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Fig. 1. Resonant X-ray scattering and the excitations in the
material: (a) The incoming X-rays excite an electron from a
core level into the empty valence band, while another elec-
tron from the occupied states emits a photon and returns
back to the core layer energy level?; (b) example of a RIXS
spectrum shows the features of an elastic peak, phonon,

paramagnon, and dd excitations.
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Fig. 2. Charge order correlation in overdoped LSCO (z = 0.45) film['7: (a) Integrated intensity of elastic peaks for positive and neg-

ative (H, 0) and (H, H) directions, using o-polarization. Red and blue curves are Lorentzian peak fits to the data with a polynomial

background. (b) Polarization measurements with o-and m-polarized X-ray, collected at 33 K and 250 K. (c) XAS spectra near the

ZRS absorption peak with o polarization at normal incidence. The blue dashed line and the red dashed line correspond to the elastic

peak and the orbital excitation, respectively.
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Fig. 3. REIXS studies of charge order correlation in LSCO (z = 0.45) film['7: (a) Observation of charge order correlation along (0,
—K) direction at both Cu L edge and O K edge; (b) polarization dependence of the charge order peak, collected at 930 eV and L =

1.1 rlu.; (c) detuning measurements near the Cu L edge; (d) L dependence of charge order correlation within the accessible range

of [1.1, 1.8] r.L.u. at 930 eV, collected with o polarization.
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Fig. 4. Doping dependence of charge order correlation in overdoped LSCO film and the extended phase diagram!'”: (a)-(c) Charge
order peak profiles measured by Cu L edge REIXS in LSCO with (z = 0.35, 0.45, 0.6), respectively. L is fixed at 1.1 r.l.u. and the

peak is nearly temperature independent up to 300 K. (d) The extended CO phase diagram of cuprates, showing superconducting
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Fig. 5. Charge order in overdoped Bi2201 single crystal?!l: (a) Charge order with a wave vector of 0.14 r.l.u. along (H,0) direction

in T, = 11 K Bi2201 single crystal; (b) charge order resonant at Cu L edge; (c) intensity of charge order is temperature independ-

ent; (d) doping dependence of Fermi surface, with the Lifshitz transition at P = 0.22; (e) doping dependence of the wave vector,

coherence length and intensity of charge order.
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Fig. 6. Anisotropic charge density wave (CDW) correlation in La-Bi2201 (z = 0.6 UD23 K) single crystal®: (a) Schematic illustra-
tion of the experiment. Charge density wave coherence length in a specific direction can be obtained by cutting through the charge
density wave peaks along that direction. (b), (c) RIXS spectra of Cu L and O K edge at (0.25, 0), with elastic peak obtained by fit-
ting. (d), (¢) Momentum dependence of the intensity of elastic peak along (H,0) direction through (0.25, 0), which can be well fit-
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longer-range ordering in the direction of the wave vector. (h) FWHM of the charge density wave along different directions, H-CDW

and K-CDW, respectively, are sharper along the propagation direction. And different resonant energies give consistent results.
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Fig. 7. Correspondence between the symmetry of charge density wave and the shape of peaks in reciprocal space: (a)—(d) Corres-
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(c) doping dependence of the energy of CDF; (d) the energy of the CDF corresponds to a temperature that coincides with the tem-
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Fig. 10. Electron-phonon coupling strength measured by RIXS in cuprate: (a) Schematic representation of Bond-Buckling (BB)

phonons and Bond-Stretching (BS) phonons, both of which are vibrational modes of the CuOg -plane and have been widely ob-
served in the RIXS experiment®7; (b) RIXS spectra near Cu L edge. The red shaded peak is the BS phonon, and the remaining

dashed lines are the elastic peaks, magnon and orbital excitation!; (c) estimation of electron-phonon coupling strength using reson-

ant behavior of phonon*.
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Abstract

In the 38 years since the discovery of cuprate superconductors, the theoretical mechanism of high-
temperature superconductivity remains unresolved. Recent experimental progress has focused on exploring
microscopic mechanisms by using novel characterization techniques. The development of synchrotron radiation
has driven significant progress in spectroscopic methods. Resonant inelastic X-ray scattering (RIXS), based on
synchrotron radiation, has been widely used to study cuprate superconductors due to its ability to perform bulk
measurements, provide energy-momentum resolution, and directly probe various elemental excitations. The
RIXS can measure phonons, which bind Cooper pairs in the BCS theory, and magnetic fluctuations and
competing orders predicted by the Hubbard model in strongly correlated systems, allowing for the study of their
interrelationships. This paper reviews the progress in using RIXS to measure charge density waves and related
low-energy excitations, including phonon anomalies, in cuprate superconductors. It also examines the
relationship between magnetic excitation and the highest superconducting transition temperature, and provides

prospects for future research directions and challenges.
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