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Fig. 1. Three-dimensional acoustic-like plasmons in hole-doped cuprate superconductors La, 45t 15CuO,4 and Bi,Sr; gLag,CuOg, /2

(a) Schematic crystal structure of a single-layered cuprate and the experimental geometry of RIXS; (b) the schematic view of three-

dimensional acoustic-like plasmons in (E, g)-space in a single-layered cuprate superconductor; (c) the acoustic-like plasmon disper-

sion in the hole-doped La; g,Sr1,CuO, along h direction at a fixed | = 1.0, where green dots and red squares represent the peak

positions of plasmons and bi-magnons respectively; (d), (e) the acoustic-like plasmon dispersion in the hole-doped La; g4Srj 1sCuOy,

and BiySry gLag 4CuOg, 4 along [ direction at a fixed h = 0.05, green dots and red dashed lines represent the peak positions of plas-

mons and bi-magnons respectively.
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Fig. 2. Collective orbital excitations in the low-dimensional copper-oxides: (a) Representative RIXS spectrum of a one-dimensional

cuprate SroCuQj3, the mode within 0-0.8 eV is the two-spinon continuum, the mode within 2-3 eV is the orbiton!¥; (b) RIXS spec-

tra of two-dimensional cuprate CaCuO, in which d,, and d,./d,. orbitals disperse in (E, q) spacel’; (c) the second derivative of

CaCuO, RIXS spectra shown in panel (b), the bandwidth of the d,, orbital dispersion is about 50 meVE: (d) pure orbital superex-

change mechanism in two-dimensional copper latticel*?l.
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Fig. 3. Collective exciton excitations in NiPS; and NiBr,: (a) Dispersion behaviour of the spin-singlet exciton 'A;, in NiPS; along H

direction”; (b) the dispersion behaviour of the spin-singlet exciton 'A;, in NiPS; along K direction"?; (c) the dispersion

behaviour of the spin-singlet exciton 'A,, in NiBr, along H direction!.
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Fig. 4. Electronic structure of NdNiO,: (a) Schematic view of the density of states near Fermi level in NdNiO,*); (b) Ni Ls-
energy-dependent RIXS spectra. The black solid line represents Ni L;-XAS spectrum, and the black dashed rectangle highlights the
hybridized dd peak between Ni 3d and Nd 5d orbitals™*’); (c) the Ni Ly-XAS experimental spectra of Nd, ,Sr,NiO, (z = 0, 0.225)!;
(d) schematic view of the spin-singlet and spin-triplet state in Nd; ,Sr,NiOy; (e) the theoretical calculation of the spin-singlet and

spin-triplet XAS in Nd;_,Sr,NiO,s.
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Fig. 5. (a) NdNiO, and (b) LayCuO, magnon dispersion
along the high-symmetry direction in the momentum space.
The red dots and blue dots represent the fitted peak posi-

tions of magnons. Dotted lines stand for the fitting result of

the linear spin-wave theory54 .

2023 4, BB ST T 5 — 3k, X
MR A LagNi,O; R F] 14 GPa £ 47, B
FKH R W ZA R E I EE 80 K 1y T 4% A2 iR
JEE 1601, 53 S B S AL WD A — A3k B R L AR TR
FER R A, BRI CAY 3 . LagNi,O; &
A IZ NiO, |, HIZ5EZ B NiOg /\ TH
RILE TR A BRI sR BRI R X247 3d..» FLE
Z 1] R 8 1) L A4, T B s R S i
. JFERZ ST RIIE 3d,0 2 PAK 3d,2
BB X SR T A Dk, FLSEE S TH0E S 2L
il AT 43 B3 5y —J5 1, e AR (NMR) 5
27 Ale /g /I IRBAR (WSR) A LagNi,O; 7F

197301-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024)

197301

150 K Ze A i A Jid s B 0407 k25 M7 £
JE R AR R HL BB UK DL SRR W S 5T
A2 EREAEM. K 6(a), (b) 44 T LagNi,Of
1) O KiILAJ Ni Ly WG 051 4nf&l 6(a) s,
16 O K Wik i 528.5 eV BitiL, LagNiyO; 5
S NANiOg ZERUH X ) F NiO B3 . [
f 1% I & AEAE Ni Ly 1. LagNiyO, Fl NdNiO,
TE 852.4 eV Ab¥H B —> 7% iy MR W i e g —
AN TR, X 5T NiO. NdNiO; Sy fft Ha faf
HRRR (4 < 0), FULATLAEWT LagNi,OF B HLfaf
HMRESir 52 2. K 6(c), (d) 4 T g AGt
THOLF Ni Ly RIXS . 24 A58 i 0 4% 1) 745 [ 3L

PRIG 852.4 eV i, RIXS i | 70 meV 1K fE
KLA I 1 eV Ab K dd B & 35 T B 3L 4R 1 i
T 24 A S5 B 2 1A 2 3 45 5 1 TR I, RIXS i+
HELREHIR A ZEOLI K . 5 NdANiO, RIXS A1,
1 eV I dd Uk ALY Ni2t ty,-e, BE R AL
TR, MR ATR F T AR B 5 3dS L A1 3d7
B (L RFRERE B R). R ARHEH
Y% NiO, [ 4k, 0.3 eV K 1.6 eV Ab H B dd
Wk ELR B LI NiO, T NI R B8, s X i
AL B VE S 3d.. BUIE A 6. T # S AN E R
NiOg /i, ZEETHEL H LagNi,O; YL firf
B EANT 0—2 eV ZE. K 6(b) /8K H

4
(b) Ni Lj (d) n-pol.
NdNiOj 5
1)
B
E %
; Py
% g 2
~
12} Q
= =]
£ =
=
1
LasNisOr LasNisOr
calculation
0
530 535 852 854 856 858 852 853 854 855 852 853 854 855
Incident energy/eV Incident energy/eV Incident energy/eV Incident energy/eV
Low I T High Low I W | High
(©) (0.5,0.5)
(0,0) (0.5,0) (0,0) (0.5,0) (0,0) (0.5,0)
= 0.1
~
A
2
>
20
Q
<1
m
O -
0.25 0 0.25 0.5 0.25 0.0
q/ = (H,H)/r.lu. q = (H,0)/r.l.u. q = (H,0.5—H)/r.lu. gy =(0.25K)/rlu.
[l 6  LagNiyO; ff) XAS Hl RIXS 55 8 (a), (b) LagNiyO; MZFH i (NANiOg, NiO)O K i1 H1 Ni Ly #1119 XAS 3§ X} L, AT 11

WUGEBIR T T o LAmIRALE; (), (d) Ni Ly AL RERAS RIXS 315, Horf (1 6522 % i 2 i dR iR 19 XAS WIS (e) Ni
Ly i1 RIXS S A 50 1 46 2l 12 25 ] 3o X AR R (L HIOG R, 470 1 v B9 0 65 37 Sk b 1 17 2l 25 () ) 8 X R, R0 vl 20 €6 500 18]

il WA AU B W

Fig. 6. Experimental XAS and RIXS spectra of LagNi,O;%): (a), (b) The O K-XAS and Ni LyRIXS of LagNi,O; as well as those
from the references, all XAS spectra were taken using polarized X-rays; (c), (d) the Ni Ly-edge energy-dependent RIXS spectra

using o and mpolarization, the white solid lines represent the XAS spectra taken by the corresponding linear polarization in each

configuration; (e) Ni Ly-RIXS magnon dispersion along the high-symmetry direction in the momentum space, the red arrows in the

inset represent the scanning path, the red dots show the fitted peak positions of the magnons/6®l.
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Fig. 7. Magnetic structure of LagNi,O; and the spin-density-wave (SDW) resultsl®): (a) Spin-charge stripe (Stripe-1); (b) double
spin stripe (Stripe-2), to simplify the models, only Ni ions are shown in the schematic view, solid squares represent the in-plane tet-
ragonal lattice, grey shaded cubes stand for NiOg octahedra, blue, red, and black dots represent spin-up Ni**, spin-down Ni**, and
spinless Ni**, respectively, J, S, S, J,S which is the superexchange interaction perpendicular to the layer are also shown in the fig-
ure following the optimized fitting to the experimental data; (c) SDW along (H, H) direction probed by o and nlinear polarized X-
rays; (d) temperature dependence of SDW order parameter; (e) the correlation length of CDW as function of temperature.
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Fig. 8. RIXS magnon results in the one-dimensional SrCuQ,™: (a) Schematic view of the lattice structure of SrCuQO, and RIXS ex-
perimental geometry. Incident X-rays are mlinearly polarized. The scattering angle is fixed to 146°; (bl), (b2) O K- and Cu Lz
RIXS experimental spectra, (b3), (b4) theoretical calculations based on the Kramer-Heisenberg formula and t-J Hamiltonian; (cl),
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(c4) the optimized sum of spectra weight with respect to the experimental data; (d) the first-order (d1), (d2) and the second-order
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Fig. 9. Ni Ls-RIXS magnon in one-dimensional spin-chain compound Y,BaNiO;™: (a) Momentum-dependent RIXS experimental
spectra along the c-axis chain direction, incident X-rays are mpolarized, RIXS scattering angle is fixed at 154°, dotted line repres-
ents the dipolar magnon with a dispersion relationship w2(q//) = AZ + v?sin? q, + a? cos2(q///2) in which J = 24 meV, 4y =
0.41J, v=255J, a = 1.1 J; (b)—(d) the calculated dipolar-magnon spectra AS;, quadrupolar-magnon spectra AS,, and the multi-
magnon spectra ASy, respectively, the blue dashed lines highlight the boundary of the two independent spin-triplet excitations;
(e) the schematic view of the creation of dipolar and quadrupolar magnons in the RIXS process; (f) the schematic view of the

ground state, the dipolar-magnon, the quadrupolar magnon, and the multiple magnon with net zero spin-flips in the one-dimension-
al Ni?* antiferromagnetic spin chain.
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Fig. 10. Co LyRIXS magnon experimental spectra in ferromagnetic LaCo,P; and CeCo,P,™: (a) Schematic view of the crystal

structure of ferromagnetic LaCoyP, and CeCoyP,, the purple arrows represent the spin direction; (b) spin-wave and the spin-flipped

Stoner excitations in the energy-momentum space. Spin-wave becomes broadened when interacting with the Stoner excitations;

(c) representative RIXS experimental spectra in LaCo,Py and CeCo,Ps.
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Fig. 11. Near flat-band Stoner excitations probed by Co Ly-RIXS in Kagome ferromagnetic Weyl metal CosSn,S,: (a) The in-plane
hexagonal CoSn structure, the corresponding reciprocal space, and the RIXS experimental geometry, the arrow on Co atoms repres-
ents the spin direction, the thick solid lines highlight the RIXS scanning path in the momentum space, the incident X-rays are = lin-
early polarized; (b) spin-down polarized band structure of Cos3Sn,S, calculated by density functional theory; (c) schematic view of
spin-polarized bands and the allowed spin-flip excitations in the momentum space; (d) the corresponding spin-flipped Stoner excita-
tions, when the band becomes flat the corresponding Stoner excitations gets narrow; (e), (f) CosSn,S, Co Ly-RIXS experimental
near flat-band Stoner excitations along h and [ directions, respectively; (g), (h) the theoretical spin-spin dynamical susceptibility
(spin-spin correlation function) along h and [ directions calculated based on density functional theory and dynamical mean-field the-
ory.
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Resonant inelastic X-ray scattering applications
in quantum materials
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Abstract

The essence of quantum materials lies in the intricate coupling among charge, spin, orbital and lattice
degrees of freedom. Although X-ray photoemission spectroscopy and inelastic neutron scattering have
advantages in detecting fermionic single-particle spectral function and bosonic spin excitations in quantum
materials, respectively, probing other bosonic collective excitations especially their coupling is not possible until
the establishment of the advanced resonant inelastic X-ray scattering (RIXS). In the past decades, RIXS has
flourished with continuously improved energy resolution which made a paradigm shift from measuring crystal-
field splitting and the charge-transfer excitation, to probing collective excitations and the order parameters of
all degrees of freedom. This review paper summarises the latest research progress of quantum materials studied
by the soft X-ray RIXS. For instance, three-dimensional collective charge excitations, plasmons, were discovered
experimentally by RIXS in both electron and hole doped cuprate superconductors. The collective orbital
excitations and excitons were found in copper and nickel based quantum materials. For the newly discovered
nickelate superconductors, RIXS has made substantial contributions to characterising their electronic and
magnetic excitations and the related ordering phenomena critical for an in-depth understanding of the
underlying superconducting mechanicsm. The RIXS is a unique tool in probing the higher-order spin excitations
in quantum materials due to the strong spin-orbit coupling and the core-valence exchange interaction. The
RIXS is also found to be superior in probing the Stoner magnetic excitations in magnetic metals and topological
magnetic materials. Finally, the development of RIXS technology in Chinese large-scale research facilities is

briefly prospected.

Keywords: resonant inelastic X-ray scattering, excitation, high temperature superconductor, one-dimensional

quantum spin chains, topological magnetic materials
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