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Fig. 1. Charge order in NdNiO,?: (a) Schematic of the reduction pathway from the perovskite NdNiO; (gray) to the infinite-layer
NdNiO, (red) with various intermediate states (blue); (b)—(d) STEM results of sample J, apical oxygen vacancies can be distin-
guished in panel (d), leading to @, =~ (1/3, 0) superlattice peaks in the Fourier transform image (b); (e) elastic RXS measure-
ments at Ni Lz edge around @, = (1/3, 0), the solid and dashed lines are data with ¢ and & polarized incident X-ray, respectively;
(f) RXS measurements at Nd M; edge; (g), (h) energy dependence of RXS signals with fixed wavevectors for samples C and D, the
shaded region indicates the nominal charge order contributions. The black and red arrows highlight the Ni 3d-RE 5d hybridized
peak and the Ni L; main resonance, respectively, sample C has a larger volume of intermediate states than sample D, leading to

stronger superlattice peaks.
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Fig. 2. Charge order in La,NizOg8%: (a) Schematic of trilayer structure of La,NisOg and its charge and magnetic order, the red and

blue spheres/arrows indicate S = 1/2 Ni'* ions with spin up and spin down, respectively, while the purple ones indicate S = 0 Ni?*

ions; (b) RXS intensity at Ni L, edge of charge sequence peaks at different temperatures; (c) variation of the intensity of the charge

sequence RXS signal with the incident X-ray energy, the inset shows the orbital distribution of the charge order modulation;

(d) simulation of the energy dependence of the charge order RXS intensity, the vertical bars represent the weights of different con-

figurations of the RXS intermediate states.
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Fig. 3. Stripe order in LagNiyO;%: (a) Schematic of the bilayer structure of LagNi,Oq; (b)—(d) different stripe order proposed for

LagNiy,O5, the red, blue and black circles represent Ni sites with spin down, spin up, and charge with no static moment, the rect-

angles exhibit the magnetic unit cell.
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Fig. 4. Charge order in La,NizO(*!: (a) Schematic of the trilayer structure of La,NizO; (b), (c) model for the charge density wave
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Experimental research progress of charge order
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Abstract

)

Ever since the discovery, nickelate superconductors have attracted great attention, declaring a “nickel age’
of superconductivity. Currently, there are two types of nickelate superconductors: low-valence nickelate
superconductors RE,  Ni,O,,,, (RE, rare earth; n, number of adjacent NiO, layers) and high-pressure nickelate
superconductors LasNi,O; and LayNisO,,. Charge order plays a crucial role in studying the strongly correlated
systems, especially the cuprate superconductors, in which potential correlation between charge order and
superconductivity has been indicated. Thus, great efforts have been made to explore the charge order in
nickelate superconductors. In the infinite-layer nickelate RENiO,, the evidence of charge order with in-plane
wavevector of @, =~ (1/3, 0) has been found in the undoped and underdoped regime but not in the
superconducting samples. However, subsequent studies have indicated that this is not the true charge order
inherent in the NiO, plane,which carries unconventional superconductivity, but rather originates from the
ordered excess apical oxygen in the partially reduced impurity phases. On the other hand, the overdoped low-
valence nickelate La,NizOg shows well-defined intertwined charge and magnetic order, with an in-plane
wavevector of @, = (1/3, 1/3). Resonant X-ray scattering study has found that nickel orbitals play the most
important role in the multi-orbital contribution of charge order formation in this material, which is significantly
different from the cuprates with oxygen orbitals dominating the charge modulation. Although the spin order in
LagNi,O; has been well established, there is still controversy over its spin structure and the existence of
coexisting charge order. In LayNi3O,q, intertwined charge and spin density waves have been reported, the origin
and characteristics of which remain unknown. Owing to the research on the nickelate superconductors just
starting, many questions have not yet been answered, and the exploration of charge order in nickelate

superconductors will still be the center of superconductor research.
Keywords: strongly correlated systems, nickelate superconductors, charge order, resonant X-ray scattering
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