples. The relevant resonances are indicated with blue and red arrows. (c),
(d) Overview of RIXS spectra in Bi2212 OP91 and NBCO OP92, respectively. The excitation energies for the different spectra are highlighted
as ticks in the XAS, using the same color code. (¢) Example of RIXS spectrum at oxygen K edge collected on NBCO OP92 at 528.2 eV. Labels
indicate the different excitations. (f) Zoom-in of the low-energy regions of RIXS spectra for all the samples acquired at H = —0.15 r.L.u. and
at the energy corresponding to the plane resonance. The elastic peak has been subtracted for clarity. The spectra have been normalized to the
spectral weight between 1 and 7 eV, corresponding to the CT excitation range. (g) Sketch of the experimental geometry. The incoming and
outgoing x rays are reported in yellow arrows, and the incident () and scattering (20) angles are highlighted. The component of the transferred

momentum parallel to the CuO, planes is reported in light green.

2-ID at the National Synchrotron Light Source II, Brookhaven
National Laboratory [45]. The total experimental energy res-
olution was ~33 meV. We measured at 35 K to minimize
sample damage. We define our reciprocal lattice units (r.l.u.)
in terms of the tetragonal unit cell with ¢ = b = 3.8 A and
c=30.89A.

The RIXS spectra were collected with o incident polariza-
tion (perpendicular to the scattering plane) to maximize the
charge signal. The scattering angle was fixed at 150° and we
used a grazing-in geometry, which by convention means neg-
ative parallel transferred momentum q;, as shown in Fig. 1(g).

B. The Lang-Firsov localized models

The first model developed to describe the EPC in RIXS
experiments was the single-site model introduced in Ref. [34]
to describe lattice excitations generated at transition metal L
edges. The model was derived starting from the local Hamil-
tonian

H = cona + wob'b+M Y na(b+b"), (1)
o

where d] and b' represent the creation operators of a spin o
electron and local phonon mode, respectively, ny = ZU d; d,,
and M is the EPC constant, which is related to a dimensionless
coupling parameter g = (M/wy)?. This model is based on the
simplifying assumption that both the electrons and phonons
are local in the sense that they cannot travel through the lattice

at any stage of the RIXS process. In this limit, the RIXS
intensity can be computed exactly by use of a Lang-Firsov
transformation, yielding

1q. ) =Y IAA +iD)Powon — Q). (@)

where A is the detuning of the incident energy from the
resonant peak, I' is the half-lifetime of the intermediate state
of RIXS process, and

B, m(g)Bm O(g)
A=) ————
n(Z) ; 7 — a)o(m _ g) ’ (3)
with
p— n — S (_g)lg"_zm
Bym = (=1)"Vetn!m! ; (m—DU(n—m+1)! @

being the standard Franck-Condon factor (B, ,, is understood
to mean Bmax(n,m),min(n,m))-

Reference [42] recently generalized the single-site model
to the case where the localized electron couples to more than
one type of phonon. This generalization allows each phonon
to be coherently excited and is relevant to the cuprates where
we naturally expect coupling to different phonon branches.
Here, we consider the case with two types of phonon modes
(e.g., the bond-buckling and bond-stretching modes), again
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described by the local Hamiltonian [42]

H=cong+ Y _lw,blb, +Myna(b, +b)].  (5)
=12

The exact RIXS intensity can still be computed, yielding

1(q. ) = Cucate Y_ |An.m(A + ir>|28< > mow — Q)

i =12
(6)
where
A= Y D (gy, 82)D)0 (81 82) o
e A+il =3, ou(my — g3)

my,my

Here, Cye is an overall amplitude factor, independent of
momentum and detuning and applies to all phonon branches,
which we use to scale overall intensity to match the experi-
ment. The coefficients D in Eq. (7) are given by a product of
Franck-Condon factors

DZT,ZT(gl, g2) = Bn,,m, (gl)an,mg(gZ)’ (8)

where g, = (M), /w;)>.

The model’s coupling constants M, can be uniquely de-
termined by fitting the energy loss dependence of the lattice
excitations and their overtones. Since the relative intensities
of the phonon excitations and their overtones are insensitive to
an overall scaling of the profile, the prefactor Cycqe Will not af-
fect the extracted coupling constants; however, including this
factor allows us to account for additional overall modulations
in the intensity (e.g., from overlapping CDW excitations) that
are unrelated to the EPC.

We stress that both models neglect all electron mobility
involved in the RIXS scattering process. Nevertheless, rela-
tively simple expressions for the RIXS intensity [Egs. (2) and
(6)] are obtained from these approximations that are useful for
fitting experimental data. The parameters setting the intensity
of phonon excitations in both models are the EPC strength
of the different branches g;, the detuning energy A, and the
core-hole lifetime parameter I". Throughout, we treat g; as a
fitting parameter and set A based on experimental conditions.
We will also fix I' = 0.15 eV [36,46,47] for all samples in-
vestigated, since the intrinsic lifetime of the state is mostly
determined by Auger recombination rate and so independent
of the material studied.

A recent theoretical study in the single carrier limit [37]
found that the local model for the RIXS cross section produces
stronger phonon features in comparison to a fully itinerant
model. Moreover, the discrepancy between the models be-
comes more pronounced as the strength of the localizing
core-hole potential is reduced. This result suggests that fitting
a localized model to phonon spectra may underestimate the
strength of the EPC. In the single carrier limit, electron mo-
bility in the intermediate state can also introduce a momentum
dependence in the intensity of the phonon excitations that is
unrelated to the momentum dependence of the EPC constant
M(k, q). With these caveats in mind, we proceed by fitting
the experimental data with the localized model assuming that
doing so will allow us to extract general trends in the data.
Despite its limitations, this approach has no viable alternatives
at present. Other theoretical frameworks either neglect the

strong correlations [35,36], cannot handle multiple phonon
branches [47], or cannot treat finite carrier concentrations
[37], and it is unclear whether these approximations are more
or less drastic than the local approximation when modeling
cuprate spectra. Nevertheless, all these theoretical frameworks
indicate that the phonon peak intensity is positively correlated
with the EPC (with possible additional intensity variations
due to effects like orbital character or electron mobility). This
result holds independent of the model because phonons are
excited by the perturbed charge cloud around the atom during
the intermediate state of the RIXS process, and the strength
of this interaction is, by definition, the EPC. We therefore
proceed while accepting that the absolute values of any ex-
tracted couplings should not be uncritically equated to the
value entering a microscopic Hamiltonian.

III. EXPERIMENTAL RESULTS

A. RIXS spectra at O K edge

The x-ray absorption spectra (XAS) of our Bi2212 and
NBCO samples are displayed in Figs. 1(a) and 1(b), respec-
tively. It is easy to identify the Zhang-Rice singlet (ZRS)
pre-peak in the O K-edge XAS of Bi2212, which originates
from the hybridization of the in-plane O 2p, and Cu 3d,>_,
orbitals [48]. Both the energy and amplitude of the ZRS
peak change with doping as expected. On the other hand,
we observe two different structures in NBCO whose intensity
increases with doping: a main peak at 528.2 eV and another
peak at a lower energy (~527.6 eV). The former one is
associated with doped holes in the CuO, planes, while the
latter originates from the CuO chains, which act as a charge
reservoir in NBCO [48]. Our UD38 sample has short chains in
both in-plane directions due to the tetragonal structure, while
the OP92 sample has fully developed long chains, and due
to the twin structure, they exist in both in-plane directions.
The comparison between UD38 and the OP92 sample also
nicely highlights the decrease in spectral weight of the upper
Hubbard band (UHB) peak around 529.5 eV.

To investigate the electron-phonon interaction, we have
acquired RIXS spectra at different incident x-ray energies
across the doping-related resonances. Figures 1(c) and 1(d)
present an overview of the RIXS spectra for Bi2212 OP91 and
NBCO OP92, respectively. The incident energy of each scan
is indicated by the tick marks with the same color in Figs. 1(a)
and 1(b) for the two compounds. As highlighted in Fig. 1(e),
we recognize four features in the spectra: the elastic peak, the
phonons (and their overtones) below 0.2 eV, the broad charge
excitations peaked around 0.8 eV, and some higher-energy
excitations above 1.5 eV from dd and charge-transfer (CT)
excitations. Moreover, we also identify some spectral weight
around 0.5 eV, which could be due to broad bimagnon excita-
tions [49]. To highlight the phonon contribution to the spectra
and compare intensities between different samples at resonant
energy, we removed the elastic peak and normalized the spec-
tra to their respective dd+CT excitations as summarized in
Fig. 1(f). The phonon excitations have a larger spectral weight
in NBCO and the exciations in Bi2212 OD82 (p. = 0.19)
have a stronger intensity than those observed in the OP91 and
ODG66 samples.
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FIG. 2. XAS and phonon resonances in Bi2212 OP91 and NBCO OP92. (a), (b) XAS spectra (grey shade area), the spectral area of phonon
(orange circles), and charge-transfer excitations (green diamonds) for Bi2212 OP91 and NBCO OP92, respectively. The red and blue dashed
vertical lines indicate the chain and plane resonant energies in NBCO OP92, respectively. (c¢) RIXS spectra collected at the chain (red) and
plane (blue) resonances in NBCO OP92 after subtracting the elastic peaks for comparison.

To precisely determine the resonant energy of the phonon
signal (i.e., the energy at which the phonon intensity is max-
imum), we have extracted their integrated spectral weight.
This value was determined by removing the elastic peak and
charge excitations from RIXS spectra, and then integrating
the infrared region of the RIXS spectra (0—300 meV). As
a reference, we have also extracted the spectral weight of
CT excitations by integrating the spectra in a 3 eV window
centered around their maximum value. The integrated spec-
tral weight of the phonon and CT excitations are plotted
in Figs. 2(a) and 2(b) for Bi2212 OP91 and NBCO OP92,
respectively, normalized to their maximum value and su-
perimposed over the corresponding XAS spectra. We notice
that the one-dimensional breathing mode of the chains has a
stronger EPC strength than its two-dimensional counterpart,
which is evident from the higher intensity of its first overtone.

The intensity of CT excitations follows closely the XAS
spectra in both samples, confirming the stability of our in-
cident energy and the independence of the lifetime of the
intermediate state. However, the phonon has a large shift
of 200—250 meV relative to the maximum of XAS, both
in Bi2212 and NBCO. The presence and magnitude of this
energy shift are puzzling. A small displacement, of the order
of the phonon energy (*50—100 meV) between the maximum
of the XAS and the maximum of phonon intensity has been
observed before [30,50] and can be accounted for by the
localized Lang-Firsov model with a strong EPC and a long
core-hole lifetime. The large value observed here, however,
requires a different explanation. As suggested in Ref. [51],
a possible origin could be a change in the curvature of the
potential energy surface between the ground and intermediate
state of the RIXS process.

B. Energy detuning measurements

We initially attempted to use the energy detuning method
to extract the value of the EPC for the buckling and breathing
branches, which has been described in detail in Ref. [36]
and has been successfully applied at the Cu L3 edge [36,38].
This approach is based on the single-site model presented in
Sec. II B and consists of acquiring scans at different incident

energies, at and below the resonant peak in the XAS. The
EPC of the different phonon branches can then be extracted
by fitting the intensities of the different phonon branches (and
of their higher harmonics) with Eq. (6). To reduce the number
of parameters, we fit all the spectra for a given sample at the
same time, using a single overall scale factor and fixing I' =
0.15 eV [46,47]. In this way, the only free parameters are the
EPC strengths M, of the two branches and their energies €2;.
We have also subtracted the elastic peaks and considered only
the inelastic parts, since the elastic peaks can carry additional
contributions from other types of scattering.

As highlighted in Sec. III A, one difficulty is that the maxi-
mum of the phonon signal is displaced from the maximum of
XAS spectra by ~200—250 meV. While the employed model
can account for a small displacement between the two ener-
gies (of the order of w;,) in the strong coupling limit, the value
of M, that is needed is too large and would produce phonon
harmonics inconsistent with the RIXS spectra. Therefore, we
have decided to artificially put the zero of the detuning in the
model at the phonon resonance.

To test the validity of the detuning approach, we have used
two different data sets: the chain resonance of NBCO OP92
and the plane resonance of Bi2212 OP91. We chose the chain
resonance for NBCO for two reasons. First, it selects the one-
dimensional CuO chains as opposed to the two-dimensional
CuO; planes of Bi2212, which allows us verify whether there
are differences related to dimensionality. Second, the chain
resonance energy (527.6 eV) is lower than that of the plane
(528.2 eV). This difference means that the detuning energies
of the chain are not obscured by additional contributions from
the plane resonance, while the detuning energies of the plane
overlap with the chains.

The spectra with the corresponding fittings are presented in
Fig. 3. The solid orange and purple lines are the bond-buckling
and bond-stretching phonons including the overtones, respec-
tively, while the green shaded area represents the mixed
coherent multiphonons. However, it is evident from the
spectra that the detuning method does not reproduce the mea-
sured intensities for all incident photon energies. While the
agreement is quite good close to the resonance energy for both
cases, the calculated spectra far from the resonance signifi-
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FIG. 3. Detuning data on Bi2212 OP91 (left panels) and NBCO
UD38 (right panels). Incident energies were chosen around the plane
resonance for Bi2212 OP91 and of chain resonance for NBCO UD38
for the reasons discussed in the text. The momentum transfer was
(—0.15, 0) r.Lu. for Bi2212 OP91 and (—0.25, 0) r.L.u. for NBCO
UD38. Solid lines are the fitting curves, decomposed into the various
phonon branches, obtained through the global fitting discussed in the
main text. We have highlighted that, in the case of plane resonance
of Bi2212, the phonon resonance is shifted with respect to the maxi-
mum of the XAS. A failure of the model is evident at large detuning
energies.

cantly underestimate (by more than ~50%) the intensity of
the phonon branches.

The failure of the detuning method at the ligand K edge
is not completely unexpected given the very different nature
of the intermediate state between the Cu L3 and the O K
edges, and of the localized assumptions underpinning the
Lang-Firsov models. Indeed, at the Cu L3 edge, the excited
electron is more strongly bound to the core hole in comparison
to the O K edge. This means that the excited electron is
more free to propagate around the lattice during its lifetime
in the latter case. Reference [37] recently developed a model
for an intermediate state consisting of an itinerant electron
interacting with phonons and the core hole in an otherwise
empty band. One of the main results derived there is that the
detuning curves are quantitatively different from the localized
model; they have a weaker dependence on the EPC when
the core-hole potentials are weak and they generally decay
faster as a function of the detuning energy in comparison to
the localized model. We observe a small difference between
the decay of the intensity of the two phonon branches with
detuning, as evident from Fig. 3. This observation suggests

that the real situation close to the Fermi energy in cuprates is
intermediate between the two approaches. Despite the evident
failure in reproducing the RIXS spectra at energies away from
the resonance, it is still useful, for the subsequent discussion,
to report the values of the EPC extracted from this fitting. For
optimally doped Bi2212, we obtain M; = 120 £ 15 meV and
M, =95+ 15 meV for the buckling and breathing phonon,
respectively. Interestingly, these values are actually not far
from what has been measured at the Copper L; edge [36,38].

C. Effect of doping on EPC

Determining the EPC as a function of doping is crucial
for understanding its potential contribution to d-wave pairing.
For this purpose, we fit the RIXS spectrum at the resonant
energy using Eq. (6), after subtracting the elastic, charge, and
CT excitations from the data, as shown in Fig. 4. The size
and shape of the elastic peak are determined by measuring the
nonresonant spectra of silver paints or carbon tapes following
the standard procedure in previous studies [26,29,36,38]. As
discussed above, the use of Eq. (6) is likely to underestimate
the overall strength of the EPC, particularly at the O K edge,
where electron itinerancy in the RIXS intermediate state can
be more pronounced than at the Cu L edge [37]. We neverthe-
less proceed with Eq. (6) in a comparative analysis to identify
trends in the data, both as a function of doping and between
Bi2212 and NBCO. Presumably, the degree of itinerancy in
these systems is comparable for similar doping levels. Thus,
the analysis for both samples should be subject to the same
systematic error when applying the local model to the data.
One should keep in mind that the absolute magnitudes of EPC
constants extracted in this analysis cannot be mapped directly
onto the M, (q) entering in any microscopic Hamiltonian.

To fit the data, we consider the coherent contribution
from two phonon modes—one from the bond-buckling branch
(w1 =~ 40 meV) and one from the bond-stretching branch
(wp, >~ 70 meV)—while treating the coupling strengths M,
as fitting parameters. We also introduce a prefactor Cycye,
which multiplies the entire spectrum by a constant amount.
We are able to obtain a consistent fit to the doping-dependent
RIXS spectra using this approach. The doping evolution of the
extracted amplitude Cy.q. for the Bi2212 sample are plotted
in Figs. 4(c)—4(e) for different momentum transfers, while the
corresponding M, values are displayed in Figs. 4(f)—4(h). For
comparison, we have also overlaid the doping dependence
of the phonon amplitude and the extracted M, in NBCO at
H = —0.25 r.1.u. in Figs. 4(c) and 4(f), respectively. Notably,
the values of the extracted coupling in Bi2212 and NBCO are
almost identical at optimal doping, which provides additional
post hoc justification for our comparative approach.

For momentum transfer H = —0.25 r.l.u., we find that
the EPC of the lower-energy buckling mode is stronger
than the EPC of the breathing mode in both samples and
for all measured doping levels. This observation is con-
sistent with the previous Cu L-edge RIXS measurements
on NBCO samples for small momentum transfers [36] and
prior ARPES experiments that infer the strongest coupling
to the bond-buckling phonon modes [4,6,9,17]. As the hole
concentration increases, we find that the extracted M values
for both branches decrease monotonically at H = —0.25 r.L.u..
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FIG. 4. (a) Fits of RIXS spectra after subtracting the high-energy excitations for Bi2212 OD82, taken at momenta transfer H = —0.2 r.L.u..
Elastic peak is fitted by a Gaussian function determined by the energy resolution. The phonon excitations are fitted with the Frank-Condon
model considering two phonons, i.e., the buckling mode (~40 meV) and stretching mode (~70 meV). (b) Phonon components are shown after
subtracting the elastic peak. (c)—(e) Doping dependence of phonon amplitude for Bi2212, which shows a maximum at p, = 0.19. The phonon
amplitude of NBCO is also shown in (c) and divided a factor of 2 to be close with the data of Bi2212. (f)—(h) Doping dependence of the
electron-phonon coupling strengths M for both NBCO and Bi2212. The SC phase diagram [52] of cuprates (shaded area) is displayed in (f).

This behavior can be understood as being a consequence of the
improved electronic screening as the system becomes more
metallic [17]. The situation is quite different for smaller mo-
menta. For H = —0.20 r.l.u., the inferred EPC constants are
very weakly dependent on doping, while at H = —0.15 r.lL.u.
the doping dependence even becomes nonmonotonic, with
both branches becoming more strongly coupled near p, =
0.19. Interestingly, we notice that the phonon peak amplitude
of Bi2212 exhibits a maximum at the pseudogap boundary
doping of p. = 0.19, at three momenta. Moreover, an ARPES
study of Bi2212 revealed a rapid change of bosonic coupling
strength across the pseudogap boundary [8]. Whether the two
phenomena are related and what are the underlying reasons
for the behavior are still unclear.

The doping dependence summarized here in both com-
pounds is consistent with the poor screening scenario
discussed in Ref. [17]. There it was shown that the poor
conductivity perpendicular to the CuO, plane results in
a nonuniform screening of the electron-phonon interaction
whereby it was well screened for large momentum transfers
but poorly screened at small q. The suppression of large q
coupling relative to small q will increase the EPC in the d-
wave channel, suggesting that the contribution of these modes
to pairing increases as the doping increases and may become
largest at optimal doping.

D. Influence of CDW on EPC

Both optimally doped NBCO [53,54] and Bi2212 [55-57]
present a CDW ordering with gcpw =~ 0.29 r.l.u., though the
CDW signals become weaker with respect to underdoped
samples [54]. Previous RIXS studies at Cu L3 edge and O K
edge on doped cuprates have found an anomalous enhance-
ment of phonon intensity near the CDW wave vector, which
is ascribed to the presence of dispersive CDW excitations that
overlap and interfere with the phonon excitations [26,29]. We
have, therefore, searched for possible enhancements of EPC of
buckling and breathing branches due to the presence of charge
order.

Employing again the generalized Lang-Firsov model
[Eq. (6)] that accounts for coupling to both modes, we have
extracted the evolution of the EPC values and the overall
scaling prefactor along the (H, 0) direction. Figure 5 shows
the momentum dependence of the phonon amplitudes (Cycyie)
and M, values in optimally doped Bi2212 and NBCO. Ev-
idently, the phonon amplitudes increase monotonically on
approaching the gcpw. At the same time, the EPC does not
show a clear trend with M larger than M, for all our measured
momenta. These results indicate that while the phonon exci-
tations increase in intensity in proximity of gcpw, there is no
clear corresponding enhancement in the EPC; this conclusion
is also confirmed by the absence of any relative enhance-
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ment of the phonon overtones near the ordering wave vector.
One possible explanation is an overlapping contribution to
the quasielastic line of CDW fluctuations with finite energy
[58]. One should, therefore, be careful in interpreting the bare
phonon intensity as the EPC strength in the vicinity of charge
instabilities, and the explanation of this discrepancy remains
a topic for further investigation.

IV. CONCLUSIONS

We have measured the phonon dynamics in two families
of cuprate superconductors as a function of incident energy,
momentum, and doping, ranging from strongly underdoped
to overdoped samples. Our experimental results highlight that
the localized Lang-Firsov model does not describe phonon
spectra when the incident energy is detuned away from the
resonance peak. We believe that this discrepancy is a finger-
print of an itineracy of the excited electron and phonon cloud,
something which is not captured in the localized model [37].
The detuning method, which has been successfully applied at
the Cu L edge to extract the EPC, is therefore not applicable
at the O K edge within the present theoretical framework.

By extracting the momentum and doping dependence of
EPC measured at resonant x-ray energy, we have revealed
a systematic decrease of EPC with increasing doping from
strongly underdoped to overdoped samples at high momentum
transfer, while closer to the I" point EPC seems to be less
affected by screening, consistent with previous calculations

[17]. We have also detected an anomalous dependence of
phonon intensity close to the CDW wave vector. However,
we have revealed that momentum dependence of the EPC
measured at the O K edge is different from what measured
at Cu L edge [36], implying that the RIXS cross section con-
tains additional form factors. The present results show that
investigations of the phonon dynamics by O K-edge RIXS in
the presence of delocalized electrons has to be made with pre-
cautions in the framework of the models developed so far, and
new approaches have to be developed to reach a quantitative
reliability of results.
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APPENDIX

Sample characterization

NBCO samples were prepared as described in
Refs. [59,60]. Epitaxial thin films were deposited by high oxy-
gen pressure diode sputtering on 10 x 10 mm? SrTiO3(100)
single crystals. The substrates were etched in a BHF solution
(pH = 5.5) and annealed at 950 °C in 10 Torr of pure oxygen.

Optimally and underdoped NBCO films were deposited
using targets of Ndg 97Ba; 03Cu3O7 and Nd, ;Ba; §Cu307, re-
spectively. The Nd excess at the Ba site gives rise to a reduced
hole-carrier concentration and to underdoping, but structural
and morphological properties of the films are similar to the
optimally doped films. The films were deposited in an at-
mosphere composed of 95% of oxygen and 5% argon, at a
pressure of 1.7 Torr. The deposition temperature was 920 °C
and the growth rate was about 0.01 nm s~!. Subsequently, the
temperature was reduced to 500 °C while keeping the pressure
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constant and the chamber was filled with 400 Torr of pure
oxygen. The samples were then annealed in this condition to
reach full oxygenation. The rocking curves around the (001)
and (005) reflections of all films deposited are characterized
by a FWHM of 0.03° and 0.08°, respectively, comparable with
the resolution of our diffractometer [59]. This result indicates
a very small orientation misalignment between individual is-
lands in each sample. The structural coherence along the ¢
axis of the NBCO films extends to the entire thickness, as
demonstrated by the presence of well-defined Pendellosung
fringes around the (001) peak, even for films thicker than
100 nm. More details can be found in Refs. [59-61]. The
resistance of the NBCO samples is reported in Fig. 6(a) as
a function of temperature, highlighting the suerconducting
transition temperature 7;.

Optimally doped Bi,Sr,CaCu;0s, s (Bi2212, OP91) single
crystals were grown by the traveling solvent floating zone
method [62,63]. Overdoped Bi2212 samples were prepared
by annealing the optimally doped sample in a high-pressure
oxygen atmosphere [64]. The overdoped Bi2212 sample with
T. ~ 82 K (OD82) was obtained by annealing in 0.2 Mpa
oxygen at 500 °C for five days. The heavily overdoped Bi2212
sample with 7. ~ 66 K (OD66) was obtained by annealing
in 12 Mpa oxygen at 550 °C for five days. All samples have
high quality which exhibit sharp superconducting transitions
with a transition width of ~2 K, as shown in Fig. 6(b). The
temperature dependence of the AC magnetic susceptibility
was measured using a Quantum Design MPMS XL-1 system
with a low magnetic field of 1 Oe.
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FIG. 6. (a) Resistance of the underdoped and optimally doped
NBCO epitaxial films as a function of temperature. (b) Magneti-
zation measurements of the Bi2212 single crystals as a function of
temperature in a magnetic field of 1 Oe. The horizontal dashed line
is the zero of magnetization.
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