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Fig. 1. Typical phase diagram for hole-doped cuprates. The
gray dashed line marks the pseudogap onset temperature
T* . The gray dotted line indicates the crossover from the
strange metal phase to the Fermi liquid state.
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Fig. 2. Schematic illustration of the principle of X-ray scat-
tering: (a) Scattering geometry; (b) the process of resonant
X-ray scatteringl¥. Upon the absorption of an X-ray
photon, a core electron is promoted to the valence state,
creating a core hole and an excited valence electron in the
intermediate state. In the final state, a valence electron fills
the core hole, accompanied by the emission of an X-ray

photon.
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Fig. 3. Schematic illustration of the energy scales of ele-
mentary excitations in correlated electron systems. The en-
ergy resolution of RIXS allows for the separation of elastic
from inelastic scattering processes, enhancing the sensiti-
vity in probing charge order. The energy width of the elas-

tic line is determined by the instrumental energy resolution.
323 H¥Fasit

RIXS 5 FHUN Z [BIfF R 2 360k, R
B 25 A ROUER R, D el o A B SE - BL.

AR SO A TR B b, R LA T LS
LRI SO [77).
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4) FEBEWE: RIXS 5 i #0 s TR
FB. PSR T BT 1 em, i RIXS
FIBERETE 0.1—10 pm.

5) BE B AT HER . H AT R e i I K X5 2
RIXS {EACTER L 11 (29 930 eV) 1 RE 4 B R n]
PLGAF] 30 meV, il H U 1Y B & 43 HE A AT 3k
1 meV EEZTH.

3.24 5 STM, NMR 3ttt
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1995 4F, Tranquada %5 24 3 3 AP T 10U 5256
1E La, 4 ,Ndg4Sr,CuO,4 (Nd-LSCO, z = 0.12) H3%
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Fig. 4. Neutron scattering observation of stripe-order reflec-
tions®: (a) Schematic illustration of the stripe pattern in
the CuO, plane. Circles denote the Cu sites. Arrows indic-
ate the spins and gray circles indicate the doped holes.
(b) Ilustration of the (H,K,0) plane in the reciprocal
space, where spin and charge diffraction peaks were scanned

and displayed in (¢) and (d), respectively.
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Fig. 5. Doping evolution of wave vectors associated with
charge (a) and low-energy spin fluctuations (b) for hole-
doped cuprates, determined from X-ray or neutron scattering

experiments. Data in panel (a) are taken from Refs. [26-52].
Data in panel (b) are taken from Refs. [24,26,29,53-62].

SRR R B A T, (R AA AR
A BEW &, I HEm F &8 7E p = 1/8 824k i
5. FEF BRI BUF AT R, A ESHEH T 3h
BARBUF RIS B9 SR, X — EUR AR AR SE 5
MR R ER G, b i 64 28 v 1 75 0 A fir 378 i
(R 2K A 2= AL A R 5 Lay, ,Ba,CuO,
(LBCO) HZARLR CBK P90 (WL 5 Jagh). 55—
T, X L f07 J JRy SR 25 A (A AIF 5 Ay BER A 3o 4P R G 4
HET B H(E B X Bi2212 K 2 B STM Il i 22 1]
LIRSl ey 5 BE TR LR A BE Y, HAT 4 £5 T As
JEIHA 01 [alsk, NMR 2B YBCO H i Ha oy
WA AN TER 3 A% A I ey S ) 192,
SEA XSG, v LIS R — ] e g — &
8 FLF ) AH EAE FHER Sl A 3 77 A R sl 2 B 1) FiL i

A [ AR ERL Rt M R P A A A 38 0 8k
O 1190 T B R TR S LA B AR AL 1 3% A 00N S B T
LT PR U ERYAE BEE. Sl & SRR S AL
LR PRAE 1 i Se A 2 LA PP BT

REXS-UD15K
(a) (c) n
n
2
=}
=]
Qo
O 1
1
|
- 20K |
- 300 K
0 0.2 04 7_
3
1Q//I/r1u. T
3

G
A

Peak area
[
\\_._
o
;o

_______ «0ele. .
0 My == ARPES-UD15K
L —T
930 932 934
hv/eV ke/agt

& 6 Bi2201 MR AR RERRA T “ Sk iy
(a) Bi2201 A 4R X 52 I 4t 1453 3] Y o A 17 A0 5 0% (b) 4
L B f FRYIEIRTT N (c) ARPES 58 % B 77 17 Il 42
T TR SRR 3

Fig. 6. Charge order and nesting of Fermi arc tips in the
pseudogap state of Bi22014!: (a) Charge order peak in
Bi2201 measured by REXS; (b) resonant behavior of charge
order at the Cu L3 -edge; (¢) ARPES data showing charge

ordering wave vector connects the Fermi arc-tips.
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Fig. 7. Unidirectional charge order in YBCO and Bi2201(%™: (a) Schematic of the momentum structure of charge order in YBCO.
Left and right insets display RXS momentum scans along H and K directions at selected azimuthal angles «, respectively. (b) In-
tensity of the charge order peak along K as a function of azimuthal angle. Black bars indicate the peak width AQ . (c¢) Polar plots
of AQ versus a for YBayCusOg5, (Y651), YBayCugOggr (Y667), and YBayCuzOg75 (Y675)P. (d) Schematic of the angular-de-
pendent RIXS experiment on Bi2201. The charge order is scanned at different azimuthal angles a by varying the in-plane and out-
of-plane sample rotation angle ¢ and 6. (e) Scans at different « reveal the anisotropic structure of the charge order peaks!™.
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Fig. 9. High-temperature charge correlations in stripe-ordered cuprates?®: (a), (b) Charge order peak in Eu-LSCO at various tem-
peratures measured by RIXS; (c) temperature evolution of the charge order peak amplitude, which decays roughly as T2 (gray

dashed line); (d) relationship between charge order peak amplitude and correlation length in La-214 compounds.
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Fig. 10. Short-range charge correlations in La-based cuprates®: (a) RIXS spectra on LSCO z = 0.145 obtained with different en-

ergy resolutions. The improved resolution in panel (a) allows for resolving the phonon branch. (b), (¢) Temperature dependence of

charge order in LSCO z = 0.145 and z = 0.16.
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Fig. 11. RIXS phonon anomaly associated with charge order!'”!!!: (a), (b) RIXS spectra around the charge ordering wave vector in
Eu-LSCO at 15 K and 200 K. The intense elastic peak at low temperature originates from charge order. Black dots mark the bond-
stretching phonon position. (¢)—(f) RIXS phonon energy softening and intensity enhancement near the charge ordering wave vector
in Eu-LSCOM™. (g), (h) Cu L-edge and O K-edge RIXS spectra around the charge ordering wave vector in Bi2201. (i)—(1) RIXS
phonon softening and intensity anomaly in Bi220111,
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Fig. 12. Charge density fluctuationsl!'2113l;

(a) Intensity difference between RIXS spectra taken along (H,0) and (H,H) direc-

tions in YBCO and Bi2212; (b) doping evolution of the characteristic temperature of charge density fluctuations obtained from
RIXS data on YBCO, NBCO, and Bi2212!!'?; (c) RIXS spectra around the charge ordering wave vector in LSCO z = 0.15 at dif-

ferent temperatures; (d) the intensity, characteristic energy, and inverse lifetime of the charge excitation as a function of tempera-

ture in in LSCO z = 0.15 113,
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Fig. 13. Uniaxial strain devices used in resonant X-ray scattering experiments. Both (a) the piezoelectric-based'*) and (b), (c) the
screw-based 126127 devices can apply uniaxial strain in-situ.
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Fig. 14. Strain response of the 2D charge order in YBCO!?4: (a), (b) Evolution of the charge order peaks along (a) H and (b) K dir-
ections under the a-axis compression; (c), (d) the charge order peaks along (c) H and (d) K directions under the b-axis compression.

(e), (f) Schematics of the real-space charge order domains under uniaxial strain.
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Fig. 15. Strain-induced stripe order rotation in LSCO!'?0: (a) Schematic illustration of the crystal structure of La-based cuprates/?sl.
Left: structure of the HTT phase; right: distortion of the CuOg octahedra in the LTO and LTT phases. (b) Momentum structure of
the charge order peak in LSCO under ambient and compressive strain. The orange and red solid lines indicate the momentum scan

directions in (c) and (d), respectively. (c), (d) Strain evolution of the (c) transverse and (d) longitudinal momentum scans of charge

order peak. (e) Correlation length and (f) incommensurability of charge order as a function of applied strain.
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Fig. 16. Response of charge-stripe order to uniaxial strain applied in the LTT structurel®-31: (a), (b) Evolution of charge order and
LTT phase in Nd-LSCO upon the application of tensile strain along the in-plane Cu—O bond direction; (c¢)—(f) response of charge
order in Nd-LSCO to compressive strain applied along the Cu—O bond direction!'3!.
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Fig. 17. Strain response of charge order and low-energy excitations in LSCO!?: (a) Representative RIXS spectrum fitting; (b) mo-
mentum-dependent RIXS excitations without strain application; (c), (d) RIXS excitation spectra along (¢) H (perpendicular to
strain) and K (parallel to strain) directions under compressive strain applied along the in-plane Cu—O bond direction; (e) strain de-
pendence of the bond-stretching phonon and low-energy charge excitation dispersion; (f)—(h) strain dependence of the charge order

and charge excitation intensities. The fitted elastic signal has been removed in panels (b)—(d).
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy
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Abstract

Unconventional superconductivity often competes or coexists with a variety of complex material states. In
cuprate superconductors, there exist states including spin order, charge order, the pseudogap state, and the
strange metal phase. A comprehensive understanding of their relationship is fundamental to establishing the
mechanism of high-temperature superconductivity. Spin dynamics in cuprates has been extensively investigated
using inelastic neutron scattering, but charge correlations remain far less understood. The latest development of
resonant X-ray scattering (RXS) has been able to detect charge correlations with unprecedented sensitivity. A
series of RXS studies have revealed that there universally exist the charge correlations in cuprate materials,
which covers a wide range of the phase diagram. Resonant inelastic X-ray scattering (RIXS) experiments
further show the dynamical behaviors of charge order. These findings highlight the important influence of
charge correlations on the properties of cuprates. In this paper, we review the latest research progress in the
charge order in cuprates by using RXS, with a particular emphasis on RIXS experiments. Our focus is placed on
recent works on dynamical charge correlations at high temperatures as well as uniaxial strain tuning of charge
order. We discuss topics including the underlying interactions, microscopic structure and symmetries, and the

possible influence of charge order on both the superconducting and normal states.
Keywords: cuprates, high-temperature superconductivity, charge order, resonant X-ray scattering
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CSTR: 32037.14.aps.74.20241402

* Project supported by the Research Grants Council of Hong Kong, China (Grant No. ECS 24306223).

1 Corresponding author. E-mail: qwang@cuhk.edu.hk

087402-22


http://doi.org/10.7498/aps.74.20241402
https://cstr.cn/32037.14.aps.74.20241402
mailto:qwang@cuhk.edu.hk
mailto:qwang@cuhk.edu.hk
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

PRI A8 R 7 B SEIR XS SR BT BT FLE R
HE AnAsx XEY EFE

Research progress of resonant X-ray scattering of charge order in cuprate superconductors
CHANYing  YAN Yujie WU Yuetong  WANG Qisi

5] Fi{ &, Citation: Acta Physica Sinica, 74, 087402 (2025) DOI: 10.7498/aps.74.20241402

CSTR: 32037.14.aps.74.20241402

TELR T2 View online: https://doi.org/10.7498/aps.74.20241402

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

(= G R NS R RV QDM va e B

Experimental research progress of charge order of nickelate based superconductors

PyFEEEAR. 2024, 73(19): 197104 hitps:/doi.ore/10.7498/aps.73.20240898

A SR R A 2 L IR RITT IR S IRA R S XS R U 5T
Resonant inelastic X-ray scattering study of charge density waves and elementary excitations in cuprate superconductors

YrE2E . 2024, 73(19): 197401  https://doi.org/10.7498/aps.73.20240983

SEPRARSEX S E BN TR TR U S H]
Resonant inelastic X-ray scattering applications in quantum materials

YrHE2E . 2024, 73(19): 197301  https://doi.org/10.7498/aps.73.20241009

SRt e i A L SE e B

High—temperature superconductivity: A driving force for the revolution in quantum many—body theory

YIBR2AHR. 2025, 74(7): 077403 hitps://doi.org/10.7498/aps.74.20250313

el A L S A R LB £ A3 PG T REIEOTAY
Angle-resolved photoemission spectroscopy studies on the electronic structure and superconductivity mechanism for high temperature

superconductors

YIBR2FA. 2021, 70(1): 017406  hitps://doi.org/10.7498/aps.70.20201913

AR R L TR T
Searching for new unconventional high temperature superconductors

PyFEEEAR. 2021, 70(1): 017101 https:/doi.org/10.7498/aps.70.20202122


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20241402
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240898
https://doi.org/10.7498/aps.73.20240898
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240983
https://doi.org/10.7498/aps.73.20240983
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241009
https://doi.org/10.7498/aps.73.20241009
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250313
https://doi.org/10.7498/aps.74.20250313
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201913
https://doi.org/10.7498/aps.70.20201913
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202122
https://doi.org/10.7498/aps.70.20202122

	1 引　言
	2 电荷序及电荷密度波
	2.1 电荷序的基本图像
	2.2 电荷序的实验探测

	3 共振非弹性X射线散射
	3.1 非弹性X射线散射基本原理
	3.2 共振非弹性X射线散射实验
	3.2.1 与非共振X射线散射对比
	3.2.2 与共振弹性X射线散射对比
	3.2.3 与中子散射对比
	3.2.4 与STM, NMR对比


	4 铜氧化物中电荷序的研究背景
	4.1 铜氧化物电荷序的发现
	4.2 微观机制: 条纹相、费米面嵌套与电声耦合
	4.3 微观结构和对称性
	4.4 电荷序与超导

	5 高温及动态电荷关联
	6 电荷序的单轴应力调控
	7 总结和展望
	参考文献

