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We provide a novel experimental method to quantitatively estimate the electron-phonon coupling
and its momentum dependence from resonant inelastic x-ray scattering (RIXS) spectra based on
the detuning of the incident photon energy away from an absorption resonance. We apply it to the
cuprate parent compound NdBa2Cu3O6 and find that the electronic coupling to the oxygen half-
breathing phonon mode is strongest at the Brillouin zone boundary, where it amounts to ∼ 0.17 eV,
in agreement with previous studies. In principle, this method is applicable to any absorption reso-
nance suitable for RIXS measurements and will help to define the contribution of lattice vibrations
to the peculiar properties of quantum materials.

The interaction between electrons and lattice vibra-
tions determines a variety of physical properties of con-
densed matter. The electron-phonon coupling (EPC)
influences the temperature dependence of the resistiv-
ity in metals, can be responsible for the renormaliza-
tion of the effective mass of carriers and enables optical
transitions in indirect-gap semiconductors. In conven-
tional superconductors, the EPC drives the formation of
bosonic bound states of electrons (the Cooper pairs) [1].
In unconventional superconductors such as copper oxides
(cuprates), the role of the EPC is lively discussed [2–
11]. Though a purely phonon-mediated mechanism can-
not account for the high critical temperatures observed
in doped cuprates, the electron-lattice interaction may
enhance pair binding when it operates in synergy with a
dominant mechanism [12–17].

Experimental probes assessing the EPC include inelas-
tic neutron and x-ray scattering (INS and IXS, respec-
tively) [18, 19], Raman spectroscopy [20, 21], and angle-
resolved photoemission spectroscopy (ARPES) [22, 23].
Resonant inelastic x-ray scattering (RIXS) has emerged
as a complementary technique that enables to directly
quantify the momentum-dependent coupling strength be-
tween a given phonon mode and the photoexcited elec-
tron [24–26]. The excitation of lattice vibrations dur-
ing the scattering process is schematically illustrated in
Fig. 1(a) for the specific case of the Cu L3 edge of a
cuprate material. A resonant incident photon excites
a 2p core electron into the unoccupied 3dx2−y2 orbital.
During the intermediate state, the extra electron locally
alters the charge density and repels the nearby O ions.

The distorted lattice can be described by a coherent su-
perposition of phonons. When the electron decays, the
lattice is left in an excited state. The core hole is usually
believed to be fully screened and therefore ineffective in
the creation of phonons [24, 25]. In the limit of weak and
intermediate EPC, the RIXS phonon intensity is directly
proportional to the coupling between the photoexcited
electron and the phonon and to the intermediate-state
lifetime [24].

An estimate of the EPC on an absolute scale from
RIXS spectra has been obtained from the ratio between
the phonon intensity and its first overtone [24, 27–31].
However, this approach is limited to measurements where
phonon satellites are detected. Vibrational overtones are
observed only in gaseous samples [32, 33] and systems
with narrow resonances (i.e. long-lasting intermediate
states, e.g. oxygen K edge) and/or strong EPC [27–31].
As a matter of fact, in most RIXS spectra an unam-
biguous determination of phonon overtones is not pos-
sible. This Letter introduces a novel approach suitable
to all absorption edges and materials for the determina-
tion of the EPC from RIXS spectra. We demonstrate
that energy-detuned RIXS experiments allow to evalu-
ate the momentum-dependent EPC in the system under
study. Indeed, the EPC can be estimated by comparing
the measured incidence-energy dependence of the phonon
intensity with predictions based on available theoretical
models. We apply the novel method to the cuprate par-
ent compound NdBa2Cu3O6 (NBCO). We find that the
coupling strength of the electrons to the oxygen bond-
stretching mode is ∼ 0.17 eV close to the antinodal point
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Figure 1. (a) Schematics of phonon generation during the RIXS process. Phonons are created during the intermediate state
when the extra electron in the 3dx2−y2 state locally modifies the charge density and perturbs the lattice. (b) XAS spectrum of
NBCO close to the Cu L3 resonance. Arrows point to the incident photon energies at which the RIXS spectra were measured.
(c) RIXS spectra of NBCO measured at in-plane momentum transfer h = −0.4 r.l.u. as a function of the detuning energy
Ω. Spectra are normalized to the incident photon flux. (d) Close-up of panel (c) showing the low-energy region of the RIXS
spectra.

and decreases towards the Brillouin zone center, in agree-
ment with previous studies [17, 25, 34, 35].

NBCO films with a thickness of 100 nm were deposited
on single-crystalline SrTiO3(100) substrates by high oxy-
gen pressure diode sputtering, as detailed in Ref. [36].
High energy resolution Cu L3 edge RIXS measurements
were performed at the beamline ID32 of the ESRF – The
European Synchrotron (France) using the ERIXS spec-
trometer [37]. The overall energy resolution was 32 meV.
The incident photon polarization was set perpendicular
to the scattering plane. The scattering angle was fixed
at 149.5◦. Measurements have been performed at 20 K.
Additional experimental details are reported in the Sup-
plemental Material [38].

Figure 1(c) shows the RIXS spectra of NBCO collected
at in-plane momentum transfer q‖ = (h, 0) = (−0.4, 0)
r.l.u. as a function of the detuning energy Ω = ω − ωres,
where ω is the incident photon energy and ωres is the reso-
nant energy [maximum of the x-ray absorption spectrum
(XAS), Fig. 1(b)]. The spectra are normalized to the in-
cident photon flux and energy-dependent self-absorption
effects have been estimated and corrected for [38]. In
RIXS spectra of undoped cuprates, sharp excitations are
observed. Phonons populate the energy range down to
∼ −0.1 eV, magnetic excitations extend until ∼ −0.6 eV,
and electronic transitions within the 3d manifold (dd ex-
citations) are observed between ∼ −1 and −3 eV. The
apparently trivial decrease of spectral intensity upon de-
tuning is remarkably rich in information: Fig. 1(c) sug-
gests that the intensity ratio of the magnon and the dd
excitations is kept constant upon detuning. Instead, the
close-up on the low-energy region of the RIXS spectra
[Fig. 1(d)] shows that the intensities of the phonon peak
at −70 meV and of the bimagnon decrease faster than the

one of the magnon. We here underline that the choice of
momentum transfer allows to safely decouple magnetic
and lattice excitations [18, 39].

The spectra have been fitted using Gaussian line-
shapes, as shown in Fig. 2(a) for the spectrum mea-
sured with Ω = 0. Besides the elastic line, the fit re-
veals the presence of two resolution-limited excitations at
−20 meV and −70 meV, and a broad distribution peaked
around −120 meV. Following previous studies of NBCO
and isostructural YBa2Cu3O7−δ [3, 18, 40–43], the exci-
tation at −20 meV is given by the envelope of low-energy
phonons, while the one at −70 meV is attributed to the
Cu-O bond stretching (BS) mode (half-breathing mode).
The broad distribution at 120 meV is attributed to weak
unresolved phonon overtones. The single spin-flip exci-
tation is located at −270 meV, while bimagnon excita-
tions extend down to ∼ −600 meV [39]. The spectral
weights of the relevant features are plotted in Fig. 2(b)
as a function of the detuning energy together with the
XAS (shaded area), which indicates the expected inten-
sity dampening. The weight of each feature is plotted
relatively to its corresponding value at resonance. It is
evident that the single magnon (upward triangle) and
the dd excitations (squares) follow the trivial intensity
decrease of the XAS, while the BS mode (filled circles)
and the bimagnon (downward triangles) display a faster
decrease upon detuning.

In order to interpret the softening of the spectral in-
tensities with Ω, we consider the formal concept of the
effective duration τ of the scattering process and its re-
lationship with the detuning energy. When the incident
photon energy is set close to the resonance maximum
(|Ω| � Γ, where Γ is the half width at half maximum
of the resonance), the duration time is dictated by the
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Figure 2. (a) Fit (solid line) of the low-energy region of the
RIXS spectrum of NBCO (circles) measured at h = −0.4 r.l.u.
and Ω = 0. The single Gaussian features are also plotted. (b)
Detuning dependence of the spectral weight of the excitations
(symbols) compared to the XAS spectrum (shaded area). (c)
Detuning dependence of the BS mode (filled circles) and ex-
pected phonon intensity dampening calculated from Eq. 2
with parameters Γ = 0.28 eV, ω0 = 0.07 eV, and M = 0.18
eV (solid line).

intrinsic intermediate-state lifetime, according to Heisen-
berg’s uncertainty principle: τ ≈ 1/Γ. When the incident
photon energy is tuned far from the resonance (|Ω| � Γ),
the effective duration of the scattering process is limited
by the detuning energy: τ ≈ 1/|Ω| [44]. In the inter-
mediate regime (|Ω| ∼ Γ), one can define an effective
intermediate-state lifetime as τ ≈ 1/

√
Ω2 + Γ2 [45–47].

Note that the scattering time is the longest at resonance.
The idea of an effective duration has been already used,
e.g., to explain the reduction of vibrational overtones in
energy-detuned RIXS spectra of O2: upon detuning, the
system is given less time to induce multiple vibrations
[32]. A detailed treatment of the effective duration time
of the scattering process falls outside of the purpose of
this Letter, and the interested reader is referred to the
relevant literature [44–46, 48–52].

Having introduced the notion of an effective scatter-
ing time, we classify ‘fast’ and ‘slow’ excitation processes
on the basis of their behavior upon detuning. When the
detuning energy is increased, i.e. the scattering time is
decreased, ‘fast’ processes are unaffected, and will show
a trivial intensity decrease that follows the XAS profile.
This is the case of magnon and dd excitations, which
are instantaneous processes that involve a quick redis-
tribution of the electronic density. On the other hand,

‘slow’ processes are penalized by a decrease of the scatter-
ing time, and will be weakened below the XAS threshold.
This is what happens to phonons, which need longer exci-
tation times since they involve the movement of the heavy
nuclei. Pump-probe experiments have revealed that in
cuprates the coupling of electrons to phonons occurs in
an average time of ∼ 100 fs [53–57], much longer than the
core-hole lifetime (∼ 3 fs). It is not surprising that the
phonon intensity is significantly reduced when the core-
hole lifetime is effectively shortened by a factor 3 for the
largest detuning. We note that the bimagnon excitation
can also be classified as a slow process, contrary to the
magnon excitation [58, 59]. In this Letter, we will focus
our attention on the BS phonon mode.

In order to quantitatively estimate the EPC, we re-
fer to the RIXS phonon model developed by Ament et
al. [24, 60]. For convenience, we report here the relevant
equations. The Hamiltonian H that couples a single elec-
tronic state to a single Einstein oscillator of energy ω0 is
[24, 60]:

H =
∑
i

ω0b
†
i bi +Mc†i ci(b

†
i + bi), (1)

where the sum runs over all sites i; b† (b) and c† (c)
are the creation (annihilation) operators for phonons and
electrons, respectively; and M parametrizes the EPC
strength. The assumption of Einstein phonon modes is
a crude approximation, but it allows to derive a sim-
ple analytical expression for the RIXS phonon intensity
[24, 60]:

Iph ∝
e−2g

g

∣∣∣∣∣
∞∑
n=0

gn(n− g)

n! [Ω + iΓ + (g − n)ω0]

∣∣∣∣∣
2

, (2)

where g = (M/ω0)2 is the dimensionless EPC strength.
By constraining Γ to 0.28 eV for Cu L3 edge [61] and ω0

to 0.07 eV as determined from the RIXS data, the only
free parameter is the coupling strength M . By mapping
the decrease of the phonon intensity upon detuning, the
EPC is obtained. A least-squares fit of the data gives
the optimal value of M = (0.18 ± 0.03) eV. Figure 2(c)
displays the detuning dependence of the phonon spectral
weight (filled circles) and the intensity drop calculated
from Eq. 2 by setting M to the optimal value (solid line).

Once the EPC has been calibrated at a specific mo-
mentum transfer, it is possible to obtain its momentum
dependence. The procedure is illustrated in Fig. 3. Panel
(a) displays a series of RIXS spectra of NBCO measured
with Ω = 0 at different momentum transfers along the
(1, 0) direction. The fit of the data (not shown) allows
for the extrapolation of the dispersion [Fig. 3(b)] and the
spectral weight [Fig. 3(c)] of the BS mode as a function
of h. The spectral weight at h = −0.4 r.l.u. has been set
to unity. By comparing the relative change of the mea-
sured phonon intensity to the relative intensity change as
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Figure 3. (a) RIXS spectra of NBCO measured at resonance
(Ω = 0) as a function of in-plane momentum transfer h. Dis-
persion relation (b) and spectral weight (c) of the BS mode as
obtained from the fit of the data. (d) Theoretical phonon in-
tensity dependence on the coupling strength computed with
Ω = 0, Γ = 0.28 eV, and ω0 = 0.07 eV. The intensity is
set to 1 at M = 0.18 eV. (e) Momentum dependence of the
EPC (filled circles) compared to the theoretical scaling law
of the coupling to the BS mode according to Ref. 62. The
open circle is the EPC estimated from energy-detuned RIXS
measurements at h = −0.166 r.l.u.

a function of M computed with Eq. 2 [Fig. 3(d)], the mo-
mentum dependence of the EPC is extracted. The result
is reported in Fig. 3(e) (filled circles). We neglect the role
of the RIXS matrix elements since the dominant contri-
bution coming from the parallel polarization channel is
constant along the (1, 0) direction [63, 64].

The internal coherence of our approach is tested by
evaluating the EPC strength from energy-detuned RIXS
spectra measured at a different momentum, namely h =
−0.166 r.l.u. [38]. We obtain M ≈ 0.12 eV [open circle
in Fig. 3(e)], in fairly good agreement with the estimated
scaling law. The discrepancy (20%) may be due to an
inaccurate evaluation of the EPC at h = −0.166 r.l.u.
resulting from a RIXS phonon signal already weak at

Ω = 0 and even weaker upon detuning.

The strength [34, 35] and momentum dependence
[17, 62, 65] of the EPC is consistent with previous stud-
ies. The scaling law of the EPC strength of the BS mode
can be derived from symmetry grounds and is found to
be ∝ | sin(πh)| [17, 62, 65]. This behavior is reported in
Fig. 3(e) (dashed line), where the overall scaling factor
of 0.17 eV is obtained through a least-squares fit. The
good agreement between our results and previous works
makes us confident on the validity of our approach. The
relatively large value of the coupling strength of the BS
mode (M/ω0 ∼ 2.5) renews the interest in the role of the
EPC in cuprates. Though it is established that coupling
to phonon modes alone cannot explain the high critical
temperatures of superconducting cuprates, several stud-
ies point out that lattice vibrations may cooperate with a
dominant pairing mechanism and enhance superconduc-
tivity [12–17]. Moreover, some controversies are found
related to the role of the half-breathing phonon branch,
which may give rise to an attractive [14, 15] or repulsive
[16, 65] interaction.

Our pioneering work paves the way to future stud-
ies of phonons in cuprates and related quantum mate-
rials, that will provide complementary information with
respect to nonresonant inelastic scattering and ARPES.
Indeed, INS, IXS and Raman spectroscopy measure spec-
tral functions of a single phonon mode influenced by scat-
tering with all electrons in the system, while ARPES
measures the coupling of a single electronic state to all
phonon modes [19]. In RIXS, the unobserved inter-
mediate state prevents a complete characterization of
the specific electronic state that couples to the phonon
mode in terms of momentum and energy relative to the
Fermi surface. Nevertheless, the direct link between
the RIXS phonon intensity and the EPC allows to re-
cover unmatched quantitative information on the cou-
pling strength from RIXS spectra.

To summarize, we demonstrated that energy-detuned
RIXS experiments offer a novel way to determine the
EPC in a quantitative manner. Our approach has been
used to find the coupling strength between the photoex-
cited electron and the Cu-O BS mode in the cuprate par-
ent compound NBCO. From the relative change of the
phonon intensity as a function of momentum transfer, the
momentum dependence of the EPC has been determined.
Since this method can be straightforwardly extended to
other phonon branches and compounds, energy-detuned
RIXS measurements may represent a powerful tool to ex-
tract unique information on the influence of the lattice
excitations on the properties of several classes of quan-
tum materials. RIXS has played a major role in the study
of the electronic and magnetic dynamics of complex sys-
tems. In view of the design and construction of new in-
struments with unprecedented resolving power, this tech-
nique is expected to play a pivotal role in the study of
electron-lattice interaction in the near future.
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