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Recent improvements in the energy resolution of resonant inelastic x-ray scattering experiments
(RIXS) at the Cu-L3 edge have enabled the study of lattice, spin, and charge excitations. Here,
we report on the detection of a low intensity signal at 140meV, twice the energy of the bond-
stretching (BS) phonon mode, in the cuprate superconductor Bi2Sr2CaCu2O8+x (Bi-2212). Ultra-
high resolution polarimetric RIXS measurements allow us to resolve the outgoing polarization of
the signal and identify this feature as a two-phonon excitation. Further, we study the connection
between the two-phonon mode and the BS one-phonon mode by constructing a joint density of
states toy model that reproduces the key features of the data.

I. INTRODUCTION

In recent years, the resolving power of resonant in-
elastic x-ray scattering (RIXS) in the soft x-ray regime
has improved dramatically to factors of up to 30,000 [1].
This gain in resolution has allowed for the observation
of novel low-energy features and the disentanglement of
known spectral features. Such advancements have en-
abled RIXS studies of different phenomena in cuprate
high-temperature superconductors, including charge or-
der and associated dynamic fluctuations, phonon anoma-
lies, spin excitations, and plasmons [2–9]. In the under-
doped cuprate Bi2Sr2CaCu2O8+x (Bi-2212), the Cu-L3

RIXS energy-loss spectrum below 1 eV encompasses an
elastic line, a bond-stretching (BS) phonon at approxi-
mately 70meV, and broader features related to damped
spin excitations, typically called paramagnons [10]. The
improvement in RIXS energy resolution has also enabled
the detection of a mode with an energy of approximately
140meV. Although a peak corresponding to this mode
is often included when curve-fitting the Bi-2212 RIXS
spectrum [11], its origin has not yet been experimentally
determined. The energy of this mode falls in a region of
interest for Bi-2212 and, as a result, we identified its com-
patible potential origins to be either excitations across
the pseudogap [12], a two-phonon process, or a feature
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found via Raman spectroscopy and interpreted as a pos-
sible charge order gap [13].

The origin scenarios can be distinguished by resolv-
ing the polarization of the scattered x-rays. Most
RIXS measurements on the cuprates are performed with-
out outgoing-polarization analysis because of both the
scarcity of capable experimental set-ups and the intensive
counting times that a polarimetric Cu-L3 RIXS experi-
ment requires to achieve the same signal-to-noise ratio
(SNR) as a standard RIXS measurement. Here, we re-
port the detection and characterization of the 140meV
mode via standard RIXS mapping of the qx-qy scatter-
ing plane and a state-of-the-art polarimetric RIXS exper-
iment.

The standard RIXS mapping reveals that the spectral
intensity in the vicinity of the 140meV mode monotoni-
cally decreases with in-plane momentum-transfer mag-
nitude, q = |q|, and is independent of the in-plane
momentum-transfer direction, φ. We argue that this re-
sult eliminates the possibility the mode originates from
a charge order gap scenario, where one would expect
the mode to exhibit a change in momentum-structure
near the charge order wavevector of q≈0.29 r.l.u. and
φ=0°. The polarimetric measurement reveals that the
140meV mode is in the σ-σ′ channel, where the un-
primed (primed) symbol represents the incident (outgo-
ing) photon polarization. We argue that this result elim-
inates the possibility the mode originates from a pseu-
dogap, which would be prominent in the σ-π′ channel,
and indicates a two-phonon process. Furthermore, in
the standard RIXS measurements, the mode appears to
decrease in intensity with q, unlike the BS one-phonon
mode which monotonically increases in intensity. Thus,
in order to understand the contrasting behaviors of these
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two modes, we model the RIXS intensity of the two-
phonon mode as the joint density of states (JDOS) of
the BS phonon to capture the behavior of the 140meV
mode. The polarimetric data, model, and analysis con-
jointly determine the 140meV signal to originate from a
two-phonon scattering process.

II. EXPERIMENTAL DETAILS

For all RIXS measurements, the incoming photon en-
ergy was set to the Cu-L3 absorption peak at 931.5 eV
and the incoming polarization was set to be in the sam-
ple a-b plane (perpendicular to the scattering plane), i.e.
incoming σ-polarization, with the detector positioned at
the maximum 2θ. Samples were cleaved just prior to their
insertion in the ultra-high-vacuum environment of the
RIXS chambers. The measurements were performed on
two similar underdoped Bi-2212 samples at their respec-
tive superconducting transition temperatures (Tc = 60K
and Tc = 54K).

Standard RIXS Configuration – To detect the 140meV
mode, we performed standard Cu-L3 RIXS measure-
ments at Diamond’s I21 beamline [14]. For each stan-
dard RIXS mapping, see Fig. 1, we acquired RIXS spec-
tra at different values of q, where q is defined as the
in-plane component of momentum-transfer such that
q =

√
h2 + k2, by varying the incident angle, θ, on the

sample. Values of q are reported in reciprocal lattice
units (r.l.u.), where one r.l.u. is defined as 2π/a and
a = 3.82 Å (the distance between nearest neighbor Cu
atoms).

Standard RIXS mappings were taken for five φ-values,
φ = 0°, 25°, 30°, 35°, and 45°, where φ is defined as the
azimuthal angle between the measured q and the Cu-
O bond direction in the Cu-O plane of the sample, see
Fig. 1(d). Measurements were taken at 60K, with an en-
ergy resolution of ∆E = 37meV. The detector was po-
sitioned at 2θ = 154°. The standard (non-polarimetric)
RIXS data used here is the same data set as used in
Ref. [6] to map the energy-momentum structure of the
BS phonon (E ≤ 72meV) and to detect quasi-circular
dynamic correlations associated with charge order in Bi-
2212. In the present report, we analyze a different feature
of this data, the signal at E ≈ 140meV.

Polarimetric RIXS Configuration – To resolve the
mode’s outgoing polarization, we performed polarimet-
ric Cu-L3 RIXS measurements at ESRF’s ID32 beamline
[1], the only beamline in the world capable of resolv-
ing outgoing polarization in the soft x-ray regime. The
polarimetric RIXS measurements (Fig. 2) were taken at
φ = 45°, q = 0.25 r.l.u., T = Tc = 54K, with an en-
ergy resolution of ∆E = 41meV. The detector was po-
sitioned at 2θ = 149.5°. In this mode of operation, two
consecutive spectra are taken with and then without a
multilayer mirror to resolve the polarization of the scat-
tered photons [15]. In the direct measurement (standard
RIXS configuration), shown in the inset of Fig. 2(a), in-
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FIG. 1. Soft X-ray RIXS data at T=Tc = 60K for various
φ and θ orientations in a Bi-2212 sample. (a-c) Energy-loss
RIXS spectra mapped along q, at 3 different φ-values. The
color bar in (b) applies to (a-c). The elastic line, marked by
dashes white lines, has been subtracted from the original data
to emphasize the lower-intensity peaks. Raw data is shown in
Fig. S1 of supplemental material. (d) Definition of φ as the
angle measured from the Cu-O direction and corresponding q-
space orientation. (e) Stacked individual energy-loss spectra
at 5 different φ orientations at q=0.20 r.l.u.. For clarity, the
spectra are vertically offset by equal amounts. The arrow and
dashed line identify the 140meV mode of interest.

coming σ-polarized x-rays scatter from the sample. The
scattered outgoing light, composed of mixed σ′ and π′-
polarized rays, is collected on a charge-coupled device
(CCD) detector. In the indirect, polarimetric measure-
ment, shown in the inset of Fig. 2(b), the outgoing light
reflects from a multilayer mirror with different reflectivi-
ties for σ′- and π′-polarized light before it is collected on a
second CCD detector. Due to the low reflectivities of the
mirror (Rσ ≈ 0.1 and Rπ ≈ 0.05 for σ′- and π′-polarized
light, respectively), the indirect signal measurement re-
quires a ten-fold increase in counting times to maintain
a reasonable SNR. In previous polarimetric RIXS mea-
surements, the acquisition time was often shortened by
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compromising on energy resolution (∆E ∼ 90meV) to
increase flux [4, 16]. However, ultra-high energy resolu-
tion (∆E ∼ 40 meV) is required to detect the relatively
lower intensity 140meV mode. The direct and indirect
spectral intensities are given by

Idirect = Iσ′ + Iπ′ (1)

Iindirect = Rσ′Iσ′ +Rπ′Iπ′ (2)

From here, the outgoing σ′- and π′-polarized spectra can
be calculated, using

Iπ′ =
Iindirect −Rσ′Idirect

Rπ′ −Rσ′
(3)

Iσ′ =
Iindirect −Rπ′Idirect

Rσ′ −Rπ′
(4)

III. RESULTS

Figures 1(a-c) shows RIXS energy-momentum maps
for three different azimuthal orientations. To highlight
the lower intensity features, we show the spectra, in the
range between -50 and 300 meV, after subtraction of the
elastic line. In this energy range, these spectra feature
the well-known BS phonon at approximately 70meV and
broad spin excitations stretching across the entire energy
range. A third feature is also visible, appearing as a
soft streak of intensity at roughly constant 140meV en-
ergy, observed in all measured φ-orientations. The RIXS
spectra at q = 0.20 r.l.u. for different φ orientations are
shown in Fig. 1(e), where the 140 meV feature is clearly
visible. The spectral intensity in this energy region has
no apparent φ-dependence and decreases monotonically
with higher q.

Given the energy scale of the mode, we hypothesize
three possible origin scenarios: a peak related to pseudo-
gap, a two-phonon process, or a possible charge order gap
[13]. First, below 150K, Bi-2212 has well-known pseudo-
gap with an energy of 140meV across the gap [12]. Sec-
ond, 140meV is approximately twice the energy of the
BS phonon, which is weakly dispersing in the absence of
charge order. Third, Raman measurements have found a
signal in Hg- and Y-based cuprates, with an energy that
is compatible to the 140meV mode, which develops be-
low the respective charge order transition temperatures
and is proposed to reflect a charge order gap [13].

In the charge order gap interpretation, one expects a
spectral feature with a significant change in the energy-
momentum structure in the vicinity of q ≈ qCO [17]. As
the mode exhibits no detectable anomalies in intensity
or energy in the charge order regime [See Supplemental
Material Sec. X and XI for details [18]], the charge or-
der gap scenario is unlikely. However, without outgoing
polarization resolution, no definitive conclusions can be

made regarding the pseudogap or two-phonon process as
the origin of the mode.
In Raman spectroscopy, the pseudogap feature ap-

pears in the cross-polarized B1g channel [12]. On the
other hand, Raman measurements typically find two-
phonon modes to be fully symmetric, appearing in the
non-crossed polarized A1g channel [19, 20]. In a RIXS
measurement with incoming σ-geometry, a B1g pseudo-
gap signal would be prominent in scattering φ = 45°
away from the Cu-O bond direction and in the cross-
polarized σ-π′ channel [21]. A two-phonon process would
be detectable for all φ-orientations in the non-crossed po-
larized σ-σ′ channel. While the Raman measurements
probe excitations at q=0, i.e. the Brillouin zone center,
we expect the relative symmetries to hold at finite q. In
other words, although the B1g symmetry of a signal at
q=0 is not preserved at finite q, the signal remains cross-
polarized in scattering along φ = 45° [See Supplemental
Material for details]. Thus, we distinguish these scenar-
ios by resolving the polarization of the outgoing light
with ultra-high energy resolution in a polarimetric RIXS
experiment.
In Figs. 2(a) and 2(b), the indirect and direct spec-

tra below 1eV are shown, each encompassing the ex-
pected features (an elastic line, BS phonon, the 140meV
mode, and spin excitations) with differing relative inten-
sities. The spin excitations are known to contain both
a lower-energy component related to a single spin flip
and a higher-energy component related to a double spin
flip [22]. Applying Eqs. 3 and 4 to the spectra yields
the σ-π′ and σ-σ′ spectra shown in Figs. 2(c) and 2(d).
As expected, the σ-π′ channel contains the lower-energy
single-flip spin excitations. The elastic line, BS phonon
and higher-energy double-flip spin excitations are promi-
nent in the σ-σ′ channel. Notably, the 140 meV mode is
present in the σ-σ′ channel, as more clearly observed by
zooming in on the σ-σ′ spectrum, Fig. 2(e). Recalculating
the σ-σ′ spectra from the deconvoluted direct and indi-
rect spectra in Fig. 2(f) further emphasizes that mode.
[See Supplemental Material for details of the deconvolu-
tion procedure.] These results rule out the pseudogap
scenario and demonstrate that the signal is generated
from a two-phonon process.

IV. DISCUSSION

The two-phonon mode exhibits two distinct behav-
iors whose connection is not initially intuitive. First,
while the one-phonon mode exhibits a softening in en-
ergy around qCO = 0.27 r.l.u., which is most prominent
along the φ = 0 direction [5, 6], the two-phonon mode
is near-constant in energy, as shown in Fig. 1. Second,
while the total spectral intensity in the energy range of
the one-phonon mode increases at higher q, the intensity
in the energy range of the two-phonon mode decreases
at higher q. To understand the relationship between the
one-phonon and two-phonon modes, we construct a two-
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FIG. 2. Polarimetric RIXS data at q=0.25 r.l.u., φ = 45°, T=54K, ∆E = 41meV. (a, b) The raw spectra as measured on the
direct (a) and indirect (b) detectors. The black lines are generated with the fitting procedure shown in Fig. 4(a) and detailed in
the Supplemental Material. The insets of (a) and (b) depict a schematic of the scattering plane (orthogonal to the sample a-b
plane) for their respective experimental set-ups . The blue (red) vectors indicate σ- (π-) polarized light. The orange represents
the CCD detector and the purple represents the multilayer (ML) mirror. The geometry of the insets reflect the experiment
(2θ=149.5°, θ=102°). (c, d) The spectra decomposed into σ-σ′ (c) and σ-π′ (d) polarization. The blue line (c) is generated with
the same fitting procedure, while the red (d) uses only a paramagnon. (e) A zoomed-in depiction of the data in (c) with the
gray box indicating the region. (f) The first three peaks in the σ-σ′ spectra, calculated using deconvoluted direct and indirect
spectra (see text for details).

0 0.5
0

40

80

En
er

gy
 L

os
s 

(m
eV

)

100

140

180

-0.5 0 0.5
qx(r.l.u.)

0

Energy (m
eV)

-0.5 0 0.5
0

10.5

-0.5
0.25-0.25

-0.25

0.25

-0.25 0.25 -0.25 0.25

N
orm

. Intensity (arb.units)

φ = 0° φ = 45°

q y
(r.

l.u
.)

qx(r.l.u.) |q| (r.l.u.)

(a) (b) (c)

-0.5

φ = 0°

φ = 45°

1-phonon 1-phonon

2-phonon 2-phonon

50

70

60

FIG. 3. Toy JDOS model of one-phonon and two-phonon dispersions. (a) Dispersion of the single phonon in the qx-qy plane.
The black dashed lines define the φ-orientations of panels b and c. (b-c) Calculated RIXS intensities of the single phonon and
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phonon toy model. The model emulates the two-phonon
mode behavior by modeling the signal as the JDOS of two
one-phonon scatterings and implementing the appropri-
ate kinematic constraints [23]. Specifically, the positions
in q-space and energy of the two-phonon are limited to
the possible summations of q and energy from two one-
phonons: q2p = q1 + q2, ω2p = ω1 + ω2. The model
starts from the one-phonon dispersion, ϵ(q), in the qx-qy

plane, Fig. 3(a), which is constructed from our experi-
mental data [18]. This dispersion exhibits the softening
of the BS phonon around q ≈ qCO in the φ = 0° direc-
tion and the monotonic trend in energy of the BS phonon
along the φ = 45° direction. Using this dispersion, we
calculate the density of states of the BS phonon using
the following Green’s function
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D(ω,q) =
1

ω − ϵ(q) + iΓ
(5)

Then, to model the scattering cross-section we assume
the bare vertex electron-phonon coupling form [24]

g(qx, qy) ∝
√
sin2 (qxπ) + sin2 (qyπ) (6)

where qx and qy are represented in r.l.u..

The results in Figs. 3(b) and 3(c) show that, in contrast
to the behaviors of the inputted one-phonon mode, the
model predicts a two-phonon mode that is near-constant
in energy for both high-symmetry directions. Thus, the
model explains the lack of softening of the two-phonon
mode in the charge order regime.

To compare the predicted flat two-phonon intensity
to the measured two-phonon intensity, we implement a
curve fitting analysis to experimental data. The fitting
analysis shown in Fig. 4(a) includes an elastic line, a one-
phonon peak, a two-phonon peak, a paramagnon, and a
broad background. In the fitting function [18], the elas-
tic line, one-phonon peak, and two-phonon peak are mod-
elled as Gaussians, the paramagnon as an anti-symmetric
Lorentzian [25], and the background as a second-order
polynomial. The two-phonon mode overlaps in energy
with the paramagnon and, since the paramagnon shifts
to higher energy with increasing q, the total signal in-
tensity in the 140meV region of the non-dispersive two-
phonon peak decreases, as shown in Figs. 4(b) and 4(c),
for both high symmetry directions. However, subtracting
the fitted paramagnon and background features from the
spectra reveals a two-phonon mode that is near-constant
in intensity, Figs. 4(d) and 4(e). Similarly, directly im-
plementing the fit to the two-phonon mode yields a flat
integrated peak intensity as a function of q, as shown
in Figs. 4(f) and4(g). [This q-dependence also confirms
the prominence of the mode across the Brillouin zone.]
The standard deviations (shaded boxes) of the intensities
along the two high symmetry directions are shown to be
comparable. We opt not to correct for self-absorption,
which we find to be small, in this analysis due to the
complications of properly applying the correction factor
to this subtle mode, as explained in supplemental ma-
terial Sec. XIII Next, we integrate the two-phonon in-
tensity predicted by the JDOS model (black line) and
normalize it for comparison to the data. Despite the un-
certainty of the extracted two-phonon peak (Further dis-
cussion in supplemental material Sec. XI), the intensity
trends of the model and experiment are in agreement.
Thus, employing the JDOS model in tandem with the
fitting procedure resolves the perceived discrepancy be-
tween the intensities of the BS phonon signal and the
two-phonon signal. Therefore, the intensity profile of the
140meV mode further confirms a two-phonon process.
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FIG. 4. (a) An example of the fitting procedure. The dark
blue line is the composite fit to the spectra. It includes 5
components: an elastic peak (orange), the BS phonon peak
(yellow), the two-phonon mode (purple), a paramagnon con-
tinuum (light blue) and a broad background (green). (b-c)
The raw spectra show the relative intensities at 140meV along
the two high symmetry directions at 3 different q-values. (d-e)
The spectra shows the intensity of 140 meV mode after sub-
tracting the paramagnon and background contributions. The
dashed line indicates the tail of the BS phonon peak. (f-g)
Comparison of the model and measurements. The blue (red)
markers are the integrated intensities of two-phonon fit as
shown in (a) in the φ=0°(45°) direction. The error bars were
propagated using the 95% confidence intervals on the fits, as
outlined in the Supplemental Material. The black line is the
predicted intensity (integrated from 120meV to 150meV) of
the JDOS model, normalized to the average intensity of the
integrated fits. The shaded region is the standard deviation,
σ=±4.47 (4.12) of the φ=0°(45°).

V. CONCLUSION

Often the first approach to resolve subtle RIXS signals
is to improve energy resolution. However, decomposi-
tion of the scattering processes into different polarimetric
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channels has the practical effect of separating overlap-
ping signals, making it an important tool in situations
where energy-resolution cannot be improved. We lever-
aged this capability in our work, where we performed a
polarimetric RIXS experiment, aided by standard RIXS
measurements and model calculations, to identify the
origin of the subtle 140meV mode. Our data demon-
strated that the 140meV mode is a two-phonon mode:
its behavior in intensity and energy as a function of q is
consistent with two-phonon scattering, and it appears in
the σ-σ′ channel. Polarimetric decomposition with high
energy-resolution provides a significant advance in soft
x-ray RIXS, but it requires significantly longer count-
ing times. Previous polarimetric Cu-L3 RIXS measure-
ments have focused on features that are more intense and
broader in energy than the two-phonon peak, such as
paramagnon, magnon and bi-magnon excitations, where
energy-resolution could be compromised in favor of a
larger scattered beam flux. On the other hand, the po-
larimetric resolution of the two-phonon feature existing
amongst much more intense magnetic and single-phonon
peaks required the highest-possible energy resolution. As
such, our experiments sets a new state-of-the-art stan-
dard for polarimetric soft x-ray RIXS measurements.
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