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Fig. 1. Configuration of the XMCD beamline at the Hefei Advanced Light Source: (a) Schematic diagram of the twin undulator
sources; (b) XMCD spectrum; (c) top view of the dual beam path design.
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Fig. 2. Coherent X-ray scattering experimental setup (a) and evolution of antiferromagnetic diffraction patterns (b) (Reproduced

with permission of Ref. [16], Copyright of ©2022 The American Association for the Advancement of Science).
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Fig. 3. Coherent diffraction imaging of ferromagnetic domains in multilayer Gd/Fe thin films and their in-situ magnetic field manip-
ulation study: (a) Schematic diagram of X-ray scanning coherent X-ray imaging measurement, where the contrast primarily arises
from the XMCD effect, and diffraction patterns are recorded in the far-field using an X-ray area detector; (b) evolution of the Gd
magnetic configuration in reconstructed images as the sample magnetization changes with the applied external magnetic field (Re-

produced with permission of Ref. [25], Copyright of ©2011 National Academy of Sciences).
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Hefei Advanced Light Facility: Empowering research
of correlated electron systems

Sun Zhe! Shen Da-Wei  Luo Zhen-Lin  Yan Wen-Sheng

(National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230029, China)

( Received 8 July 2024; revised manuscript received 13 August 2024 )

Abstract

The Hefei Advanced Light Facility is the fourth-generation diffraction-limited storage ring light source,
scheduled to begin operation in 2028. With its high-brightness and highly coherent X-rays, it will break through
the current spatiotemporal resolution bottlenecks of X-ray techniques in studying correlated electron systems,
providing crucial information for understanding the nature and microscopic origins of novel physical properties
in these materials. This article introduces the main scientific goals and technical advantages of the Hefei
Advanced Light Facility, focusing on the application perspectives of advanced technologies such as angle-
resolved photoemission spectroscopy, magnetic circular dichroism, coherent X-ray scattering, and coherent X-
ray imaging in researches of quantum materials and correlated electron systems. These techniques will enable
the detailed analysis of the distribution and dynamics of electronic/spin/orbital states, reveal various novel
quantum phenomena, and elucidate the fluctuations of order parameters in correlated electron systems. The
completion of the Hefei Advanced Light Facility will provide advanced technical supports for decoding complex
quantum states and non-equilibrium properties, ultimately promoting the application of quantum materials and
correlated electron systems in frontier fields such as energy and information.

Keywords: X-ray spectroscopy, coherent X-ray scattering, coherent X-ray imaging, correlated electron

systems
PACS: 07.85.Qe¢, 61.05.C—, 07.85.Tt, 71.27.4a DOI: 10.7498/aps.73.20240943

CSTR: 32037.14.aps.73.20240943
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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,NizOgP: (a) Schematic of trilayer structure of La,NizOg 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) incident energy dependence of the measured charge order RXS intensity at Ni L, edge, the inset shows the orbital distribu-

tion of the charge order modulation; (c) simulation of the energy dependence of the charge order RXS intensity, the vertical bars

represent the weights of different configurations of the RXS intermediate states.

197104-4


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) 197104

(a)

(d) ARGUFIIL: WAL A fie- B )

Kl 3 LagNipO; B A&LUF Y (a) LagNi,O; FIXUZ AR L5 #4; (b)—(d) LagNi,O, W REHY 3 F Ak SUT MY, 4060, | 15 (0 B (0 [ el 4y
SRR A BER T . A BE R R AT S A B Y AT HE AR R

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

and spin density wave of Lay;NizOq, in a trilayer unit.
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Experimental research progress of charge order
of nickelate based superconductors
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2) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 28 June 2024; revised manuscript received 19 August 2024 )

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
PACS: 71.27.4a, 74.90.+n, 71.45.Lr, 61.05.cf DOI: 10.7498/aps.73.20240898

CSTR: 32037.14.aps.73.20240898
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Fig. 1. (a) Schematic diagram of the principle of pSR technique; (b) pSR technique fills in the gap of magnetic fluctuation rate

between multiple techniques.
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Fig. 2. (a) Muon asymmetry spectrum in LagNi,O; shows clear oscillations and damping below 7' = 154 K7; (b) muon spin relaxa-

tion rate I', is strongly emhanced below T =Ty, Ty,

suggesting the time reversal symmetry broken CDW in RbV,;Sbsl;

(c) magnetic droplets immersed in a sea of quantum spin liquid['”; (d) a single charge above the surface of magnetoelectric materials,

Cr,03, induces an image monopole beneath the surface, the image monopole then generates an ideal monopolar magnetic field above

the surfacel.

JE IR RE B PRI AR F Bt —, pSR 5L
KB, K& 13K, KVSbs Fll RbVsShy 2
Tap PP QA R I B R, S AT AR A
W AR S JE T SR, A RE BB T i B
AT, HE S EOS A EAA 2R, i
H A R T B ) S 3 X Rk

X —HFFEAESE B it A& KV3Sbs #1 RbV;
Shy HEUOEL S T H ) nl R T S A A S
FF] A HsF 0] 2 T8 X6 PR ke L1y 22 ) ) 3 4. IS
TEFFMA R PR R 7 5 RS EAEH, #
A SN T YL, it T b YR
IR, WO IRRIEE L AL R AL 7%
FIAILA.

4 BT BRI ET P R R

1w T H WK (quantum spin liquid, QSL)
JE— PP R B e SR B BRI R AN | e 2 g
TC P IRAS 1, 5L B, AITE &Rk T 2

T H BRI e b4k, RS T — A AhA% . JEH i
¥ | BRak S5 R S LA BH A Y AR HLAT S 4
MEAERRRETE R G5 HAEw BAR TR
RGE A TR, iR — g 35 0 ) R P S
JrZE. 2017 4F, M B YO = Ak
M B NaYbSe, 8% 55T G BRI FE 14, 126 8t
SEFAHXRT R B, RERIIRE I M R AR (R 254
TP, R— AT B e AR e

WAL Py DNt 235 SR 3 BH LA AR T A T8 i
WA P A REVRZS . T BE RSN R i 55 Jey Bt 3
) wSR L5, RN T RG240 K
WA AR A A BEIAE, Horb sh S sy B
e B AR AR RS . L R
Mt 3L PRI 00— 20 Ak, F % L IATEARTE T 2
PR R R RS R 56 2R 33k 2 LR i) 2 K TIF 7 2%
KIEE S, MR TR A RIZ RS
il 2 JRWER L TR TR R K

LEA AT SEI 45 5 NaYbSe, 5L 25 1] ¥ Lt
WA A “HIAT 25 K 9% 1) T e SR 1) B T TR AR v
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FE. REAL R B R 280 A e R & Sh S 007, TR
T BETRUAS TR s i A REE I A M
A7 YA e, U R AR KGR — RE g bk, O
TERAMEZR T (18] 2(c)). T—WHE -2 1e
TR PP B 1 R R Ll <ORBR ) TS
BRARKER T A e A . Be L, fEX 250
OBl o v e B D7 AL NS N a1
AL PRY PR ST 3X Ry SRR IR e
BRI T — 0BT B A R R A

5 K& wSR SRR #h £ T

5 oy ARG R R PR TR RS
b A EE A RGP AAE B IESE KA
5t 2 1) (R B S L OB i (161, SR T, X i B
WA PR R BRI 1251k, s T
VFZ5% 7, ARG 540 S S 245 2% D) R %
FEAL S0 22350 A R SR 5, (AR B TR R EAAR
FHAEAE 7 BUHT, BT A LR R A Rk i
N RN R A T T S O R e g
S R T BB AR A X B AR R
FNREfER T Z b= AR R st (1] 2(d)) 08,
LY P 2 PG F AT RE CroO5 B 1Ry TR BE AR 17
T v, o iy (100 A5 5 oS R SR AF T BN 1 4
BCATTRE, PR BT A SR B IR 52 1 38
TERTEL.

W5 N RAEJE R 500 nm [ CryO5 AR [
BB 150 nm A9 S AR, Wl RmEZ
TR, (T2 TFRIEFSANAFEGRE, Wi
TR T v 4 Fk R TR B0 30 19 iy i 3 o3 A PO S8
IR FM | CryOg 1 2 T B 35 00 21 () 1 37 7 A
SISO g AR — 8 X — TR Tl
A B E N Z =2, WIS T 28R S5 1
AIRETE. WESZ AT e R AETER CryO5 MPEHEG R
M 37— 50 ) U 2 MR, REAE A — Rl 117
ST ORGP N 3 T A

fIKAE PSR F A 1575 52 23 [ 400 FNAIF 52 i 2R
WA B AT RE. I FAMUAEL N ERE AR Cr, O
T BRI PRI B S 1 BN - R ERAN G 7, R A
FRIAEAESR AL T F RS, R LURIAT 5% 0 B
FAITRHFREB I REMF-5. [, X—F58d
RILT SR FARTE SR BEAF T P A SR P AR =F
& ZFER N H AT fE.

6 ERFRZTROGERLE R

FEF5 b, wSR A 2004 4E 8 TS 1EDLIG
ISMS (International Society for MuSR, Spectros-
copy) KA pSRE AR H, EHE LA/ T
15 Ji MuSR £ AR M K2, 5 2 @I R E
S PP B T 44, 7 [ 5 B A
o[ 3 IR i 52 56 % %) TSTS A 7R B -1 %
WHRF ST PST Y SpsS I & K E &6 T 5%
Yy EESL 502 TRIUMF A1 H 48 R 78 T i 25 152
Jifi J-PARC.

i+ PSI B LRI U SpS RENS HE 1L 2 Fif
WomIAEE, AL4E 10 mK AIRARIR . S 2 9.5 T 5
Wi | e 2.8 GPa 5 ). HARREZE T4 LEM
iAo, $EAERE = T E (0.5—30 keV)
FIMRAEZ T, BB IR T IRELARE, LIS
300 nm A P JEE BE A 9 RRRE A P AR Sl i SRR
PSI 2+ il LA B S 5 5 B - BE%. PSLik
TE A 58 T RIG & BT AR (flexible
advanced MuSR environment, FLAME) Hji H #
BT T I E R IS RS, REASIE AT ] 73 B
RE /DY 5 A 22

e [E ISIS [AIFE RE A PE At 2 FF 3R 4%, 2
5 30 mK HMRARIR AN Sk 5 T SR#ES. 1F Ik
PhRVZ 5, ISIS Y SE g0k g iy, (H LR ] 73 %
R B PR R G BRI TSTS 1IEAE B BER) F—Rik
Jiti Super MuSR, 38 FH ik i) S 25 24 ik o
) B[] JR T sk /N SRy JER B 1/10, 5 B[] 43 o 4
= 10 % ; Super MuSR. if 28 B0 28 B 32 T+ 2
600 1, Bi1E R B 15—20 5, RIEIE TR
ARG 2

&K TRIUMF J& T2 BB 1. HaRm
S igk M20 T R DL R R i 0 RE R 3T,
REME I SL 015 S % 2 LF %, TRIUMF £
FEHE 20 mK AR, BT, TRIUMF IEZEER Y
WARZ T L MOH, KRN REE X & 2.5 GPa
JE R BREAEAT pSR SE58. MOH iR RERE 7E =
JE (< 0.6 GPa) FIFE R (< 1000 K) FHFFEH AR AN
SARRES, IRT nSR BRI TG B 24,

HA J-PARC $& 4t B it F¢ b e it o i ok
WA T L. J-PARC BRAZFEML 50 mK MK,
B H Hi 2 A B P At v % 5 35 R i I 45 129,
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# 1 uSR MM FESHL
Table 1. Main parameters of pSR facilities.

FESH PSI TRIUMF SIS J-PARC CSNS
TR /MW 1.4 0.07 0.14 1 0.02
RIMBF iR /s 10™—10° 2x106 107—108 1.5%107 10°

A e/ % > 95 > 90 > 90 > 95 95
EHEWR /Hz Ui eS| 40 25 1—5
AKFRMES A, 0.3 0.28 0.28 0.25 0.32
TR/ (M-hem2) ~25 ~15 ~100* ~55 ~20

T * 100 M/ (h-em?)ZISISEUA Y EMURY TR, IE7EBUE R Super- MuSRAG SR IZ B $1291400 M/(h-cm?).

H AT, J-PARC IEAEE 22 WSR i, {1
WOCILIRA BB AR N2 . X T AR R
FERAR, BRTIETR, ARk B 1) F P ik 20,

BARDL E ANBFIRAEA A R, HEPR
b pSR WL — E AR ™ H R B ). BE A [ PR
5 E NBHF N BT nSR LB 175 2K 8 4 38,
2024 4F 3 A, P E A 75 (China spallation
neutron source, CSNS) i) A& TR ET
RARZERE T Z T EEaEREREE N2 T
JH MELODY, WP B — &R M2 1 R A—
3 WSRIEAY, JF 9 BA AR i AR B Rk M
BFRLIHES. OB TR AN E WSR I T B
251, e h IR E BRI ik R .

Wehb, BB BT AT A B IR
FLI U S TN R HIAF | I 8 9K Sl il 2
5% E CIADS S5 AR B Il i i o)
F R T ST LG R B 2% - 1 2 A
WFFEASRAENT I 5 ARG U4 (] 5 5 36 2 1 HRd
FI§ (spallation neutron source, SNS) Fl i [& 3
fitlh A0 W FH 90 BEAF 98 3R AS (research accelerator
for basic and applied sciences, RAON) W 1E7E T}
R 2 LA WSR S 56 2 i 2529 iy LAY RR
INEZLTE (European spallation source, ESS) J&—
AR T 3EE SNS IR, AR AY R
ZFIE AT HE.

T RES5REZ

LAk, B A e /e AR X — R
PEUR Y OB T Bt C e SR S Y B bt i
TIBEZH IR, R, BEE 453 WSR3
MBI, WSR FACK AWTIEL:, dkSfEgER
EOL7/BEINP FIE S Y o R N s NI S 7/ NG e R B L))

G R AR L

F 1A% T HATEFE L 4 M FRNEES
LA CSNS [ HErZ%L. CSNS B2 Fiitfs 2
558 1 B IOk e 3 o R Y A A K B PR
A YR EE——3024 D ERIMN 28 BT, Refs AR L
KU IE 551508, Bitaeugik %] 76 M/h
HTHECR. CSNS ARIA A B I Ik s 28 42 7t
% 5 Hz, MiECRHEE E 2 380 M/h, Mifiik5|#E

H A, o E R U ) g A —
A~ uSR #iti MELODY, 4 3H#M% [E 7E pSR % i
DT ZS . A AR KX pSR it BE A% 75+ 5 2
52 | IRBEZ -0 v A o A5 TR 0 A T S 4 5
BT, [, A B rp ER 7 B A BRI 5T i
IS SR S R Y W= DN e S

i T AR SCHEAR () e SRS Y PR, 3R 21
VMBS, pSR BN AE H A Ty TH & 4% F A
H, Blangep- SR bR 5 T, pSR BOR GBI 556
WP AR R RE AT P S A 80 D127, 1R BIREA T
AH B A BT BOR R W 45 B0 A SR B 2 4k
HORBY K R TEfRest kb, pSR B AT LI H
Tar B Y BT A, AR5 R %) S T PR B R
55 2% U0 e 1 A 0 s B Bl 3L AR i
REMLE. BLoh, B+ X FL T RIEMBAZE—FhE
MR 2250 BT - B, BENE E S HAS B RE i AN ()
REEMTCR A, A2 ENERNE T IEAR ARG
HEHESIZ BRI K .
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SPECIAL TOPIC—Correlated electron materials and scattering spectr oscopy

KSR experimental progress and trends of
developing muon facilities”

Wang Ying!)  Shu Lei D21
1) (State Key Laboratory of Surface Physics, Department of Physics, Fudan University, Shanghai 200433, China)
2) (Shanghai Research Center for Quantum Sciences, Shanghai 201315, China)

( Received 8 July 2024; revised manuscript received 30 August 2024 )

Abstract

Muon spin relaxation/rotation (WSR) is a highly sensitive technique for investigating magnetic properties
on an atomic scale. With the continuous development of this technique, the researches in condensed matter
physics have been significantly promoted. Firstly, this article introduces the advantages and uniqueness of uSR
technique, followed by several recent progress contributed by pSR in the field of condensed matter physics,
including revealing the magnetic ground state of superconducting nickelates LasNi,O; and (R, Sr)NiO,, the
investigation into the charge density wave in kagome lattice superconductor AV3Sbs (A = K, Rb), identifying
the magnetic droplets immersed in a sea of quantum spin liquid ground state in NaYbSe,, and the exploration
of magnetic monopole near a magnetoelectric surface of CryOs. Finally, this article summarizes the current

construction status and upgrade plans of muon facilities in the world.

Keywords: muon spin relaxation /rotation, magnetism, superconductivity, quantum spin liquid
PACS: 76.75.+i, 74.25.—q, 75.30.Fv, 75.10.Kt DOI: 10.7498 /aps.73.20240940
CSTR: 32037.14.aps.73.20240940
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L KBTS M

ETHHRBRFHEHBHRAREFTEHRE
fRMH ES

(BRI RTF RS BE, Tl 518107)

(2024 4F 7 A 5 BUkE]; 2024 4F 8 H 15 B YLEIE M)

A B F30% (free electron laser, FEL) fEfE mi Al 1. WMo B IR LA 3 X TR % B % 2] 4
P, SRR AT BA Rl BTRETR . A2 | SRR W T A5 A 2 U )12 R R AT S RRIR X A4
H i H Tt (X-ray free-electron laser, XFEL) LA H 435 1) 48 i 42 B2 . A8 28 ik o . A0 1, 58 T gt sh T
B X LR B A P 2 AR & . BT XFEL 1) B BRI T X S a3l 127 . B fl B
THE F3 1 8 B B[] A B0 o 43 BRI 5T, 6 BE S T = K B i A B Y A P F . 5 3 T XFEL M8 P 5otk
T BARS G, A B A A 5 0 R BE S AR A M LA G SR BT S5 i A2 k. BT XFEL 6152 IF 2558
SR B CKR A &5 $ R (self amplified spontaneous emission, SASE) B &7 5, LAV /D K wh %€ Jj& | e 5K
IS 1) A0 R 2 43 9 1 30 78 L o A b PR A o6 3 . BE T XFEL 9 AR 28 2= B R BRI Jo i & RE T 8T
AR, IEAE R IR 7 AT S IR R R M A R . T ORI R R P Ss, IFSE il 2 4k

SREGOLTE .

KR Hil oL, Btk XOAHUT, B X R, X RRARL ot e

PACS: 41.60.Cr, 78.70.Ck, 75.78.Jp, 78.70.En, 78.47.je

CSTR: 32037.14.aps.73.20240930

2005 4F, {5 B — AP AY At T
& FLASH (free electron laser in Hamburg) 7£ f&
= HL 7.0 DESY (Deutsches Elektronen syn-
chrotron) #t AL, HJ K T Fl S A 2 A1 (extreme
ultra-violet, EUV) ikH| T # X S4B Y, FH-E] T
FEL $AR N FHRHTZLTT. 2009 45, 92 [E 1Y Bk i
#% A TG LCLS (Linac coherent light source)
PN P, SO A S G i XFEL 368, X R
H XFEL $iRIBA T — D280 &R B 1Ei
ZJ5, @Bk FEL E AR A BN HAK) SACLA

3]

(Spring-8 angstrom compact free electron laser)? |

= RFIF) FERMI (free electron laser radiation for

# RS TTRRER
t BIE1E#E . E-mail: zhongyp@mail.iasf.ac.cn
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20240930

multidisciplinary investigations), H1[E ) EUV-
FEL % % - K% M TG (Dalian coherent light
source, DCLS) I/ 5 [ % ¥ T 38 4% 55 5 25 X Jp
28 H H H T30t (Pohang Accelerator Laboratory
X-ray Free Electron Laser, PAL-XFEL) %t +-

1Y SwissFEL (Swiss X-ray free electron laser)!”

DAR L E R X AR O3 E (Sh-
anghai soft X-ray free electron laser, SXFEL)®.
I SE IR, B — X FEL & T8 2 i H A
SR T e EA K e . Herh 2017 AR Euro-
pean XFEL B £:52 80 T A0 HH e i 27000 4> ik
i O FAt e A R BP9 SR I B9 LCLS-TIM
[ ¥ SHINE (Shanghai high repetition rate
XFEL and extreme light facility)!, DL & %I %
#Y S°FEL (Shenzhen superconducting soft X-

http://wulixb.iphy.ac.cn
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ray free electron laser). X = K& 1) H AR R 5L
1 MHz 255 i [6] (8] F ik v

D s b RO A A T[] 43 B S5 L I
Wik S AR LA T B, AR T i+ OCHK
MORHAIESE. o5 — 5, [P 4R HOR I & e, il
RIRNTREETEIE T LR ZH . KIah mE f =5 ]
P R SEM G 5 B 1 BRI 5 W) A 17 B b A 2 o
T ORI BHA R T i oI AR RO ZS. SR,
FR A ARAC N 2 M DR B, ook AR IR A 2
B ) RUBE 7 5 Pr il SRR R i N B4R OC
#RX 7 =n/E. BRI A 2R IR (meV)
R TG R BRI K 1) 73 OREAE T KRR G I ]
RUBE, T ) 25 8 SR Dk v 1 32 38 B A 50 ps, ok
HEAT IO AR B A5, R Rl #0713
50, XFEL ;= A1) CRD XS4 ok b AT A e
PR, TR _F AT DL R PO AR A R SR 1Y E R
RALEGTE—, 2 ReiS Sl Tk SR IR
WOR WHEF- B S AT Ay, BHr e i sl ™
W& SR, BT B A 27 BOR Y I 22 AN E T3 5 4,
ARy ey SR B2 R RNIUE o NP o
BIEARTT K. ARSCK N XFEL 388 1 JUAFEE
BRI K JEAN S 1 KA A A SE IR S, Ay
I — B AR BT XFEL Hr i i 2 ik
FRE|— IR EN SR, 51 R P 7Rl 7
(A48, XTHR AR (s S T 5L A 7238 R A3 o
T Eh. R, AT TR B9 R BIR i 0 i R
i, Jik ¥ KA 5% XFEL B 5 1% 27 44 4= 3 A
KTAE, 2ot HREFH B T AR HAB RIS SCT LLEZ,
FEHR.

2 Mk XHEABHEARLRE

FH - 2 PR SR S AR ZR TP R B AR A AT G RNt
T EZ —, RS T RG AR S T
T OGRS A B2 B PR 2 S ) LAY
RE LT 10 meV. LI X RANERIL &, (AR
SRR =R RE R P, (2 H TR X
AN B AR R R A0 Y. Ak, MR XA
U (ultrafast X-ray scattering, UXRS) J7 ik
B, FR AT HL R T S TR e R AT FRRE TR
SRR IR, HARA L SATE T e 7 8 PR ] RUEE
BHHEW AT PR IRY, iR
AT RS T 12,

2.1 B X H&ATE

B X BFRATHT (ultrafast X-ray diffraction,
UXRD) /& UXRS $AR s T ik, AR5
P FH Asf [) 42 38 A XS Jok iR 48 00 28 1o 6D
TG G R BERSY i R iz 3h, Jibr b
& X AT (X-ray diffraction, XRD) ] & fY
fF[a] 3 BERRCAS. 72 XRD i # i, X ot o
SRS 15 B 5 AR b L 28 B A L AR R O E
o i TN SE 2 B o A B Bl
EME R R, I XRD WBERTRAR 2
B T F- A B K pR &R AL, UXRD A]
W i 32 305 | ke 1 S ) G R i A8 4k, R
TG TR SR AS A R v AT A 28 A A P ) A A
FUAHT 75 2l 122 e, AT 2 3O R A
& TATEE %) RV AR Ak, DA AT S5 08 R T IR RN A7
KL (THECE H takagi-taupin 3l )1 AT H 7
%); AR T2 S - W) 25 S B0AT S e i B 1 )
i, PR i TR, P2 Ak TR AN k2
Wit s 9] 25 4 P A it T2 ) D P A OGP

£ FEL B2 A, UXRD 2t % 52 90 4 20
TR EHOR TR, R RO R
J§ (fs laser plasmas source, fs-LPS), #if “FNEOE
FTHES R AL BRI E 1Y) K, Gt 19141,
S H UL X SRR A R A 4.5 keV
R P4 8 ke VIl 55 R HOR 2 [ D4Rt b
WOt R (laser slicing source, LSS), i i K
fifi A7 2R 50—100 ps BYHL TR h DI 20 AP AY
Lk i, JERI I G a0 AR B RARD XS ik i
FETIXMFHEA, BRI R PSPt
S ErI PIE ST T N X f e ST YOS s
AR, B T — R 50 H AR 16201 SR, 3X
A 2 IR X SR e bk o't 4 R & AR AN
R IRE R BRI e A e S iz B ) .
2R JL4ET, XFEL BB BF)E T —ANHE
AV e TIN5 =Y T QU L i QN o1 I L
TR A I TA] ) XSk i s P fE. 5 £s-LPS
FI LSS AL, FEL ZENK MG T4 R0 LE A ] 73
PR B WEHE R XFEL A9REA ik rh A
A 10—10" AT, L fs-LPS #1 LSS i th4 12
5, REfS TP | T R MR 1T S5 5. XFEL
FEAE R K RS BE R IR TR R RS, IRl i HAR
&, F fs-LPS i LSS. BT 6T E i Ky
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i, 55 AR, UXRD FEAR A5 L3 6
ARE T T AN, FEL M E a8l T DLk
T ZRRDR R RS (181 1), ASCBLE sy 0
P /N SR AR S/ NAOCHUR A, AT 2
R UXRD SR B EWR | s PR s
] 3 R X R AL AR X AR (rock-
ing curve) F/INAEEAE A BT AN 5 R T BE, B
ZERENS AT S HUH RIS 18] 73 Bl i

A58 1 Y2, FEL 8 % >k J§ SASE B4
SHIOCHUE (B 2)22, d A ™ R A T R e
[ EREIIBUE 0 /IBLNETE: 31w, oo W N SPT FSRE R T4
UERIESZIRG . T AR HIZ7 [ RO T, Ot
THHETARAMEAE, SEAERN IO 4 A AR
T RER A KRR, R UROR R e s
REE RO TR 5 B A BB R, At — Ll e,
T, I MOE RSO R, R i
TAEAMAHE] FEL®. g1 T SASE #14h B Beikasi T
LT AR T AT e, Sk b B IR I R A
Zerypkah, If Bl THLaS N b 2 IR 18
B, XL R A HHEE N UXRD A ] 73 3.

N TR PRI A (R, SH AR B2k A O
(Stanford linear accelerator center, SLAC) f¥) £}
“#AE LOLS el 40k ¥ SPPS(sub-picosecond
pulse source) #7785, (111) TAIAHTOLH
37177 UXRD I i 4 S B S5 P4 O T ARTHIR R
TROPP LAY I ] I RS R, SIS T R

¥ (electro-optic sampling, EOS) i ARAE A st [a] T
H (timing tool), M4 HL 3 ik v 5 23 O 2 [1H]
By IR ELSh (RAefE FLASH I & 3. i %}
XS] R B TR G VR BB HE Y, Refs iR
HL ik 28 R 37 7 A I SR XS R ik o 5
RO b 2 [BUREB  Bs TRDG 55 figedie T i)k s
[, BIFSE N DT IR LS 3, 7 J I IO 61
T, S ARAE IR R TR ARTE 200 fs NARB] T 22
K ZEEE, SEmflE TR IR, DA 3(a) .
B S (] SR B 8 2% B AR AL Y R R AR 31 T
RIS, WA 3(b) 2,

Fsf 1) T 5L X B[] 43 %) FEL 5256 %8 5C 2
CL247F FEL 3% LS8 177 AR, Bl
1€ FEL SE503% 5 4 FH A9 i fa) T HL52F5 F 36T FEL
SR REPBOGERI . 33X — Ty ¥ 0 B A i HUR A
RARAEZ S FEL kG, WP RImERE=S X&)
— RGBT BRI, M s
A PIRFP AP 8 ORI X 2l
2T AR R, T AR IR FEL AR SO0E 2 B Y
i B S 5 B H U A 4, b s E] 2R R 1)
TR0/ AR 24 (8 WL GaAs il SiN)
28 FEL BRI MW SO A8 1k, DT A5 B ]
PahfE 8>,

% T IHE T 22 4h, FEL -5 52564 75
B T A, RVZEOG S FEL PR ERE S 1
IR EE A . IR BB B AR TG A F UXRD

i :
I .....
1 | RCACACACACACE|

A1

il POk il
ey el RO
N
EBHOE el

HF FEL 9 UXRD S5 70 J7y, 8505 e 49 Ok S8 FEL R4

Fig. 1. Schematic layout of UXRD set up based on FEL, a group of Be lens is used for focusing the FEL.

/j%/\\
U Xsase

Electron beam

Kl 2 FEL Yy SASE =t 22
Fig. 2. SASE mode of FELP2.
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Fig. 3. (a) Softening of the coherent phonon in Bi at high carrier densities?!; (b) percentage of excited electrons as a function of in-

teratomic distance24],

SrEE

{4 FEL 5 CEEOLREN A 1922 RN RO A GaAs UGS B9 G HETE 25 [H]_E 4R &1, /N A SCHE SACLA 2% |-
R B K S AR, BT DX R R FEL U&7 AR 1 RO B S B4 23 18] 37 1)

Fig. 4. Time difference between the FEL and the femtosecond laser is manifested as a spatial modulation of the femtosecond laser

spot reflected by GaAs. The inset shows single-shot experimental data from the SACLA facility, where the bright contrast repres-

ents the spatial modulation of the femtosecond laser reflection spot induced by FEL excitation.
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Fig. 5. (a) Determination of the time zero in the Laue geometry. The first-order diffraction of FEL light through a transmission

grating is used as a timing tool, synchronized naturally with the zero-order light used for the experimentPd. (b) Pump laser induces

ultrafast melting of a 30 nm Bi film, causing a decrease in the intensity of the solid Bi (002) X-ray diffraction peak and the forma-

tion of a new liquid Bi diffraction ring L[/,
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iR X G2 E S

PR EUE . EER S A Z R R A
AT S r A, 0 AR Z A SE A
A FEORRRB R F S ENIEN, XL FS
T R GRS R BB, B LB LR A iE
J¥ (spin order). HLfif J¥ (charge order) FHLiE ¥
(orbital order), H:7s [H] 122 3k 400K RUEE () JE 1A
Pl B X S I REAS Ak £E SR A ], (H 22
W TR X BFMRISOR R, TCEE I U AR H
TSR R XS4 Y BE B B MO, BE A TR
W T3 B0 ST HECS AT Y IR, UJ A DA A 5 R
v BRR T BORHE S, 3XRIHICE HOR ] A e
P X BB (resonate elastic X-ray scattering,
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Kl 7(a) A tr-REXS il i B8 28, 325615 240
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Fig. 6. GaggMng g9As was measured (solid circles) and simulated (solid lines) using XRD ove
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(a)—(c) %ift; (d)—(f) 60 K;

r time at different temperatures and

phonon wavelengths?”: (a)—(c) At room temperature; (d)-(f) at 60 K; (g) UXRD signals measured below and above the Curie tem-

perature, and the inset shows the spin correlation function.
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Fig. 7. (a) Typical tr-REXS measurement setup®); (b) schematic of the propagation of various phase fronts induced by femto-

second mid-infrared excitation in the LaAlO3/NdNiO; heterostructurel®; (c) the different propagation speeds of electronic excita-

tion (insulator to metal transition), magnetic order melting (tr-REXS measurement), and lattice changes (UXRD) in the film shown

in panel (b) .
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Fig. 8. (a) Schematic of FT-IXS. The grayscale image shows a multi-shot averaged thermal diffuse scattering pattern?®’; (b) evolu-

tion of phonon intensity as a function of pump-probe delay time at different momentum space positions®; (¢) phonon dispersion re-
lations obtained by performing a Fourier transform on the measurement curves from panel (b) 33
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Fig. 9. Time-resolved SASE XAS setup on the FLASH-MUSIX endstation: the Oth-order is used for pump-probe experiments, while

the 1st-order diffraction is employed for spectral signal normalization!.
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Fig. 10. (a) The UXRD and tr-RXES measurement setup. The pnCCD is used for tr-RXES collection, and the Be window separ-
ates the pnCCD from the vacuum of the experimental chamber while maintaining a high X-ray fluorescence transmission ratel®.

(b) Internal environment of the experimental chamber: the closed-loop helium cooling system is connected to the sample holder via

copper braids, providing cooling while also isolating vibrations!¢,
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Fig. 11. (a) Principle of tr-RXES measurement: when the valence band is occupied, transitions (represented by the red pulse) are

forbidden. However, when pump laser excitation induces a bandgap transition and creates holes, it leads to enhanced absorption.

This is followed by an emission spectrum resulting from the transition from energy level B to A. The B energy level can be in the

inner shell or near the bandgap. (b) Experimental observation of RXE data showing changes after time zero.
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Fig. 12. Simultaneous measurement concept of resonant elastic scattering and inelastic scattering.
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Fig. 13. Dynamic changes of three-dimensional magnetic ordering in SryIrO, under laser pumpingP”: (a) Intensity variation of the

(-3, —2, 28) magnetically ordered Bragg peak within 1 ps before and after laser pumping; (b), (c) the evolution of magnetic ordered

Bragg peak intensity over time after laser pumping at different intensities.
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Fig. 14. Schematic of the optical layout for a soft X-ray 2D-RIXS spectrometer.
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Fig. 15. (a) SHG signal generated by the 800 nm laser in the spin-orbit coupled metal CdyRe O, and the angular distribution of

SHG represents the polarization direction in the materiall®’); (b) soft X-ray FEL is applied to the graphite generating SHG (above),

and the resonance enhances the generated SHG signall*4l.
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Fig. 16. LCLS setup for hard X-ray and optical wave mixing.
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Fig. 17. Schematic view of the fs laser and FEL wave mix-

ing, the arrows represent the sequence of excitation and
generation of SFG and DFG*.
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Fig. 18. Schematic of the X-ray TG set-up: (a) The incid-
ent FEL light is split by a splitting mirror and then reflec-
ted by the DL1—4 mirror group to form two beams with
adjustable time delays, which overlap on the sample sur-
face to form the TGPZ; (b) the incident FEL pulse (blue) is
diffracted by a transmission phase grating. Interference
between the diffraction orders creates a periodic structure.
The probe pulse (red) is diffracted by the transient grating
onto the area detector. By adjusting the time delay of the
probe pulse, the dynamics of the sample following TG excit-

ation can be measured.
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Advances in free-electron-laser based scattering
techniques and spectroscopic methods

Zhong Yin-Peng#  Yang Xia#
(Institute of Advanced Science Facilities, Shenzhen 518107, China)

( Received 5 July 2024; revised manuscript received 15 August 2024 )

Abstract

In 2005, the FLASH soft X-ray free-electron laser (FEL) in Hamburg, Germany, achieved its first lasing,
which began an intensive phase of global FEL construction. Subsequently, the United States, Japan, South
Korea, China, Italy, and Switzerland all began building such photon facilities. Recently, the new generation of
FEL has started to utilize superconducting acceleration technology to achieve high-repetition-rate pulse output,
thereby improving experimental efficiency. Currently completed facility is the European XFEL, ongoing
constructions are the LCLS-II in the United States and the SHINE facility in Shanghai, and the facility in
preparation is the Shenzhen superconducting soft X-ray free-electron laser (S?°FEL).

These FEL facilities generate coherent and tunable ultrashort pulses ranging from the extreme ultraviolet
to hard X-ray spectrum, which advances the FEL-based scattering techniques such as ultrafast X-ray scattering,
spectroscopy, and X-ray nonlinear optics, thereby transforming the way we study correlated quantum materials
on an ultrafast timescale.

The self-amplified spontaneous emission (SASE) process in FEL leads to timing jitter between FEL pulses
and the synchronized pump laser, influencing the accuracy of ultrafast time-resolved measurements. To address
this issue, timing tools have been developed to measure these jitters and reindexed each pump-probe signal after
measurement. This success enables ultrafast X-ray diffraction (UXRD) to be first realized, and a systematic
study of Peierls distorted materials is demonstrated. In addition, the high flux of FEL pulses enables Fourier
transform inelastic X-ray scattering (FT-IXS) method, which can extract the phonon dispersion curve of the
entire Brillouin zone by performing the Fourier transform on the measured momentum dependent coherent
phonon scattering signals, even when the system is in a non-equilibrium state.

The UXRD is typically used to study ultrafast lattice dynamics, which requires hard X-ray wavelengths. In
contrast, time resolved resonant elastic X-ray scattering (tr-REXS) in the soft X-ray regime has become a
standard method of investigating nano-sized charge and spin orders in correlated quantum materials on an
ultrafast time scale.

In correlated quantum materials, the interplay between electron dynamics and lattice dynamics represents
another important research direction. In addition to Zhi-Xun Shen's successful demonstration of the combined
tr-ARPES and UXRD method at SLAC, this paper also reports the attempts to integrate UXRD with resonant
X-ray emission spectroscopy (RXES) for the simultaneous measurement of electronic and lattice dynamics.

Resonant inelastic X-ray scattering (RIXS) is a powerful tool for studying elementary and collective
excitations in correlated quantum materials. However, in FEL-based soft X-ray spectroscopy, the wavefront tilt
introduced by the widely used grating monochromators inevitably stretches the FEL pulses, which degrades the
time resolution. Therefore, the new design at FEL beamlines adopts low line density gratings with long exit
arms to reduce pulse stretch and achieve relatively high energy resolution. For example, the Heisenberg-RIXS

instrument at the European XFEL achieves an energy resolution of 92 meV at the Cu L3 edge and
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approximately 150 fs time resolution.

In recent years, scientists at SwissFEL’s Furka station have drawn inspiration from femtosecond optical
covariance spectroscopy to propose a new method of generating two-dimensional time-resolved resonant inelastic
X-ray scattering (2D tr-RIXS) spectra. This method involves real-time detection of single-shot FEL incident
and scattered spectra, followed by deconvolution calculation to avoid photon waste and wavefront tilt caused by
monochromator slits. The SQS experimental station at European XFEL, built in 2023, features a 1D-XUV
spectrometer that utilizes subtle variations in photon energy absorption across the sample to induce spatial
energy dispersion. Using Wolter mirrors, it directly images spatially resolved fluorescence emission from the
sample onto the detector to generate 2D tr-RIXS spectra without the need for deconvolution. However, this
design is limited to specific samples. Currently, the S’FEL under designing has a novel 2D tr-RIXS instrument
that uses an upstream low line density grating monochromator to generate spatial dispersion of the beam spot,
allowing the full bandwidth of SASE to project spatially dispersed photon energy onto the sample.
Subsequently, an optical design similar to the 1D-XUV spectrometer will be employed to achieve 2D tr-RIXS
spectra, thereby expanding the applicability beyond specific liquid samples. These new instruments are designed
to minimize pulse elongation by fully utilizing SASE’s full bandwidth, approaching Fourier-transform-limited
RIXS spectra in both time and energy resolution.

Nonlinear X-ray optical techniques, such as sum-frequency generation (SFG) and second-harmonic
generation, are adapting to X-ray wavelengths and opening up new avenues for detecting elementary
excitations. The X-ray transient grating spectroscopy extends its capabilities to studying charge transport and
spin dynamics on an ultrafast timescale. The future development of these scattering methods provides unique
opportunities for detecting dynamical events in various systems, including surface and interface processes,

chirality, nanoscale transport, and so-called multidimensional core-level spectroscopy.
Keywords: free electron laser, ultrafast X-ray scattering, ultrafast X-ray spectroscopy, X-ray nonlinear optics
PACS: 41.60.Cr, 78.70.Ck, 75.78.Jp, 78.70.En, 78.47.je DOI: 10.7498/aps.73.20240930

CSTR: 32037.14.aps.73.20240930
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XFFAT e AT 0, Roxo M—RAA N

cos? sin0 0 0 0 2 cos 0sin 0
sin? 0 cos20 0 O 0 —2cosfsinf
0 0 1 0 0 0
R= . : (8)
0 0 0 cosf —sinf 0
0 0 0 sinf cosf 0
—cosfsinf cosfsinf 0 0 0 cos? f — sin’ 0
\
TiEt e ) 2R B sk i R RR PR AR R AN A (y, 2BIZEAL), = Hlh i & E N ) 55 )Rl

St S S5 0 0 0 NG SRS ZIETJTT*% ﬁfﬂlﬁzﬂ’ﬂlﬂfﬁl

5 S5 Sz S 0 00 (9) TR TC. IR HERE SO vy = —¢j /e, B4 4 4l
O )

0

0 0 0 Sy ? (57 277 2 e ORISR, FIEAABON , 753 15 1
R FHIZ VRt R B8 =5 T X Z R,
00 0 0 0 S 0 < v < 0.5. Z2HE kAT LU i 304 H L 4%

ARSI I .
, (C11 — C12)C33 1 1
Sll 2 det( ) 2066 ’ (10) F _% - VEQCZ 0 0 0
, (Ci1—Cr2)C33 1 v 1 v
Sip = 2 det(A) ST (11) _ 59 o Ef 0 0 0
; _ (€12 = Cn)Chis Ve Vw1
S:
r C’121 - C'122 1
Sig = det(A) (13) 0 0 0 o 0 0
Shy =1/Cuy, (14) 0 0 0 0 1 0
/ Gyz
ST PU7RR, B R BRI T o0 000 e
7Tl 3 AR RRPER A B AR By = 00 /0 (16)
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TER RN (L) skE ST, ol LK
TARS EETHRE K. B0, JAFA Y vay (v12) Fll vae (113)
E ST ]

_ Sz |Cfs — Ci2C3s
2T ’011013013 -
_ Sz [(Ci2 = Cii)Chs

T " CnCro—Cty | Y
MUY I A [110] ﬁfﬂﬁ@ﬁﬂiiﬂb\ﬁﬁ TN

S

TSN A AT BB v12=— S = g
11

RS (B (10) X— (aﬁym?CwM*
5 FARMEDNAS, TS LEXE LIRS A TTAA, PRt SE 0w
BN RO 5. TR LT A R ARG AT
FERIEOCT , AT LA (58 M LAt 5 ™= A 1 g A8 3
A e, e, Mep,, (A il 3 FiR).
Ak, SEEe FAR 22 s = 19 5 AR Y [100]
1 [110] it fin Bl R B R X R EE A
N R A i R A T A A AT HARL. e (16) AT 0,
E, =1/Si1. Z8 (6) A (10) =X, AT LIS 2] H NI

JEE 5K AR TR R 9 U 7 AR [100] A1 [110] 7516 Y
P [
(@) (©
Dap, © - -
2. y ]
¢ VNP ¥
]4 e 1/2(esa+eu)
a ¢ € P O (d) .
1/2(eza+eyy)

[EI 3 Dap F Dep, SRR ATEAS [7) X Bt 38 18 v frly g AR A X

Vol. 73, No. 19 (2024) 197103
(2C12 — C11)CF5 — C1,C33
Y; =Cy1 + , 19
[100] = C11 CriCo — OF, (19)
Y9 =2 1 + ! - (20)
O™ %1 Ce6 '~ Ciy + Cra — 2075/ Cs3 ’

SEE bR Coe 32 2N T HLF 1) 51 AH S H ik 7%
(FFARUEME) BysRFUsEm, AR S A it
A AR, I Cge X524 AR B A
KZ, AR Z 5 m S A SR DR {5 B 550,
SEu b iR MR OC RN C = po?, 7]
V3 s 7 7 Bk e ] 90 000 A ] [ A S 15
TR SR BT AN, T AL R
FERZIKTT (capacitive dilatometer), ] LA B 42 Wil
Vi ML 9. 75 B IEAB S PR 1, (20) 34 o
N AR 2 T — i EE 2R 1 Ti/NR 22, R e AT DA i
Yinio) R SUBR Cog . 127 10 25 8 54 1) R 141
HLF [ S AR B RFFE v A H T B A H B

BT AFSHTFSE 53BN « ZHfF
EWFFRIGIE, —FRBA e B AR
4 (bilinear coupling), 75 —F 2 HA 2 AW
WEEAR S (G ARG, BT X PR &A=
AR BRI R REAG, DRI P 107 AR B R R X AR

EAlg
l €By, €By,
A

: o

1/2(8wz_5yy) Exy

oo

1/ &z 51/1/

2 ezy+syz
Ezz

(a) BaFeyAs, iR Z5F9 7R 3 &5 (b) CsVsSbs fb A (12544 /R &

&5 (c) PUJr b R AR P R AR FEAN AT YRR Argr, Aig,2, Big Ml Bog XTRREE IE P I R AR 40, A1g IR EHE Cy JiE R X R

T, Big Fl Bag BiZEH Cy XMARMEREARE] Co 5 (d) ANT7 BB R EFEAR AT AFRIR Arg,1, Avg,2 Fl Eag RFRPEE E i1 6z
Ao Arg BBYERF Co BEFEXIARIE, Fog ALK X FRAEFEARE] Co BEFe X FRIE, M1 6 R L3RR 4 Frél

Fig. 3. Irriducible strains of Dyj, and Dgp, point group: (a) Crystal structures of BaFeyAsy; (b) crystal structures of CsV3Sbs ;
(c) in Dyp, materials, strain can be decomposed into the irreducible strains in the Aig1, A1g,2, Big and Bag symmetry chan-
nels, the A, strain preserves the Cj rotational symmetry, and the Bi1y and Bgg strains lower the primary symmetry to the
Co rotational symmetry; (d) in Dgp materials, strain can be decomposed into irreducible strains in the A1971 s A1g72 and FEoq
symmetry channels, the Ajg strain preserves the Cg rotational symmetry, and the FEg4 strain lowers the symmetry to the Ca

rotational symmetry, the white dotted line indicates the axis of symmetry.
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PR BRI B8, KA [ AR G A SRR R AR, N
WFFE R PRI B F 145 1) /] / S | AR AR S5 )
R T B WA AT, oA A5 s AR A A
RO T — R RIS RO KR A 4R
BE. BEAh, AR B SRR AR HAT 55 E
DU AH R %R (1), BATTRT DL S %806E F
JERR AR, SR ANSCIE B, SR A e AL
X IR 7 A 14 22 RSO0 LA B 3P Wi o7 ) S |
AR/ N A TR, AR BOR B 2O — Rt
SR Y E B T B

3 BAM - AEAR G

3.1 HEBESK

M 2008 4 LaFeAsO, F, # & B LI K, £ Ff
BRI SR RARAR R R I, 15 1 TR oT ik
T 23940 BB A 2RI A, HA O
HAITHE FeAs/FeSe 2. B TRXFNRIRFHIE, Pkt
FL P R 0 AR 58 P T P T A5 1) Sk AR ARG
TR AC L, SIS AT LIS N “117 (FeSe, FeTe
), “1117 (NaFeAs 5%), “1111”7 (LaOFeAs %),
“1227 (BaFe,As, &%) L MAR. Hfls Fe MIRLHAIT
EVNEIRE S8 s B ok R U LR TIE S L

I S B RHA (U BaFeyAs,, FeSe) il H /&
2 (3dyy, 3dg., 3dy.) BTG S ER LA 6 8
(Hund’s metal). X TR 28 SRR, B2
) BaFe,As, R R, AR IR SR h S48 —
AN DA PG J7 A BRI TE S A R G5 A AR AR (T ~
138 K), IS SFBURMEARAS (T < Ts). i
ZREWIIGR, TOR T BETm G, 8 i g i
HB B T SR RS A AT 2% %) IX S8 3 e
T P (1 4(a)) Y. i e L T B 152 AH X
SR BT AR R ) T TR X BRI H A 1) S X
— DX I B FR A HL - ] 9104 (electronic nematic
phase). fHXTR M, T WPEFR A1 FIHHZE (nematic
phase transition)?.

TE FeSe /R & A — 45 A4S, AEARAY
TR AR RRRE Y, TR E— 1 T ~ 8 K1
HBFES. 7E S B4 FeSe A& (FeSe,,S,) H,
WA B2 R3E N, T Bl IF7E 2 ~ 0.1734
B HAF PP E IR A (nematic quantum
critical point, NQCP)!"2%], YEiZfk & h | ffEE T
HRITE 2 ~ 0.08 MEEMFIAHIALZ (K 4(b)) M. T

A G A A FIFEAE NQCP, FeSe, S, M AR FR
BN R W5 R 1) 1A B 5 S S IR A AR
R R 2 fihn, TR, FeSe, S, T NQCP
B RO TR A S BT, P AR R X
PRPE i 5 RE B RO 45 14 Al BEAT 135 22001 1o 81, gk
Fo SR K R B S5 S SR AU, B
G BIAF A P (324U, intertwined order),
WS R REFE BT I A, BTSSR AHEAEH]
2 Pt - AROULIC X BIL T 7 S 101,

3.2 IEXHHZERFEAERIBIR

F TR 2 A7 MY J7 R 381 1 38 A 1) 45 44 AH
A5 (BRI Ty —AE 90—200 K), BASHEESZEDEA
IEAS MR o= A AR 22 90° Y28 & 149, AnfA] 4(c),
(A) AR, AR5 1) 22 & 10 S35 o A (45 14 2R 1k
S Oy WEFRPE, HER TIRRIALNER Oy XFFRME 1.
R T R R AE IEASH A E L 1 5, 7 A
BRI TIR AR . PR S A ) fb A
S a, > b, (U1 BaFeyAs, Fil FeSe [ IEACHAE § =
(a—b)/(a+b) K 0.3% 24, WIESHIAY a/b
5 1w il Jin By o B R Ty, AT DA R bR AR
-8 (|7§] 4(e), (f))[21.50,51].

HAE 1990 4R, BT ) O SRS AT LI AL
T BR 1E S YBayCuy O s B 25 R 19, 2009 4F,
Tanatar 55 ) 1 56 2R F (i 9k > 5k f405E A s 2 9%
X STRATHI I AR T 2R T TSR, OF
F 2010 4EHRIE T PRSP FIHUMGR 22 S 0 s R
% )5 %, Tanatar 45 U % BB 22 i 1 2k 34 18
BEAR R FEAEARSR Y o/ b L BHAS 1) S 7R 6/ M
FEWRL T, BaFeyAs, B9 L BH 45 m) 574 1] DL Rpak
F] ~ 200 K.

] — B 8, Chu 45 PU SR B —Fh Bl R 5 AL
BB Ba(Fey ,Co,) Asy IBZEM, REWITE T %k
R PE R T AT N R (pa, py ) £ SHE,
RBRAESEAHH po F py, TER BRI (2.5% 3] 5%)
AT DR 22 JUAY, e 28 o 7 A0 b 34 1 AN )
(po BAREINAENE, pp I IAAL LR HLFH
152R). LA, B ESRZ R 5 MPa i, 78 KIB7%IX
B A 2R 1 E BELAS i) Sk T AR B A B 3 T T Y
VL TR LA R 5 T ) L B4 1) SRR i 1B 2
DXIRIEATE IS, AR 2R 119 16 52 Ak M AR AR /N L
B 4= B RN, T E B 1) S AR R HLAE R Sl %
IR KA, TNz BRI SCi a5 R, MEF e
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a) 150 b) 100 c e
(@) AT (b) o () @,
80 "t S
& R4 I FeSe;_,S, b
S~ >~ p
o 100 R o) 5 C
E 5 60 b} ™ T
2 B Atet, ‘
g 2 a0l 1
g 50} g Ortho. (f)
& & (Nematic) Tetra. Screw Spring Crystal
20
, 3 SC
0 . N 0 . . . .
0 2 4 6 &8 10 12 0 0.05 0.10 0.15 0.20
Co content /102 S content z
(g) B 10 mm

t
K
|
O
| | ||

4 (a), (b) Ba(Fe;_,Co,)sAs, Fl FeSey_,S, HIAN I BLl; (c)—(e) IEASARZR AL ORI LA 1 I3 2% o ZE I BY; () B R ARE i Y
B 2k S T L B S T LB L R XS R AT SR s () 3 T2 1 BaFeyAs,y &*Uiaaﬁ it F9 R 2R o B (h
TR FeSe B O A i i) BaFeoAs, H4% 035 (i) RIXS 52581, 5k H] BaFeyAs, fF 44 IR IR 25 i FeSe 9% B B BY; (§) RIDH LGS
i 11 5 00 A1 DA T Fn 5 1) S22 2 i A #Wﬁl_?—aajt% FeSe F. it (425 7R 2 5] 9

Fig. 4. (a), (b) Phase diagram of Ba(Fe,;_,Co,),As, and FeSe;_,S,/""*4; (c)—(e) schematic diagrams of the formation of orthogonal

twins and detwinning under uniaxial pressure®; (f) schematic diagram of a uniaxial-pressure devicel®, suitable for resistance, neut-

b

ron, and X-ray diffraction measurements; (g) a uniaxial-pressure device suitable for detwinning multiple pieces of BaFe,As,™; (h) a
BaFe,As, single crystal with many pieces of FeSe single crystals glued on the surfacel®; (i) a device used to detwin FeSe with a

BaFe,As, substrate in RIXS experimentsP!; (j) schematic diagram of a device using invar alloy to fix an aluminum strip to apply

anisotropic strain for detwinning large amounts of FeSe single crystals3l.

F B IE A R AE AR B T 1) S AH, TSR R R T
DAL ) Fi B A5 ) S5 P U 2 i) 31 i v XA A 1] 81
AR, S S FRA S TR SR )
FUAHAI B, Chu 25 21 S0 45 R Bl 1A
Hh ) S ARBIE S AT R PE T AR
WS, SRR B4 e ) AL 1B 28 i ) 7
5, DN GO 2RI 2 b i i A5 ) ST T
9T, X — PG A7 75 TR R 28
PRz, BE—20, DTN SUR B TR 25 6
(75 M B T3 (ARPES)P2 21 £14Mk
T 5061 v U 0TS XS AR HIUR A SRR
FHASE PY, N T45H OGS | S5 FIREANAL | iR
REREIA 1257 T, N PR Bl A TE S R AR
ARG TP HLAT A RS )5 L R S K
H5 BB At TR 2 H A SRR

3.3 T EMKIRZE SR

AR R SRR R A VRS B 2 RS T Bk
15T BRI, (HREXA LRI AR, 4N FeSe
A5, FF b E AR M EL AR T S, H R Sl e
FURMEXT HAR 2R . 2016 4F, Tanatar %5 59 SR I H:

R SR IR AR 5 1, W) FeSe JEATIR 2R
IEBIF T AL B A ) S P (ER X R 7 O oA
ST BO T G
3238 3 1T F B R AR Sl TR o Sl A 4 S
K (&R IR N RS 2/ N 0.1%,
AIELIZ FeSe S HE IR 2R ), He 45 6061 SR
WA YR YERL A (glass fiber reinforced plastic,
GFRP) fEA41E, LUK PEEK /4RSS &
TEHE i PR i il JBE 14 757, %) BaFe,As, Fil FeSe i
1 (FB4y) 2R, TEXFP &, (B0 TR IR ERE IR
I 23 AR ARSI (5 ) Stk ) WO A o
BEIREE LA, FEARIR T ATiA-0.67%—1%.
Z T WS &, Chen 45 62 $ H T R
BaFe2A32 SRR AR R Y FeSe i
L’EEF'HE’J?’:T% (K 4(g), (h)). BaFe,As, 4514
m T, ~ 138 K. fEH 5l 1 T, BaFeyAs,
Tﬁﬁﬁﬂ:T f I BE B AT 772 A2 (200 — eyy) ~ 0.7%
(x//[110]r ) B9 2% i) S PR AE . AHELZ R, FeSe 1Y
Ty~ 90 K, IEEAEIRAE § ~ 0.27% , X NI & o]
SVERIAE N (00 — £4y) ~0.54% (2//[110]7 ). I,
7 e AR MR T FeSe f 48 SHE o - L3 02,

\y, Exa — €yy
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ARPESPY| Lz HE 3 PE X G 28 B ) (resonant
inelastic X-ray scattering) PIHF5EH (& 4(i))BY.
Chen 55 02 2R R 38U vh 71U 75 DL 9T 1R 25
FeSe RAERL M L X FRYE, & B0 A et Peig H i
IAE SR Wk Q = (1,0) &b, B FeSe H1 Y4
LR SRy BT R R Bl Y d, . BIUTE SR R Y F G
Xt Yi % PSR ARPES RIS TR 25 FeSe
IAEHLF45H , S BRAR HL - ] 51 AR A S fo0d
PRAR AT SR AR A, FATR A RIXS BF5 TR 22
mn FeSe HR m] 31 F e SCH 1Y o JE FIRE | RO, %
LR IR B2 A, AHDCEE SRR I 1 51 AH 2 H e
A EEIK Bl B,

IRIR AR A BARARZ LR, (HA A XL

FEH, M NHT IR ) BaFe,Asy A< Bt A TR 58 A%
R G, HILAEB 2 [ 1406 XI55 FeSe i
TEOLIARL. =Z Fr LA RE T R SCiik [62) Hh A AfF 5% 2 I
1 BaFeyAs, 1 H e B AF7E— 129 10 meV HfiE
B, 1 FeSe i) H BEdPRIEREREIU N 4 meV. H I,
R TCIE T R BB RGO I T RO L e
Ak, BaFe,As, FIRZR 24 & HH K E A 2 Hl Ak,
HRBAETT PR, MR TE 5 5. 4
fORT, X G OLE A SRR B 2, I8 T i
BEHU Ut — 1. i, 22 B WA T
32 v YR 0 T R 3 R R R 1 P RO . %
Al 2 BU K% 07 ¥ A RIXS 45 4k, 75— R
rER T AR WA AL, T LA R RE R A A
w52 (B >80 meV), NHFE T, I 1T 4. 2
ITIEATSRAFAE —E BRI, BN, Fe-Ly Wi /Y
RIXS Jo vk 1 4 55 2 WG & s i 34 B
Q = (1,0),(0,1) F1 (1,1), K JICH: BB 78 X}
FRVE. M Pz 8, A SCVE# R IR 408 (K
LA MR G &) ARk 2502, Wit TR
G HME LB R Ik (K 4()), B8R
T T PR AR A ) SR AR, E— 3 i JC SR AR
L3 4R M T T B FeSe B, il
TiRA N, FeSe M52 HE WAL 1, MR T I
H S PRI i AR R P B S R L B ) A 991,
TERARM S, AT A B T Y Jr s T
IR 72, A TC I 45 ol 0 58 K ) 4% 1) S5 iy A
(BT AES). 2018—2019 4F, Sunko 4% 53] & Ji& T 5
FERFNEE B & AIZIK R B = A AR, IR R K
VB SR AT X G Ut 2 JFG P B b et i oz A £

SR ITVE. SRS AR IS | SE PRI Y B U A
TR T JC A T B )RR ol SRR, RIAT A
B4k 255 A 45 S A ) B b A P 1Y 22 BT AR N
2 1) S P AR, AR e K AT IR (40 — £yy) ~ 1%.
Liu 5 MR FZMN 775, 316 ADRESS
R FIE G THRTH®RES 648 W
BaEERE, Y% —F5 FeSe, .S, (v =0—
0.21) BN T (€00 — €yy) ~ —0.4%— ~ —0.8%
5 ] SR AR . FEIZSC e, AR T 45 ) Sk
I A5 RE A8 WP RE I A AT A RO AR 181 e DG HK
"Z AT FeSe, S, MHE W, I 7E 2~ 0.17H)
NQCP 4b R H 58 . %2 25 3Rt — 2 WoR ) 5]
TS B )51 B ek, 5 AH B i AR
2 191 e T SR 5.

4 W1 B AR A AR AL R

4.1 HEFm@7IHE

[ia] 1) FH ARk U5 T R 5. ZERRIR O+
TE Rl R GE T, WSRAERIR S A, AN ) 45
BEALA> A1, BEEHA R BAT RS RIS X R, Bk R
AR, SRS A N RS, H A 4] [R] —
AT I, A4 R [ AIe P Xof B P R e 2 X
PE, R AR, TS ER AR K Es 1) [F]
—J5 IBAEALE FRENL AT, S0 R 1wt
FRYETAAEE TR T, #o150AH (nematic
phase). Wi H BIAHAE T IAR I de Gennes
T IHIE S AR A UR e Hh e E Tk 64,

AR AL R S A o, e N
S B 10 900 R R A 38 D I 4 S 25 v 1) | T B X
FRUERE SR (REAR) T 00 2% 1) 7 Pk v 2 105681, 7
BRI T b, AR AR AR ZR DU AH A TEACAHH
J, FLFAS EH T PN DU E R XK (Cy ) BRI
BEEEXRIFR (Co) TSR a/ b HL 745 i) Sk (2223,

553 TR, B R A HR BEAS )
578 T BaFe, ,As, H1 AT REAETE 0] 51 AH S HLK V% X
B RN, IR B AR AR FEE R AR AR B AE i,
T ey ST W 1) 5 AH A U T AP R B AR
PE I LAl R IR T a5 AHAR (AN F4k) 558
SRR BEAh, el e o6 R e 810 AH S
TRTE ARG, W58 HOR 5 S H 5 8 5 1Y O
+

HITT 23 2, YR (m) 5 AR AR v LA bl B3 i 25
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FHARYE AR A THEIR. B4, ] LA R i 3 Fe—Fe §# 75 1] ) fH B, 2012 4, Chu %5 26 FI]
WIT R AR R B S v i R e, TS B R BR FHIEAL TR ARBEAR (B S8 B A R I 7
‘ﬁﬁﬂiﬁ%. Chu 3 B2 B SEIF R I A, JRREH JE H B B HE ) 1 45 Ba(Fey ,Co,)As,, I &
HENT R — bR vE A AT ) 31 A B HEK V% 11 5K T H L BE R ] S, 4B R T 7 T S B v AR

FrAEE ST IA. (e//[110]) T HIA G LT I IR L (8] 5(a)). A4
42 [EELE 25 ITE F AR ((22) 2X) ik, AT RIS
WL BEL 4 S o S B 2 W G0 SR R SR N AR T 8 [ B R de /de FEBR
_m—pe TR &L ((23) ), WEHH 585w 5 A A
o ¥ pa’ D s WSS, o WIS T A
Hrp po 1 py, 5300 M W 25 IE A E5H8) o F1 b Ty e) (B NEY 9]
100 e,
1ol . ® e « —
Sample A fezo stag v ;
| =l T. [ It
o), o] - || =
b - ” L1 y
< h..
() () <
hd _ i 4 I 3
BaFeyAss - / ’\ " F\ 1
1(IJO 150 200 250 | 300 #a " \ S
T/K T:'—m i 0.5 mm
60 (f) BaFesAsy 25 ?
) ofgé { . 20 \i/
H 0 T Strain 15 &
| 20 + § L’é .gd“ge 10 E/é
: ozl 5 c‘g
0 . : : : 0 : : : ' do £
0 50 100 150 200 250 0 50 100 150 200 250 S
T/K T/K ‘

Bl 5 (a) BaFeyAs, 1 RIZIMR N dn/dep 1Y EERIPE G R, A RRGE WA AR Ty = 138K, LR T HHEALE, #14
d A
Nl £ = m + X0 20, (b)—(e) #LH:HBHIN R 2 E ) (b) DA st B I & (1//ene ); (c) A S0P HL BH
0

W (1L e ); () PUTTAR [100] 55 e 1 O F A 15 B P LI 75 5 PR () TP 4 0 5 i T ol g 2 6 T A0 O
PR (Z2) R 1A] (mwﬁwﬂ; (£) BaFesAs, 1 Bag HLFEILI —2meq (IE HF FIBALE xy (5, ) ) IR IRBUER R,

MR A IS, A A5 2mes = o 2mGe ; (g) SLHATIR B (h) % BHHALE —(2mes — 2mY)
(ZE i) 0 w5 —(2m56 —2m3e) T (T — T*) W] LABE 4 4th, 1 i 4045 Jo dat )

Fig. 5. (a) Temperature dependence of the nematic response dn/dep of BaFe,As,, vertical line marks the structural transition tem-
perature Ty = 138 K, red line shows fit to mean field model, the fitting formula is ?TZ = m + X0 20 (b)—(e)
schematic diagrams of elastoresistance measurement®l, (b) longitudinal elastoresistance measurement (I//ezs); (c) transverse
elastoresistance measurement (I L 44 ); (d) longitudinal elastoresistance for ez, aligned along an arbitrary in-plane direction
with an angle 6 with respect to [100]; (e) a photograph of two crystals mounted on the surface of a PZT piezo stack for simultan-
eous measurement of the longitudinal (left) and transverse (right) elastoresistance; (f) temperature dependence of the Bag elast-

oresistance —2mgg which is proportional to the nematic susceptibility X Bag) of BaFeyAs,, the black line shows the Curie-Weiss

A
(T =19 ) + 277186 ; (g) schematic diagram of experimental setup; (h) the quality of fit can be
o(T —
better appreciated by considering the inverse susceptibility —(2mee — 277186)*1 (left axis) and the Curie constant

—(2mge — 2mQ) ~H(T — T*) (right axis)?".

fit, the fitting formula is 2mee =
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G ba o da
F = g2+ 9t + 5 + e — Mpe — he, (22)

d A A
T-a- @ =T (23)
PRI, AT D 3k S 50l 75 31 dy /de , I s L
SN K WOET SR R 3K Bl g S LA Y HL - 1] 51 AH K
7. TR A R S S Y, L R
dvp /de BEFRAE IR P AL (nematic susceptibility).

FERRRL, ZARE] o, T Z R o, b7 1A
(I HL B3R, BAE Chu 55 P9 B9 AR b i 2 755
—J7 AL BHAE A 1 = Ap/po KFRIE ¢ (B AIE
Bl dn/de oc dyp/de ). SR ANE 5(a) BTz, dn/de 1)
T HCUAT & o AN R8T o, IEA T Ba(Fey,
Co,)oAs, BA FHIERYHF ST E M, G5H9AH4E
R Sl B ) 51 A

R 738 i 5 — 7 ) Y H B AR ok SR AE
Y LAAk, Kuo 55 BT — 20 B b4 5 s i
FLRH (elastoresistance) H 45 AE FH -5 A G X AR M
HIE Y [ SR A ROE L, T SEE E IS SR
HL BE HRR S8 B (e ) 5 1SR AR —FE BLA Ja
AN A AT N . R S R LA 1 A R
5B ] 1 OG-

6
(Ap/p)i = Z MikE - (24)

k=1
(] I 2 s i A A 1 AR S I Z AR R ((2) )
— A, SRR m W — sk E, BT RA
AR BRI B AR}, i i BH sk i 55 W ok i B
SEAARRIIE . BN, Dy, sSSORERP R 534 H B
EX G S|

mi1 miz miz 0
miz mi1 miz 0
miz miz maz 0
0 0 0 M4y
0 0 0 0 may
0 0 0 0 0  mes

o o o Oo

mi =

o O o o O

(25)

P P B KR 5 R S R A B AR TR A

WKV PO GRS Ah, T TSRSl R AR A

T SR AU R S, O BLFP S b i

FABG, DA T g, 9 QI TR0k n]

AEAT AR A s Hh BELAEL. 33 (s A v L 7% D0
AT SESRICIRAR 2 P A e A i — ey ) T A

WE 5(b)—(e) Fizn, 7ESL5KH AR J7 101 )
SRR, R ot RG  E  H Pl R MR T SE e v
i) 25 A JEC it fin S o T R B AR . DA BaFe,As,y MU
J5 AR [100] J5 [ 27, G\l B B 45 3] 2
[r] 1) R BEL A A 3%, 6 ) H, BEL D 675 3] g D 1] 19 F,
BHAZS Ak, H BHAZ A6 32 7] DLy s v v BEL AR AL [
TN

(AP/P)M = Eaxx (mn — VpMmi2 — Vsm13) )

(Ap/p)yy = €zx (M12 — vymi1 — vsmas) . (26)
T, PUOARE SORG IS 70 e v B e M T, e v
Wi 35 I 1) 07 A8 JLF- 58 A B B8 2 R i, IR A4 T 1
TH A FE oy He Ha, Bl 88 M 7 A= W A8 I A9 YR 1, D
vio = vy, vse I E R N TSMAR L. BT
FIBH S DU T o EEHERR G PR D A
[110] ([110]//=) #EA79h1a) d BH I 2= (K] 5(d)), H
X 07 T 5 L B R B ms - RIS L, AR SR 2(c)
ShERE 0 f (il [100] S 6R), K5 A5 EHT G s
HLBH K m/ ((27) 2, R WIEFHERE ((8) 20):

m' = RmR ™. (27)

MR A (P B VIR AL v,y = 264, Fe45 RS
PRIVZE €4y ), T4 BISE ¢ FlIERE 0 B, SPEHL B 5K
AT C R

m), =my; — 2Amsin® 0 cos? 6,

m)y = mis + 2Amsin® 0 cos? 6, (28)
Hrb, Am = may — mas — 2mee . FEMISENER 0 f
J B AR AR
(Ap/p)zy = Exa (M1 — Yymy — VM)
= 4o [M11 — 2Amsin®0 cos®¢

—vp (a2 + 2Amsin®*0 cos®0) — vymis],  (29)

(Dp/p)yy = €xa (Mhy — vymiy — vsmig)
= €40 [M12 + Am sin?6 cos0
—vp (m11 — Amsin®@ cos?0) —vgms] . (30)
TETCRR/NS S AR T, TN Ay 748 o) S 5 1)
SIMIFZ it o JMAE F, PIHAT i SCH BH 3845 1) Sk

Pzx — Pyy
N= L=l oy (31)
(Pmc + Pyy)

Xt N AT R ERIT, A — ORI ERY (EH] T
LHPRITEIE ):
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N~ [(Ap/p)az — (Dp/p)yy] - (32)
I, XA IERE /A 0, rBHRA [0 F 1
N(0) = [(Ap/p)az — (Ap/p)yy]
= eg0 (1 +15) [(ma1 — ma2)
—4Amsin® § cos® 0] . (33)
AL, 5 2 07 S AR A DG AT vgm s BEHETH.
X F PR X RR T 1 0 =0, XN TR 2R €40
W [100] 7 W), XFRE By AATAFRIN; 0 =n/4, X
WL TS €0 T [110] 75 10, R Bog AN AT 2K
[LERESUS- W/ I
N(0=0) = a0 (1 4+ 1p) (m11 — ma2), (34)

N0 =1/4) = e00 (14 15) 2mgs. (35)

PRI, 0 L BH 3845 1) Sk N, Rl 2 RPR AN /de
S5 TR HL P R ME I A ROARA HL vy, T DL A 2
it B PR FEL B R AR (11 —mao) BT 2mee . I HLHH
T N=cyp, WATFH] By, F Byg XS FRIEIE IE Y 1] 5]
WAL A

XBig = W, N _ c(mir —mi2)
= 07—~ ~ = 1— MmMi2),
Yo d(ere —Eyy) oy s
(36)
dez dNn:/4 /
= g ~——=(2 . 37
XB2g4 deny |y dens C 2Mge (37)

&1 5(f) 29 BaFeyAsy ) Bog SPERLEH [2mge| #Y
B OC R, B BB AR A7 H H = B A0 28 X
. X5 U AT A3 A HELL T () M 5 AR 1
TR B2 A OC R AR5 27

an (36) =X, (37) X, 828 W0 5t L BH &
BORRAE M SR ik e, IR 2 H
THF 5% 4% Pl 2k S5 AR b 9 1) 5 AR AL 36, 40 Ba
(Fey ,Co,)pAsy”", BaFey(Asy P )", FeSey ,S,1*,
FeTe, ,Se,*) Ba;, K, Fe,As,™ Ba, ,Rb,Fe,As,[™,
LaFe, ,Co,AsO™, BaNiy(As, ,P,),™ &5 W55 4
SRy L ok S A 2R v (1) BT ) B0 A B AL T S0 I
fill. 7ERRAEE SRR, — MR TAEZE 24
ENES e, PSRRI Nl TRt S Hil -2 e
Kuo &5 P75 T 24K R S BB 24 S i s
L BH 2R 2K [2mee| , A BRI BEIR 2R 1 |2mg6| PIHE K HL
HA R B NI T R:

12mes| = 2m3s + a/[NT —T*)), (38)
Hrp ) 7 S FIm SR . X R SR R

H 2 AEAEAR SR T SRR AL X g, = ¢ X 2mgg . T
W, KRB I T B4R 0, 3R
HF 3K BB R R ) S A48 24 4143 1T BE AR 30— 1 3]
EIRF IR, RIMIKY (nematic fluctuations)
AR AT 5 8 S O AH AR R A 6 P,

7t FeSe, ,S, "', Hosoi 45 31 SR FAH [A] 1) 77 ¥
R TR P AAAEAR SR B m S AL 3. R AT LAk
Wi oea (38) HAAA R T B8 4% o LR FEAKIT
P we = 017 A BIK T ~ 0, R AL FT RESE: 7] 5]
HEFIE AL NQCP. 2K & ) 51 it 1l S IX B,
H5lSFHNREBR s ~0.08FFAESE. WA, BT
FeSe, S, HIFAFELEMURE 3 5 808 S M7 1 AH
A5 AEF IR IZ T I S ] R S Rk TR O, A
RS RS A TFSE T, Licciardello %5 4
3 2 H BEL 2 AT 40 BT, BN T AE 2 ~ 0.17 47
1E NQCP. 7EX} FeSe, S, [ HC R % 31 734
LA SE T, & NQCP W24 TR R i
S LM P LT X FR P R RE PR S Ay 46481,

ST L B 0 2 R A Oy T R T
HAlOCHR L ABH ST, 640, Rosenberg 45 (™)
Wi 7 af—4d & @ LG Y, W10 ) A A &
YbRu,Ge, I #LPERLBH, R By, ML ZRTE
230 1) ) AR AR Iy 26 B AT A, Muteh 55 761 )
FH AR P I FLBHL 3, KB ZrTey Wi REAFTE N A2
PP FRFRAS s LS 2B 20 R T it H BEL DU
WITENIIEIE H ks SR CsV,Shy H 2 B A7F1E
H, [ F1) AR A5 (77801,

4.3 Dy, RBEHHSEERE

8 B SRR AR b i v i BE R K (A
— BB, 1E Doy, s REH, T HEA Co e )
PRk, ORGSR 2 Wit n/3, Pk r pH ki m
TRFEAAR, A5 2] mee = (ma1 — maz) /2. X AH
13 De, sV B 5 L BH R SOk S S 5T (A L
T Dy, SHERY 6 1) D F] 5 A anE 3 iR, Dey,
R RSN AE 9 R ey, = 1/2(0at
Eyy) s €A1g2 = €225 E€Eyy = (1/2(eza — €yy)s €ay) -

TE Dy, SAFHAR RS AR, S [100]
L% 2 (z//)c) WTERAL B AMEE 0, Hir PH AR 1) Sk
N () Kol As ((33) 20—(35) ). LR m i ¢y
S B 0 < s, T 2, 8 7 038 4 LR B
S R I K A £ gy, XTI |2mee | BERS F 1] 1) AH
ARk, H AR (38) X, BIZ sk fo fHL &R
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BRI JE BANIAT N, 7E Dey, s HET, HA By,
ANAT YIRS (e, ) BB BRI N0 FR
(9, DR ATFE N D A B e 00 X6 o Py e i L
REOF R ZE R PR BRI SIRALRT) E
AT BT Dep siBE T mes = (mag — maa) /2,
M(24) AT (25) B & HES B R 8L ISR A
(33) ATV, 2 A LT P4 A4 B AH 2 By )
P4 FELBH 3 45 ) S P 5 A R TG K
N(0) = [(Ap/p)uz — (Ap/p)yy]
= Exx (1 + ’Up) [(m11 — m12)
—4(m1y — mia — 2mgg) sin® 0 cos? 0]
= €30 (1 +vp)(Mm11 — Ma2). (39)

PE— 25 AT LIS BT A € g, X A S LR 2R
WA R AT REAFAERY ) SRR AL R
dN

Mpe,, = 7(1 (Em — Syy) o = mi1 — Ma2,

dN

d = (1 + ’Up) (m11 — mlg) . (40)
Exx

WA, XA R R REFRYE € 4., , FLTRPEHLEE
(Ap/po)ay, = 1/2[(Ap/p)ax + (Dp/p)yy) . LT
B B 28 00 I 1 . A& (29) AT (30) =X, AT LA
Ml 2y, = (1 vp)es WTEAOSIE R L B

A ) 2v,
_ @elpo)ar, 2

—MmM3.
Aig dgAlg (1 — Vp) 13

(41)

TR AL Y €A1 ST A Y €Aig1 s K mas K H
TH TSR A0 ¢ T ea,, , = 2. XTHL
RELA%) 52

Nie & M B Jeill i T CsV3Sby B i Y 5
PEHBH AR EL (may — mag) , IWHHARER T By XK
VS 1 SR AE % i, . S0 5T, FEH 7
FEREWAAE Tepw VA L, (man — mao) JLT-S5IRET
XK. FEERERRAC, (m11 — maz) 7€ Tepw AR ELH
LRI, FESHRREEI KR T ~ 35 K ALiAFIK
KA, #2558 8R /. 256 A SE B e S, VR IA
X R =4t CDW Jy il if 358 Foy 2 1] 515K 7%
KB T RGAE T AL IS ARAS. SR, 7EHABAF 5T
2 1Y J5 S E 7880 g N BOR FH R Oy v
B2 mp,, Mma,, , Kmp,, — BN, AUE Tepw
A —A BN BT T mea,, T8 Tepw 28 HBL—A>
TR SR A IRUE, T8 Tepw AHAEZ T, ma,, J& mp,, Y
2—>5 155, WE YE AR BRI AR TR, 0

SRR EEAEA [FIT ST A B AN TRIAE ity FPARASAH ).

S5 i, BEL 2R 8O0 AR 2 AR 728 A e, 1 B Y 2
RARSBIRAY, (B mp,, JE75 0] LU 51 AR
(Xi, ~ M, ), BIINRAFALARE 0. TATM I
THT A AR T R, R R T — B4R

T T E R I, (31) b N = ey O B HT
Je: AEVUTTAI AR, TEARINN LR pop = pyy - X HLIR
HIE T AER S TCRR/ N LT AT AX (31) kA%
BNIEITARE] (32) 20, AR5 A BEF FH 381 F BH 28 %K
FEMEHEAT IR THE. e AT, R HIf
ATETE Ca M FRIEREEIRIE paw = pyy TEF LT
BT FEE EAE ST AR PR EAREE BT T
B, 2R (31) 28, M FREEE TE R — 3
P EE T pra = pyy , BE BUE H 22 5 HUSTRRAN B
T AR B ZESCBRI i, KB CsV,Shs 1Y
mpg,, 1T > Tepw AR, (HEEAR FRABEIRE L
R (B Ny ), I N — Ny = eyp BRIFT LABT.

(39) At — LR, ep,, NZAE T A HLBH A 5]
SPEN(0) 55 0 Joo. TEMRA AT BT P P EL A
ELATT AN AL ((€ga, £y ) FHREFT IR AR 2 55
Py, XA N EIR I H] T & B 2 A
AT 1) B R BEL2E SR (B RLE 7 A Co M RRPE),
ARG HBA Coo MR, LT S AHTE T N J2 Co
XFPR, — MR, 11 FUAH I J7 6] 5 A 0 Bk 5 1]
AR B B TFLAE AR I 0], N B IR RS &
FAR A N ICvk5 75 1) E B L1 1) 1A B
WAL SRR Z5IE, B N o) S 0 KT,
Mix-5 (39) A

USRAR R P S A — el 7 0 5, AR T
] AT/ N O X BB I 22 RV R s RS 2145 7
] FET S WRAE N R H A SO0 ) ks i
S5 F R — AR B AT B A e SRR, DU A ]
AE Y 28375 5t A R 2% 1o S 1 ] BE-S TRO0E v
T B EETEE, AR L7~ B S oK TH R A8 1Y
M A K.

TS T oRHT N RERI H - ] 51 AH K HoAR
PEAI T REVE. BTS2, 0 1 R rh S B 2
A LMER AT S, LR R P B A T
5P (electronic nematicity), JCHETE Ti%)F S
TR AR IR 2 PR AR (38) Ay s HLA
AT O AR 24 37 [0] 51 AR AL i R A R 2027, tg
IR, IXBETE CsV,Shy FHHERARMES . tLsh, Wffs
TERARA 10 FIAH, 5E 5 B N 2 RE A8 LS 2 AH
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A AETE H A S IR 4 R R WL 3 (79801,

TEZHT AT, ARE B AR 2358 445 188 25+
s, FEIN A HL BELRE R 2 o8 A2 A7 e 1. SR, FF
i FPAT BEAT BB 23 DCIOR REIN WS, B0E U A
— 43 (BE N Ro ) W R AR AR (AN 5 | Bk
Ba o i LA H BELA DT RR ). >4 BH AR T 3R AR ORI
JEA TR Ro 3% 5t r, BH 28 250 Tk B2 AR OC 22 7
HAR K52 . Frachet 25 79 X CsV4Sby 544 B, BH
AIRTSE R, B eXt Ro RAAAE SO HSE W AT 1 1E 40
AOTTE, TR BT 7 AR T S F BH R e 7
AL IR T FER F T Ro HYSZIR. 40 R 9 4% v BHL
WA HRIE Ry B Ry, HA0ER, T AT FEAY
Pl TR

X O RIS S AP A AE. Wiecki 45 (10
5 T 1 25 7B A OB K AFepAsy (A —
K, Rb, Cs) Y5 i BH 22 BB it )2 A0 T8 AL I
HAEHIE TR, TERAE AR T Ry Z 5, 55
A5 R — U] AR R R T m,, T
i, HIHZ T i, B, (0 IL T AT 122 06,
IXSEZE R TR T E TR 23 7S #87% BaFe)As,
1] SR B TA T,

5 HFAMW ML EE
51 BENITEERE

HETELL AU (e~ 0.01%) T 1Y
FL A A 0 o, AP N DR A ST T A R BEL A U
B, FTHR e ) S AH A B A3 T 7E SR R 5
(P ~5 MPa) T, 58 A\ SR Bk i B Bk i
ARA T, Ty, J92 T AT LA BT ) 5500
A8 BT IR (V82 R ) (AN DY 5 AR [110]) (4 S
S R X A A kB ) I A 3 SR 2L T AR
BAARCR, T LA AR R Y Xt EA T I 4 ] s SO
SIATCF 232,

RGO H B & REAE N Y R R — R
ANHIGIEJEATA Y. A e s it — 2 R T R
AL SR B R R A J7 v, B0 Mirri 55 52560 SR 1
ARG K T B it 0 A5 3 252 T 9 ) B
BRI HLLAMGHE; Tam 55 B384 g J i 1 0k
TAREE AT G R T Y S 3% S AT A S0 e S
B e H BH I s AR Oy T S TR Z i
J&; Liu & 5587 JEF i R IR Sl ml 25 i %) e F P e
RN T RO R R R, FER A A T

A A R BR A E Or 3RAS TR Z A B L E .
2014 4F, Hicks 55 B9 1 H R R TR T 34>
AT R B T T L 4 B R e 372 2 T ) B
R AR R SEIG R R (] 6). LRI E T, AN A
J FEL B s M Sk — A, v ] A e R P M A ST o —
2, 38 A PR s ) 9 40 P P A AR X a2 o, BT
A ol T3 2 T R ) B N A . ELAR )2 B A
PN ST A T A F g P A A T i 1 A
Xof 57 B BB AR A T B9 R S B T )
F T L B ARNT T, AT, 254 SroRuO,
HRTREAFAE p M S AR, LUK e f i
Xof WP AR 24, S JLAR, Hicks 2545 35 Fi ot B 7% L
Je S RRAHE ) T R A, %2R B ARz
FHARMFFTR IR SRR P (1 F - [ 51 AH | 8 R
A e 25 B 07 A8 T P 5. B T R A A2 R LR
(BETREAL R ) PY, 2206 B A 5 & A L 00 T Bori 45
&, Bl 00 ARPESO2) | 71 931 uSRI98
Wi i S P (NMR) 9, 55 4 B X 26 A7 B (99991
(R)IXSE798] | g AR (elastocaloric) #9101 1

(a) Temperature

Zero strain

0
Anisotropic strain (g,,—¢y,)

Piezoelectric
(c)

actuators (d) (Body Bridge

Sample tensioned

Sample compressed

6 (a) StRuO, i, I FBEHRIBRIENINE € — eyy)
Xof T B R4 20007 B Xof 7 B9 TC X6 S R (b)—(d) 2% 1 2%
BEE 0 TARIEEL, (b) FF Sk AL T2 0 A48 B R A, e hsf e F B
LB 0; (o) HL R K 2l A ] e F B R HE ARG R
A2 N AR () FEL R 3K S 5 o A R B e ME ARG (A5 A
B R [ B, B A2 B BN A . TR B SOk [34]

Fig. 6. (a) General phase diagram expected for p; =+ ipy
pairing symmetry in a tetragonal crystal subject to a small
symmetry-breaking strain (ezz — €yy) in SroRuOy; (b)—(d)
working principle of the strain cell; (b) sample at zero
strain; (c) the sample is compressed by extending the
middle piezoelectric actuator; (d) the sample is tensioned by
extending both outer actuators and pushing the bridge
piece out. The figure is from Ref.[34].
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Fig. 7. (a) Resistivity as a function of temperature under uniaxial stress for optimally Ba(Fe; ,Co,),As, (z = 0.071)1%; (b) super-
conducting transition temperature T of Ba(Fe, ,Co,),As, (z = 0.071) as a function of the two irreducible strain components & Bag
(bottom axis) and ea,,, (top axis)1; (c) photograph of FeSe sample glued on a tatanium bridge, with contacts attached for
measuring resistivity®; (d) Te(e Blg) , determined as the temperature where the resistivity crosses specific values, as shown in the
inset??; (e) photos of the CsV;Sbj single crystals attached on titanium platforms for the measurements of resistivity (left panel) and
mutual inductance (ac x’) (right panel) under uniaxial strains'%; (f) resistivity measurements of CsV3Sb; under the uniaxial strain
along the [110] direction; (g) mutual inductance of CsV;Sbs (ac X’ ) under uniaxial strains along the [110] direction, the horizontal

dashed lines in (f), (g) mark the values used to track the relative change of T 1%,
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Abstract

In the study of quantum materials, introducing pressure and strain that can change lattice parameters and
symmetry is an effective experimental method for manipulating the electronic properties of the system. In
measurements under hydrostatic pressure or in-plane epitaxial strain, the changes in lattice parameters will lead
to significant changes in the electronic structure, thereby triggering off novel quantum phenomena and phase
transitions. By comparison, the in-plane uniaxial strain, which has been widely employed in recent years, not
only changes lattice parameters, but also directly destroys and controls the symmetry of the system, thereby
affecting the electronic ordering state and even collective excitation of the system. This article provides a
comprehensive overview of the basic concepts of uniaxial strain, the development of experimental methods, and
some research progress in using these methods to regulate superconductivity and electronic nematicity in iron-
based superconductors. This review contains six sections. Section 1 focuses on a genetral introduction for the
uniaxial strain techque and the arrangement of this paper. Section 2 is devoted to the basic concepts and
formulas related to elastic moduli and the decomposition of uniaxial strain into irreducible symmetric channels
under Dy, point group. Section 3 gives iron-based superconductors (FeSCs) and discusses the uniaxial-pressure
detwinning method and related research progress. Section 4 introduces the establishment of the elastoresistance
as a probe of the nematic susceptibility and discusses the key researches in this direction. Section 5 describes
the research progress of the effects of uniaxial strain on superconductivity and nematicity. In sections 4 and 5,
key experimental techniques, such as elastoresistance, are discussed in detail. Section 6 extends the discussion to
several types of quantum materials suitable for uniaxial-strain tuning method beyond the FeSCs. Finally, we
provide a brief summary and outlook on the uniaxial strain tuning technique. Overall, this review article
provides valuable resources for the beginners in the field of FeSC and those who are interested in using uniaxial
strain to modulate the electronic properties of quantum materials. By summarizing recent advancements and
experimental techniques, this review hopes to inspire further research and innovation in studying electronic

materials under uniaxial strain.
Keywords: strongly correlated electron, iron-based superconductors, spin excitations, uniaxial strain
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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 .
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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),
(c2) spin-conserving and Non-spin-conserving channels of calculated Cu Ls- RIXS spectra based on the Kramer-Heisenberg formula
and t-J Hamiltonian, (c3) the spectral weight of multi-spinons in both SC and NSC channels integrated over the dotted red regions,
(c4) the optimized sum of spectra weight with respect to the experimental data; (d) the first-order (d1), (d2) and the second-order
(d3), (d4) component of the calculated spectra under the UCL approximation.
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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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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. 10. Electron-phonon coupling strength measured by RIXS in cuprate: (a) Schematic representation of Bond-Buckling (BB)
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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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Resonant inelastic X-ray scattering study of charge density
waves and elementary excitations in cuprate superconductors”
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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.

Keywords: resonant inelastic X-ray scattering, cuprate superconductor, charge density wave, phonon,

magnetic excitation
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1) ("FEPABE R REM LAY, ba 100049)
2) (B FIRE LG, R5E 523803)
3) (PERFERAIE, IR S0 T ERE SR, 518 230026)

(2024 4E 7 A 5 HYeH; 2024 4E 9 A 6 HUCEIE M)

Hh R HCR T T IR AT TR A S AR T SR IR A R — AR T2 TR, TR ROk i 2 TR
LR E TR RMZ T RL T 2029 4B A, A B BCY R EE DN NEZ TR 6. 27 Al
IR el ARG R T X GRS AR 2 T IR B i BN SR, 23 AR AR R 23 B AT
T TCA I Ty TR RO, TERETE BT BTRE IR B SF 2 e B UIBS TR R H SR . A
SCHELGE v 1 B R T IR T S g i SO AU B, 2 I R T 2T A SRR R AR R A A 2 T
X ORI M i o B S AR JRUBE | e AL, DL 3k T 28 1 S 2 o ) 3 (SO BRI RN R B e R T X
1S 2 AR B2 T R LRI A S AL AL R T 5

KR HEEER P TIR, 2758w, 21 A ek e 3R, 12T X INL s

PACS: 76.75.+i, 78.70.En, 14.60.Ef
CSTR: 32037.14.aps.73.20240926

1 5

25 (muon, p/pt) BT H P RHEAR T Z
—, 1936 4F i1 Neddermeyer £1 Anderson™ 7£ £ FH
R b 2 ZE W i SR R . B SRR
M, A — AT H A B E AL AT (2
1), AJiE 1/2, Z 5 uEMESAHEA/EH P 385 R
W HLAT B AT, W IERATNE N EZ
F. BFia: 105.7 MeV/ (¢ HEH, 1 MeV/ =
1.783x10% kg), RLJEHF BRI 207 £, KIHH
AEHMERE R B SHEFARNE, 21
ANRFGERF, B HBRSEWLN 2.2 psbPl DLt
R, A5 AR P BRI R 1 B 13 AR 7 R o)
e [

i

DOI: 10.7498/aps.73.20240926

= et + e+ 1, ~ 100%,
pt = et f e+ 7+, (1.4 +£0.4) x 1072,
pt—et +ve+ v, +et +e, (34+£04) x 10(5.)

1
BRI Z A0, PR p 500 S TR R IR Y Y

AN p — ey, p— eee Al uN — eN (B T1E

JEFAZRE AR i HL ) 2 8L B W I SR AL 4

B RCH BRI i, B ATERUR 1R

PR T B, o 2 PRATF S R 2 — 919,

bR T TR BRESE, BT BRI AR

A RS A L AR R DT AR A

H v PR L0 i) Z 2+ A et /ief /3R

(muon spin relaxation/rotation/resonance, pSR),

JE A IR A ot 28 7 A T F, 1 1 5 [ 53 A1 AN X R

P, BIFFE W Jo WL s P R D 5 R KA e 4

*orp E R 2EBESEAATVA R ET SR A 0 2 1 AR AIET E (S ZDBS-LY-SLHO009) %% Bl i .
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AR M, B F R HEREH ./ (2n) &~ 135.539 MHz/T
LA AR S RENE B R A Y T EA A
ARARRIILE. Ak, B Rt et i PR
B, (75 uSR BB 12 W AR R/ 4. JLH4E K uSR
BRC ) Z N T RERS Y B AR A
2 EY RS ARG Y, U AR RE T R
5 T IR PR R A A BB H A R 1922 pSR R
XoF T TR IR H bR A2 2 ) W B 2 R AL
RN, A TRERSYIM AR, p k)
THE R F R EE i )i+, HRB KT 4R 5
(1) X SRR e I R T AR R L 1Y HE - BRAE XA,
X PG Hh FE e 2 kSO 24 T 1949 4
K. BT X L PTE2# (muon-induced X-
ray emission, MIXE) A tt T 48 X 4 £k ¢ V657
B (XRF) A Xk A A B R OT R AR Uk
MARROL A, TEHBAME M BHECE L B T L 2
REMPRLSFE I S50 1Y 7T 28 A3 JC A e T K 4
THEZHEH B, B N T E R, )
55 ROTIE BR A 2 JE - T A K o {1 2R A s o Tk
JE. PRI i FTH TrUm ER A R I A AT 5 2.

BA PRI LIS P, —JR RIRN T4
RZB T, e MeV 3| TeV ELE/0 1, HFiE
2] 10" m2min!, AT TX/NRSFIIR (i
FARL) BRI BRI KRR BE R A (ke il i s
EHESE) A ST BRI SE B3 55— 22 A i
w27, TEBEER T (8 T) ZH
AFH (n/nt/n), ot TEZY 26 ns B[] P24 =
A pE A, 0 AR A v O Attt S O

A TIR A InE ok F g gs bty TRIUMF
Bt HARS BRIy PSI, Ye [ rh 1 52 7R 1SIS |

H A58 00 o - s as 92 15t J-PARC FlH AR
B K 2% MuSICE+ 38, TRIUMF, MuSIC #1 PSI J2
SBT3, ISIS Al J-PARC ElkrpZ 1. &1
¥ILL SR A MIXE AR N H o 3=, Hid PST A
A F AT 1Y uSR R i FEE R B A eE— 7]
FHR M2 o). A E 7E f BT IR LA A i
T AT TRl Bk AR 5% Fr AT e ] i 2 e Y 46 (39401,
AN, A E R B A SIS T A o i 2 5K 2
AR WF 5% B CiADS AL i [) A2 58 55 5 U8 i 5
X HHER i i T OERE B SHINE 4R 1 T ik
TR 42,

T 220 A IR I T R T
A, BT SR HWF ST JC AR E TR, pSR

F MIXE 85 H P R g g 7 E PR r I B T
TF RS20, AU A ) 5 A Al AN, ORI T
T 22 Ry FH I 5T R ) & . b R T
Ui (CSNS) b3 E s 2 7 S i 2 $2 41 T 5 A~
4. [ 2008 4E CSNS 1 H #i H4 & R 1
Bl Lk, AHCRHIF A RUBCT R IR S0 2 iy
BRI DG B R AR5 1494, CSNS 7+ 4 T 1%
(CSNS-IT) H4-2 T8 S5 L N BB N 2%, Ak
MR T REAB TR BT HRAEDE TR 3 KR
2 (R 7 R L A8 CSNS-IT 3 H 4 [\] 2
W), A TFEIET uSR I AR o R P AT
FURHET MIXE A AR 5 TC R B ToA il et iF
5, MR BRI ARRN B ks
YIRS F A2 F R, B SR BT
AR BT SR TN SRR M S s T
S 2 v b IF e A SCW E S A4 SR A MIXE
FAR WAL FEE L, DL IET CSNS-II (1)
P BT IS B . CSNS-TT 22 T304
W E B AR AT K — AR %A E proe g
TS5

2 (CSNS-II & F 5L b #3

CSNS Kb B R AAG R &l 1 frs. — 3
AR T RS IR IS | PRAEER [ 25
#% (rapid cycling synchrotron, RCS), H1 i |
Z B B SCR DG 92 50 A s 1040, 2 H
Hif, CSNS FE i 1 A AMH 7 5256 1500 450, 85T
RUE T S RA A R REIR | Jo ik D REA RS 2
AT TR U9 CSNS-IT T 2024 4
3RS, B 5 4E 9N, WA TR
DI HAT 160 kW $27H2 500 kW; Bl 10 G
AN R B T TR SR A i N2 TS 2
% (muon station for science technology and
industry, MELODY). CSNS-II i 5t -5 1) J5i 1
AEfE 1.6 GeV, Jkthii=E 25 Hz, Jf M\ RCS H#P]
1Ak iz 22 TR 2T TR AR 2R

MELODY #4817 1 4805 Fl 3 4B o2k,
WA 2 Fr 7. CSNS-TTH i 52 Jl #E il | 28 3 K
T REZF WL uSR 35X, RN FFR G2
2k | AR T LR MIXE 3% i 9 3 % 11 5
RHEHORWESE. = BB T K b T 2E AR Rl
SRR Al 7 A R o7 h - BT A
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e, e

B 300 MeVHELNHE

LRI

Pl 1 CSNS-II A2 BB A HEE
Fig. 1. General overview of the CSNS-II scientific facility.

BT

KHZTH MK

B 2 CSNS-IT 2 752 40 it i IR 2R A7 =)

Fig. 2. Layout diagram of the beam lines of the CSNS-II muon experiment terminal.

Th SRR T, T B AR HE A HVRN A ST B R
Jiti . BB 3l S5 A 2 B A AR 5 A .
R 24 emx24 cmx1.24 em B RSB T 5=
RURNHR TR BE . 0T A O RS- ThT e 7o)
DM SRZEARAT R 2 T U RCR PO AR n /7 AR
frEAN, BT R IREZF (a1
MR R, HT w REGWEFAZIZIR, Prihk
WA THRAAE ot ST (o T S 7E
AT P EA, bt ) M2 (o e R
VERR TR AS = A B2 [ A S MR, ) P0o1,
T BT AR REET 100%, 3hhE 29.8 MeV/c
EHT puSR BRI ; AR T oA HRL 70%—

80%, BhfEilH 15—120 MeV /c A, 7] T3 &
FE S EURRE S T AY uSR(pt) 5 MIXE(p™ ) 52
5. ZBT ALK, — BT 258 o 3 i i 15 A
WAL F b LR

MELODY (3 2+ fl i 2 itk f —
44 500 mm fLARWCHRIRA AT F1—BOR 4L, HIT IR
FHiis FR im0 pt Al AT AR po E 0 R i
TR, w2 XU i kR
] LAl s 34°iF AR T RE MM ZE TR
2. KRB TR MR LR SR SRk
BRI %, 3 BT 3 A W miE mi ol ug b ks
FA NP AL 23 [l A Jeg , T — A2 Rk o

197602-3


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)

197602

# 1 ZANTHRMACRIEERR R ERBET SMT1 Hl SMT2 SC3 202+ dim i
Table 1.  Muon beam intensity of SMT1 and SMT2 under different beam spots simulated by using artificial intelligence op-
timization algorithm.
HBEST /mm 10 20 30 50 100
SMT1Z8 b8 / (pes ) 1.1x10° 7.3x10° 2x108 8.2x108 1.6x107
SMT 2% b it / (s ) 5.9x10* 1.7x10° 8.4x10° 6.5x108 1.8x107

#% (surface muon Wien filter, SMWTF) i % F1 2%
BR AR P B R ARIE (FERIER ). BT
Ik i Bsf ] (] B 409 ns 19 ROR A 2548, vt i
£ (surface muon kicker, SMK) IV EI @8k (sur-
face muon septum, SMSP) KA —AHA s 15°
15 4 22 3R TH 2B 5L 565 23 (surface muon terminal,
SMT) SMT2, 55— A 2 M i A4
2 SMT1. P52 56 2 i O SRR DR/ NS4 T s ok 7 L
AL E A2 610 mm—B100 mm H HIE T, HR
S L REZ A8 4k, ANk 1 fd1]. MELODY Y&
B R RS 5%, FEHTHEKE—FEH
uSR AL AN — & FRAE S R (537 L R )
S SPAIAE) 1) uSR RS, i SMT2 a4 48 4y
BOREH T P Hs s g 2182
FHRRPERTSE.

BT IRAI T 3 DR AEIRLAE G b
S, 2R ARG SR 2 % T ), SR P
AR LR E AL iy 2 1B T LK & (negative
muon terminal, NMT). —#& SMWF 7£ & )5 B>
REVBLEZMAL LR A F B FEARR. H
T HRMEZ T PRI AR R A L] % —
WerEe, n s FRHITE 28 MeV /e ZEfi AT
W,k FEH TR MIXE 5. w2
TG —2H =TI GRS ot/ KL, 2
T — 90k A e 30°0 ik 1 AN W] 3 i (e &
220 MeV/c) W nt ok o~ FEAB SFIRZAE REE. |
FIBLER 7T m At B A R R AR DL
PREN SR p ol po . 3 B UARRLERR 1 B ik
WERRXT w5 p SR T R AR . 1 & g
BN 2 B U0 G R AR K vh i 2 AN SR 4y S
i BB 20 (decay muon terminal, DMT)
DMT1 fl DMT2. FAZ T A0k EEH TR 55
TREER Y uSR(pt ) A1 MIXE(p— ) 5556, Ffnl L
TR+ B . BR800 BRI bR M A 22
2R HAESE. MELODY EEae A e A -
Bk i B e e A2 TR (R LT ISTS B ~3.3 %
10° p*/pulse . J-PARC ) ~4.4x10* p*/pulse),

XTI EZ T RO AR L T8 S psa g 26 1F, A
B R 2801 wSR AT MIXE RS B

3 BF BT st ) FRIE (LSR)

wt AR PR IR B S e N E B i KM
52.82 MeV #4501, P80k 36.9 MeV. AL
S EAE TSR, B IE B 7 5 £ B A
ASJEAS T [, H5 1E R F3hRR A E & i Michel
N AR P2

2e —1

1
I'=—2e*(3-2¢) |1 2, (2
d e“ (3 e){ + 3 26cosH] dedf2, (2)

4nT,

K e = Ber /Eer max , BNIEHL T3 BE S B K BHRERY
FUAE; 0 2 IF LT 5 B S5 2 Ak 7 a9 A
dQ &2 [a) ST AR fA JC. Michel AR IE R T IEH T30
RBML A, VT e R S A R . o
ale) = (26 — 1) /(3 — 2&) PR NAEXTFRA F (asym-
metry, A), /& pSR FEARMCHESE. KREZ T
AR ) 4R e E LT T- 3 AfEh 1/3, RIIEHRT
SR E Y E S A S

S04 A ek F—FE, BT ATERELE R 1E
AT kAR (BT A mSE A+
CRIERS ), HESh A w =4, B. P BB T
TENL B ARG E , y, = 9”2%“ — 851.615 MHz/T.
- F ek 0 £ R 5 i A AT 1 R 5 O
L, BRI LA Wi )N,

BT AR AR AR TG T 1 e 5 30E 3 2
uSR H AR BELRE . ut HARES 2 10 ps N 5E
BCHLE | R S RE RS R IR B PO S AR
W Ty Al e gt EE sk, By
[ R FI5E .

3.1 uSR HEARERFEIE

Pt TEARE R 2 i (SR M2 TR
IS, kb o o AR B ), ¢ I 2 T s
(1] S A 4 I FL P00 2 281 9 1 L T ECH
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N (t) = Noexp (—t/7,) [1+ AP (t)]+ B, (3)
o No SRR 2 A RO, AJR (2) NPk
(AR FRIA -, B IRRMER AR, %5 18I f R
SRS U R LR &R, A — BN TF
¥ 1/3. 5 (2) XKRM, th TR #7512
T A eI AL, P () R SCEE AR Ak R k. S5
B F3E U p WA FE 1) R P AR R
IR B, I O I ROR 2 22 (BRUAPIER
MER BT ECR Z ) SRAFAEXT R F 240 A . 5
TS RS B 55 10 0 fbloR, A BN, (BT ISR
IEH P ECR. 18 408 KRS = E 4, 7T
DAA AR AMH. —IK pSR LR — B R L H T
AEARE . B 3 A 4(a) 45 T #ES pSR BR
FEAR JFUHE R OE HL T3 E00E S AR s [R] AR ) 1 B 12
T B A8 BOE W IR 5 — 1L 8] A, 15 2 B Ak ok 5
P (t) f0lE 4(b) Bz, P (t) 1E & S WoRE S it A= 8
MIITFE: P (t) J53% JE W I W B, #E7 58 5 R W 5
ol 52 W37 588 J 9 4 A1 3 B O Bl IR A% 3 AT L
tE3 25 1) & Bk 3 5 1) 4.

et

1EHRT
B

H kAL
27

\\\\\

& 3 pSR F AR HA 5 03]
Fig. 3. Schematic diagram of the basic principles of the pSR
technology!53.

R L — 2N DU SR AR & RETE L, 211
B AN R 7 B A 1 BEAT o — 2, ARAL ek P (1)
T 2 A A

P (t) = cos® + sin*Ocos (v, Byt) (4)
P, 0 AN ERRES J7 10 5 2 T 0 iR B A 7 18]
(e, 0 =m/2mF, W P(2) S22 A iR (X HL A
H—1k 1), LA 0 NI ARZR . 0 # /2

i, W P () LA cos?0 Ny hu Ll RO A 5% 4R 5. B,
S LiyCuOy FEdh Y, B AL FAT T o
A, U ARG fHZ AR 5 FroR B3 IR I
FOPXERE 3 il b AL ARG R R R AL
BNTEET o MRS, B =0,

(a)

Counts Nj(t)/arb. units

(b)

o ||

AoPi(t)
=)

il

Time 7,
Bl o4 (a) IEH T IFB0BE pt A8 w22 Al #Y R R 3
(b) W BRAGECE I IH — L3 A BB 1 R i
Fig. 4. (a) Original spectrum of positron counts measured
by the detector as a function of pt decay time; (b) the po-

larization function removed the exponential decay term and

normalized to asymmetry A [,

XF T N R G S 0k BE— B, Ty T BEHL Y 22 ke
it BALRREL P (t) 22 1
P(t) =1/3+2/3cos (. Byt) , (5)

AP 1/3 m LB O 25 0] PR RE S (6 2 1 A ek
AT7 Iy B i, 2/3 e B A e AT ) F
1L BRSO . A S PE AT e 5, WU AS [ 37
BT A et sh A FEe—2 Aieiit
JRE i 8 N R T 0 LR O, B P (1) R
WAt R, N SEBRTE LN #3755 BEAN i BESE 42—
2, BrLA P (t) KRBT “ B AR . DL
RS RG], P (t) W AR R

P (t) = 1/3 +2/3cos (v, (By)t) exp [—0*t* /2] , (6)
Horb (By) R FYIRESRE, o 5 R SRR G
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WML SR, AR B K LaFeAsO o
SB35 5, WA FERIAEAR /D (< 0.3u8)
SR LA R TFB TN AL, uSR SR AEH 11117
R R T R A, FER A R T R AR T
TR (1 6.

0.2

T=4K (a)

0.1F

—0.1 ¢

Asymmetry

0 0.5 1.0 1.5
Time/ps

2500 - T=4K (b)
2000 |
1500

1000

#3

Fourier power/arb. units

5 10 15 20
Frequency/MHz-B

K5 (a) 7 HEEWALTT W PAT TR BRREAE i LipCuO,
A5 89 uSR 355 (b) X pSR i P (8 Lt AR 46, 3 AN 3 M
RS

Fig. 5. (a) uSR signal (here called “Asymmetry”) measured
in the antiferromagnetic state of Li,CuO, with the initial
muon polarization is along the g-axis; (b) in the fast Fouri-
er transform of the puSR signal, three spontaneous frequen-

cies are seenl?,

=}

2

g

]

N

k=

=

o 0.6
o

g

& 0.4l
S

= 0.2H

.

Bl 6 Ptk SR MRS LaFeAsO fY uSR %, 18 145 K
11100 K AR T 73 31 2 B T2 245 0 2 Bk 2 B9

Fig. 6. uSR signals recorded in a polycrystalline sample of
LaFeAsO in the paramagnetic state (145 K) and in the an-
tiferromagnetic state (100 K)o,

W —2, X TGS B RTT ER AL A0 1
THBL (AR 2 BOWRE AR, A7 1004157
%), P(t) AT RO (7) ek (8) 2

PO(t)=1/3+2/3(1— o) exp [—0?t?/2], (7)

P (t)=1/3+2/3(1 —at)e ™, (8)
A, PO () A1 PU(2) 43900 A AR A v 3 A AL A2
25 B AL PR, o Fll o S5 R SE R SR Y
EWALESE. eI AR A A AR AR 1Y uSR N
B 7 s B,

1o (@)
1/3}

o
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1.0-\\ ®)
= 1/3t
£ /
O _______________________________

Time/ps

7 REZS REG 53 A5 RN (a) 5 37 “Kubo-Toyabe” 24 2
Al (b) #182% “Kubo-Toyabe” /A 3 [ 28 T 25 1t Ak 2R $i )

Fig. 7. Time evolution of the muon polarization P (¢) in a
system where the magnetic moments are randomly oriented.
The field distribution produces the so-called (a) Gaussian

and (b) Lorentzian “Kubo-Toyabe” function[.

(7) 2Fn (8) A & 2 44 1 “Kubo-Toyabe” /A
3, AT AR SRy T 8 3 5 BE AR ] | [ AL
1) P (t) PRECE A Z5 5. R 2ot Ak pR 250 4L
B S g A, T LUE MEEUE b AT A R
TR e RN A i TS E S S 2 R R A /N W L Y )
FEA T e R AR 2% 43 A 2 ] B I 0 L B 2% S
Gk By I 0 5 1991,

3.2 uSREFARNHA

WSR3 27 RS 50 R AR W)z I TG L
S AR HTRE IR S 2 AR I U, b Rt
FIE S P P 5T 80%. i JLAE pSR P 4t
PE PRI TERETE T, B X e R Ak
AT L A 5 G L Ry SR | R R R A AR
FH ASRIREAH S8 G ARG A S E I RIA TR uSR
AL Y e 7 AR R w5 10°—10'2 Hz, J&
WFFE A TEB | i F e AR S RE AR R A
F-BL X o i iR R B RERH A L, pSR 7T
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PAg S A IS A5 B, Kb — Rk
U T R M A8 Bk LA, RS T B
BEAERERT LI FHF A e 2425 1 (8] 8(a))l19l.

P T 1, SRR PO OV AR 2
R NI A [ . R 6 22 1) 4 2 1A
] DL S Rkl s ke AR, (A BT S —
(Y ERIE 25 A . wSR T LA B8 SR b 1Y) 55
AH R SARAIREA & T 55 (8] 8(b))PY. 37 uSR 4%
R 38 3 0 s AP 0T a3 s 1 B R SR G A ok

BIFFEHE AR P AR S o] S B B Ak (51 8(c)) BT,
P 18] B E00 PR R AR (4 1 2 AR D, I SR
BRI e ik — PG B A W WL S (A A A5 8K
" SroRuO 4, AEHVLISFR LaNiCy  J7H PrOs,Sby,
1 PrPt,Gey, 55 B3 SN M 7 (FE EH T2 T A
AL T 16]) B uSR BRI TR N B 8
SRR T, AT LA e A A 1 o i TR
JE B L AR, MITAS S O X AR
(U S EYSHL

(8) 1.0 e (b)
1.0 B3
a Ai/Anx
3 Lag.g7Cag.33MnO:- --.-""‘4-. =
£ 0.67Ca0.33 3 A* 3
= EE]
2 0.5 @ g 0.5+ d
g v 7 I
< ) A AY % il i
TV A A & I'-"-'
_ ol
N ok el
0 1 2 3 4 5 6 7
n “Fast”
2 0.1}k
2 £
< « .z 2 4
4 2 u
0 . . =]
5
2
g
4+ N
—
o L 3
2 % ¥ A
S 2t ¥ %
< Yoo
“Slow” %
180 200 220 240 260 280 0 0.5 1.0 1.5 2.0
Temperature/K Time/ps
(c) 0.035 , ‘ 0.015
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T T
2] H 0
= H 23
~ i ~
< <
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[l 8

(a) ZF-pSR 4878 T FRERH Lag ¢7Cag 33MnOy H 2 1 [ e Bk 75 A7 7 Y02 DT oy, BR8P 1 23 1) 23 2 X IR AT R W R [l

) Mn 2T EEZh J1°%; (b) uSR SZE WL 5§44k UCoGe (Tye = 0.8 K) 76 T= 3 K LI F KB )7, 55 i v 3L 77 bol;
(c) A0 X FR 4 18] 48 54 LaNiC Y pSR SE56 K 3L T S5 B K RbE B BLAIR B — 30, Bk & B SRS T i 8] 52 38 Bk 1k

BT

Fig. 8. (a) Two components of fast and slow muon spin fluctuation in Lay ¢, Cag33MnO5 were revealed by ZF-uSR, i.e., there are two
separated regions with very different Mn spin kinetics; (b) in SR experiments, it was observed that the superconductor UCoGe

(Tsc = 0.8 K) exhibited a long-range magnetic order below 7 = 3 K, which coexisted with superconductivity; (c) the pSR experi-

ments of the non-centrally symmetric intermetallic superconductor LaNiC found that the occurrence of superconductivity coincided

well with the appearance of spontaneous magnetism, which means that the time reversal symmetry was broken in its superconduct-

ing statel’”).
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HAM 7T, pSR FAE o] F F0F58 - AR 80
TR ARG G2 A B et L R P RE L T 55
BB | TP L, B AT SR R, btk
3l 12 R 2R 5. Yokoyama 45 P2 Il ] pSR
AR ot W e o X N E= R R A il  ba g 4
SRR, 332 A B R R Tt 0% 1) S i T
PRI, T il i R — i R AR AR 34 75

uSR FHARM HAZ#E AR (NMR) BT H gt
ik (EPR) Flh PR HAR G A M B A Z AL

1) B LAl Wi HIREr, JCH DU R R, $icHE
S M AT TR PRI BT

2) AT LUIMEAT R ARG 0040, U HP TRL
SRR AR ME LA ()R SRR AT P R AR R 45

3) HABE RS, FSRENE TR 0.001 s,
LA AT A R

4) AL R Bl A RIS AT R BBl R b T
U ARG IR Rl B, B TR AFR BAMEH, 10
K9 FiR.

5) XA (Bbf oK s RESE)
BT TCRRIRELR .

Remanence
ac susceptibility
NMR

1SR
|

Mossbauer

Neutrons

.....................
10-1610-1410-210-1 10-% 10-¢ 10-4 102 10° 102 10*

Tc/S

P9 O[] S92 30 B AR W] A 1) R ik PR RE L, e =
1/ e 2 55 1 9 P8 AL A O B9 R A 5K 9% 1T 1)

Fig. 9. Dynamical ranges accessible to different techniques,
the 7¢ = 1/vc is the characteristic fluctuation time associ-

ated with the magnetic fluctuations.

3.3 MELODY % uSR %

A EEIA 5 RE TR ERNILTEH uSR
T, AT LA R SR SO K s s A i
S AUTE AR I e 2 R 1 B, IR 0 B Ol T ke
AL R BHERUNIE AR, — BOHECR A
i 104 s 1, AR (] AN 10 ps. Bk L, —
g iSUEEPN e B il NP AN S QU S R NG 7R

it B v A A L gk i 1 L S B MR RR DR A
XA 7%, Wk e B — A T LE L a e, S80E
AR I) 3 FE s 2% (R HHRICR B BRI, 7T LIS 3]
10° 51 DA B K. ko S A A A IE AR
Ji, AR A 7 0] LA #] 30 ps PL . MELODY
7 S ISIS Al J-PARC #H I, BA &8 Hi %
ARG Bl i BE 5 (0 A uSR AR
[7i) I % S0 R0 10 4 000 28 388 3 50 L 38 0 s 4 ok v
FIR BB TR F A, LIRS A SRR KSE. N
& 10 7R, CSNS-IT R 2 T3 uSR Y F 24
TR IR 2% . ELAS RRAD 2 | W I 45 AN 25 B
) 255 60,

IR AR 25

& 10 MELODY 3 H 2 F 3 pSR %43 45 44 00]
Fig. 10. Structure of the puSR spectrometer on the surface
muon line of the MELODY6?,

Y KL HN pSR L0 T EERAEAE S RE AR TR
BT IAT R, A T RE MR — R IR
T 4 K; 248 Wik SRS b bR 2 2—
300 K AR I A5 1 F it bk — i BRI ik
2] 600 K DAL Ht, FAIE H— SRR HE R 12
fit 2—300 K R, JFicit TR R D
TEAY R % 300 mK LU FAYRE ST, BEA TR A%
FGRE IR R TAEX, b FHSFEHE P
O, BERER R T HAR 50 mm AU 2P 40 B E
TR, ABROR wt mTDLZEE e ARE . PR SR
A HL (CCR) M % 1l LI 35 10—600 K B9 B2
il AL A RESVE T T CCR 10, B T
TEAE IR A COR &z f1ial. B pRih =R
FNIREER, i S RO AR, R R R
H fly-past Z5F AT FTHERE S ) pt TR AL 5
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78 DA FEAR A S . ol 10 S AR IR AR L g | B2
AT EH: CCR SRR A, BTy mE
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WE A BRI 3 PR B3 3R B : AN )
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Fig. 11. K, energies of the p-X-rays for each element in the
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Fig. 12. The p-X-ray spectra of the “Long Gong” asteroid sample (red line) and the Orgueil meteorite sample (blue line) were
measured on the J-PARC p~ beam line by using the MIXE technology/®!.
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Fig. 13. (a) MIXE and XRF techniques were used to study the elemental composition of an antiquities vial, and the presence of Hg
and Cl elements was detected by the MIXE, while Pb and Si elements were detected by the XRF%); (b) J-PARC measured the
deposition of Li metal at the anode of Li-ion batteries using the MIXE technique, and they adjusted the muon energy to perform a

depth analysis of the sample and observed the presence of a Li metal layer3!,
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Fig. 14. MIXE spectrometer based on high-purity germanium detector array on the p~ beam line of (a) J-PARC, (b) ISIS, (c¢) PSI
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Abstract

The China Spallation Neutron Source Phase-II Project (CSNS-II) includes the construction of a muon
source, namely “Muon station for sciEnce technoL.Ogy and inDustrY” (MELODY). A muon target station and
a surface muon beam line will be completed as scheduled in 2029, making MELODY the first Chinese muon
facility. This beam line mainly focuses on the application of muon spin relaxation/rotation/resonance (uSR)
spectroscopy. The MELODY also reserves the tunnels for building a negative muon beam line and a decay
muon beam line in the future, thereby further expanding the research field to muon-induced X-ray emission
(MIXE) elemental analysis and pSR measurements in thick cells, respectively. The two types of material
characterization technologies keep their uniqueness in multi-disciplinary researches, and also provide
complementary insights for other techniques, such as neutron scattering, nuclear magnetic resonance, and X-ray
fluorescence analysis.

The uSR spectroscopy is a mature technology for injecting highly spin polarized muon beams into various
types of materials. The subsequent precession and relaxation of muon spin in its surrounding atomic
environment reflect the static and dynamical properties of the material of interest, which are then measured by
detecting the asymmetric emission of positrons from the decay of those muons, with an average lifetime of
approximately 2.2 ps. This enables pSR to develop into a powerful quantum magnetic probe for investigating
materials related to magnetism, superconductivity, and molecular dynamics. The combination of a positive

muon and an electron is known as muonium, which is a unique and sensitive probe in studying semiconductors,
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new energy materials, free radical chemistry, etc. As the production of muon beams strongly relies on proton
accelerator, only five muon facilities in the world are available for pSR experiments. This limits the large-scale
application of muon related sciences. Especially, Chinese researchers face fierce competition and can only apply
for precious and limited muon beam time from international muon sources to characterize the key properties of
their materials.

The construction of the MELODY muon facility at CSNS-II aims to provide intense and pulsed muon
beams for Chinese and international users to conduct their uSR measurements with high quality data in a low
repetition rate operation mode. To achieve this goal, as shown in Fig. 1, the uSR spectrometer is designed with
1) over 3000 detector units to obtain a sufficient counting rate of 80 Million/h to significantly suppress
statistical fluctuations in a short measuring time, 2) a high asymmetry of 0.3 to greatly amplify pSR signals so
as to further reduce statistical fluctuations, and 3) extendable low temperature devices to cover most puSR
applications and also fulfill experiments with extreme condition requirements.

The MIXE elemental analysis is a type of particle induced X-ray emission (PIXE) technology. Due to the
heavier mass of negative muon, the energy of muonic X-ray is around 207 higher than that of X-ray or electron
induced fluorescence X-ray. Thus, the MIXE technology is more sensitive to materials with low atomic
numbers, and thick samples can be effectively studied without scratching their surfaces. Due to these
advantages, the MIXE has been successfully applied to the elemental analysis of cultural heritages, meteorites,
Li-ion batteries, etc. MELODY reserves tunnels for negative muon extractions and transport to a MIXE
terminal. The MELODY research team is developing a new detection technology with high energy resolution
and high counting capability to shorten the measuring time to an acceptable amount based on the 1-Hz
repetition rate of muon pulses.

The pSR spectroscopy and MIXE are the two
most important application fields of accelerator muon
beams. The MELODY muon facility aims to develop

and promote these technologies in China by

Cryostat

Sample

Fly-pastt
chamber P

constructing dedicated muon beam lines in CSNS-II
. . . . Longitudinal field
and in the future. In this overview, we introduce the magnets

principles and advantages of the puSR and MIXE Transverse

field magnets ~ -- Detector arrays

technologies, as well as the physical design and

application prospects of the pSR and MIXE

\_\_\ Compensation
spectrometers based on the CSNS-II muon source. Beamn pipe i . coils
Finally, discussions and expectations are made  Muon beam.
regarding the future upgrade of the CSNS-II muon y o

source’s muon beamline and its broader applications.
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(a) PG monochromator Neutron guide

sheilding
Sample stage
' Soller collimator C2

Beam stop Anlyzer stage

Soller collimator C3

SyHitas
el

Linear monochromator

(d)

1 (a) AP EE; (b) CMRR A “BEHS” v =R AR, (o) “RAT #rb TR IE [ BY; (d) “FRAT b T i 2

Fig. 1. (a) Triple-axis spectrometer plane diagram; (b) the cold triple-axis spectrometer “Kunpeng” at CMRRP’; (c) construction

diagram of the thermal triple-axis spectrometer IOP-CIAEP!; (d) photograph of the thermal triple-axis spectrometer IOP-CIAE®.
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Fig. 2. Construction diagram of a direct geometry time-of-

flight spectrometer.
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Fig. 3. Photograph of the high-energy direct geometry time-
of-flight spectrometer HD at the CSNSH..
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Table 1.

Parameter comparison of various non-elastic spectrometers. Among them, L;, L, and L3 are the distance from the

moderator to the Fermi chopper, the distance from the sample to the Fermi chopper and the distance from the sample to the

detector respectively.

AL HRC 4SEASONS SEQUOIA ARCS MERLIN HD
I8 J-PARC J-PARC SNS SNS ISIS CSNS
2L DHM CHM DWM DWM DWM DWM
E/meV 1—2000 5—300 8—2000 10—1500 7—2000 10—1500

Q/A1 — — — 0.15—22 — 0.1—41.5

K 31°—62° 35°—130° 30°—60° 28°—135° 45°—135° ﬁ/ﬁﬁg@;m)

FEHMRE 20°—20° 25°—27° 18°—18° 27°—26° 30°—30° 30—30°
IrPER >2% >5% 1%—5% 3%—5% 4%—7% 3%—10%

Ly Lo/ Ly 14/1/4 16.3/1.7/2.5 18/2/5.53 11.6/2/3—3.4 10/1.8/2.5 16/2/2.5

R RS 5 cmx5 cm 4.5 emxd.5 em 5 cmx5 cm 5 cmxb cm 5 cmx5 cm 5 cmx5 em

or 2 cmx2 cm

or 3 cmx3 cm

B4 SORBTIAS MR 1
Fig. 4. Construction of the Fermi chopper: (a) Sloppy chopper; (b) Gd chopper.

(b) \

Rotation

axis

(a) Sloppy #ritas; (b) £LYT &%
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Fig. 5. The neutron flight time-distance diagram of the
Fermi chopper. The dashed lines indicate that there is an
overlap in the energy analysis ranges of two adjacent mono-
chromatic neutrons. Transparency of the colors represents

the transmission rate of the Fermi chopper at that energy.
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Fig. 6. Energy resolution of the Fermi chopper varies with wavelength at different rotation speeds. The red area indicates the for-

bidden zone for the RRM mode.
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Fig. 7. The neutron time-of-flight diagram with a curved channel Fermi chopper.
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Fig. 8. The SnS phonon dispersion and dynamic magnetic susceptibility (x”/(Q,E)) evolve with structural phase transitions:

(a)—-(d) The Pnma phase; (e)—(h) the Cmem phase. The low-energy dispersion calculated using harmonic approximation in the
Pnma phase and Cmcem phase are shown™ in panels (a) and (e).
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Inelastic neutron scattering spectrometer and its applications”

HU ZeVY»# YUAN YuanY?# LI LisiV?» REN Qingyong"? FENG Yu"?
SHEN Junying Y2 LUO Wei??t TONG Xin D21
1) (Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China)
9) (China Spallation Neutron Source, Dongguan 523803, China)

( Received 9 October 2024; revised manuscript received 21 November 2024 )

Abstract

Inelastic neutron scattering is a pivotal technique in materials science and physics research, revealing the
microscopic dynamic properties of materials by observing the changes in energy and momentum of neutrons
interacting with matter. This technique provides important information for quantitatively describing the
phonon dispersion and magnetic excitation of materials. Inelastic neutron scattering spectrometers can be
divided into triple-axis spectrometers and time-of-flight spectrometers, according to the method of selecting
monochromatic neutrons. The former has high signal-to-noise ratio, flexibility, and precise tracking capabilities
for specific measurement points, while the latter significantly improves experimental efficiency through various
measures. The application of inelastic neutron scattering spectrometers is quite extensive, playing an
indispensable role in advancing frontier scientific research in the study of mechanisms in various materials such
as magnetism, superconductivity, thermoelectrics, and catalysis. The high-energy inelastic spectrometer at the
China Spallation Neutron Source is the first time-of-flight neutron inelastic spectrometer in China, achieving
high resolution and multi-energy coexistence with its innovative Fermi chopper design. Additionally, the
number of available single neutron beams in the experiment of this facility has reached the international leading

level.

Keywords: inelastic neutron scattering, triple-axis neutron scattering spectrometer, time-of-flight neutron

scattering spectrometer, Fermi chopper
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Fig. 1. Lattice dynamics and energy materials: (a) Lattice vibrations and phonon dispersion; (b) thermoelectric materials and trans-

port properties”); (c) barocaloric effect and phase transition entropy changel®; (d) solid-state electrolyte and ionic diffusion!!; (e) solar

cell and lattice vibrations in perovskites!!.
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Fig. 2. Overview of neutron scattering technology: (a) Neutron is a neutral particle with a magnetic moment; (b) the interactions of

neutrons, electrons and X-rays with matter; (c) neutron and X-ray cross sections for some typical elements!*’*¥; (d) the energy

range spanned by the elastic, quasi-elastic and inelastic neutron scattering technologies and the typical physical contents in the

energy rangel’?.
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Fig. 3. Neutron diffraction spectrometers: (a), (b) Structure and measurement principle of a neutron diffraction spectrometer based
on a continuous neutron source. (c), (d) Structure of a neutron diffraction spectrometer based on a pulsed neutron source and its
time-distance diagram or measurement principle, the formats of the Bragg function for these two kinds of diffractometers are differ-
ent and their variables are marked with purple color. The blue line in the figure represents the flight path of broadband neutrons,
and other colors represent the flight paths of monochromatic neutrons. (e) The neutron total scattering and pair distribution func-
tion principle, through the Fourier transform of the structure factor S(Q), the real space distribution, G(r), could be measured.
(f) Comparison of atomic scattering factor, @), f(Q) for X-ray decays rapidly with momentum transfer @, while f{Q) for neutron
remains almost unchanged, so neutron diffraction is more easily to obtain Bragg diffraction peaks at large @, the momentum trans-

fer @ can be obtained by subtract scattered neutron wavevector k from the incident neutron wavevector k, Q = k — k-
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Fig. 4. Inelastic neutron scattering spectrometer: (a) Schematic diagram of a triple-axis spectrometer based on a continuous neut-
ron source, which has three independently rotating axis, corresponding to the monochromator, the sample stage, and the analyzer.
(b) Two methods for a three-axis spectrometer to scan a dispersion, constant-energy scan and constant-momentum scan. (c) Schem-
atic diagram of a direct-geometry inelastic neutron scattering time-of-flight spectrometer based on a pulsed neutron source. (d) The
time-distance diagram or measurement principle of a direct geometry inelastic spectrometer, a bunch of single-energy neutrons are
selected by a monochromatic chopper from the pulsed white beam. Then the single-energy neutrons will be inelastically scattered by
the sample and their energy and speed will become larger or smaller; the neutron energy after scattering can be determined by the
neutron flight time through a fixed distance between the sample and the detector; combined with the angle of the scattered neut-
ron and the neutron energy before scattering, the energy transfer and momentum transfer during the inelastic scattering process can
be determined. (e) Schematic diagram of an indirect geometry inelastic neutron scattering time-of-flight spectrometer based on a
pulsed neutron source. (f) The “time-distance flight diagram” and working principle of the indirect geometry inelastic spectrometer,
this type of spectrometer does not have a monochromator before the sample, but a monochromator analyzer is placed after the
sample; the blue line in the figure represents the flight path of broadband neutrons, and other colors represent the flight paths of
monochromatic neutrons.
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Fig. 5. Data analysis methods for QENS data: (a) A general discomposing of a QENS spectrum, comprising an elastic part

described by a é-function convoluted with instrumental resolution and a quasielastic part described with a Lorentzian profile, the
ratio of the elastic area, Ag, to the total area, Ap+Aq, defines the elastic incoherent structure factor (EISF)); (b) the @-depend-

ent width of QENS signal can be used to study different ionic diffusion models!®; (c) molecular rotation models under different geo-

metric confinements and corresponding EISF profiles!™ .
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Fig. 6. Superionic thermoelectric materials and ultra-low lattice thermal conductivity: (a) Schematic diagram of the crystal struc-

ture of superionic thermoelectric materials, comprising a rigid sublattice and a liquid-like sublatticel®; (b) lattice thermal conductiv-

ity of several main superionic thermoelectric materials and a comparison with that for other typical thermoelectric materials®;
(¢)-(e) the attempts to demonstrate the validity of the liquid-phonon models for the ultralow lattice thermal conductivity through
specific heat measurements and inelastic neutron scattering measurements on powder samples!?32452 .
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Fig. 7. Lattice dynamics and ultra-low lattice thermal conductivity of AggSnSeg argyrodite compounds®!: (a), (b) TA phonons along

the [00!] direction in the (440) Brillouin zone of the AggSnSeq single crystal samples measured on the cold neutron spectrometer
AMATERAS at J-PARC at 300 K and 450 K, respectively; (c)—(e) Dynamic structure factors S(Q, E) of the AggSnSe; powder
samples at 8 K, 50 K and 100 K; (f) the peaks in the phonon density of states become broad quickly with increasing temperature.
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Fig. 8. Ion diffusion and lattice dynamics of solid-state electrolytes: (a) Schematic diagram of ion diffusion channels and diffusion
barriers in NagZr,Si,PO 5 (b) schematic diagram of the effect of lattice softening on hopping of ions!'*”; (c) relationship between
low-frequency phonon center energies measured by INS and ion diffusion activation energies in LISICON and olivine-type solid-state
electrolytes!'; (d) paddle wheel model of Na* ion transport in 7-NagPO, compounds, i.e., the rotation of [PO4* polyanion tetrahed-

ron drives the migration of Na* ions/'0!.

012801-11


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 % 3R Acta Phys. Sin. Vol. 74, No. 1 (2025) 012801

(lattice softening) AJ LIA R 22 (B 8(b)).
2018 4, Muy 45 191 38 3xF sk b 3 S g i —
R BRI G P F Y Re i IS, B9 B ieS
REHL BN (&1 8(c)). B A BRI, TE—LLb kb rf
TE B TR A e sh R B 9 BN B4, ik
AR (paddle-wheel), W& 8(d) Fr s 101,
X LB YA 5 T AR DR AR S5 R 5 AR B T
SR SR AT [ 25 H ik o 2 1 i s ML ) o R
?JX: [102].

JE G BN 1 2R A B i ok AR Y AR
FHZ WG 3] 7 =, (HRT AT BRI, Sz
XF 25 i ELARAE A B, TR R L P BB A A 5
XM EHZ K A B, Ren 55 BY DL AggSnSeq 1
R AR, RARI ARG XRD ., A5 JEi
PErP TG INS FESE T THUN QENS ZFH0R,
G55 FE A, IR TR A G
YIAE I B A AR R R A AR AR 2 R | A B 2
B s e AR A S 3 ) R
TN, TER AR 2 b, 75 AR S i
JE17A (phonon overdamping), 7E A HL i [ 22 #L
SR U 5 R R M 0 2 TR B A AN (5 S (an
K1 9(a), (b) ik irdR), MAEZ i FRA A
~3 meV IS 7 Y PRE AL 5 T Ak, HIE S
Fa b i REE A R (WLEL 9(c)—(f)). FAFRYIX
st BRI AT Ry B R A 26 AR IR S S 175 24T
fargE s AT M, IR SR E Y 0N QENS
Je& S [FIs ER 3, VAR 7R B AR AR st R B o
ANV fib s 2 B SCIRAE FH A A2 Ak, T A I ] A2 A ]
DIl as 27 21 o018 12t S B Y.

AT 204 s WP A FIEE B8 Al A
Z I AR By, FRATRTXT L T AHZE TS #Y
rn RS, 0 9(g), (h) Fi7R, Ag B FERE T
A TR AASE, [ A 1 BARICH Se Ji+
KA TARKNIF, (HIEH CHRICHT [SnSe,] MU
PRNZEAR AR i AR TP AR AN K (A X RARIRAR Y Seb
AR Sel, B XS AR IELAH B9 Sed i itd AR Y
Se2). AT NHURE AIE S BAIEN Se R T
AHAZ 3 AR rh oy G DGR E . O T BRI A HE T,
3 AT R A4S XRD R, 7EE 9(1) X ke
TN Se Ji 71y # 1] [A R i B 24 U,
TEAAE SRR ARtk 518 9(g), (h) BB —#,
AL EF BALER Se JEFEAE MR P U, 28
i K, PLgnse > 03 18 1 AN A ] 51500 4

B2 MOCEIRUIN] T A fLE A B E R Se i
FAEN A A AR T PP DA 1, SR
TR g 51285 P f Jo g i 2 5 P 3 3R ) B A A
fiE, RN AR AR R o A e
P E S HNER.

5 BEAMEE KA T a A

VR AE H B AW . Tolk A =t gl 3z il
H, et REeREn 25% UL Hy, Tz
ARV T £ T B T U R Ve HOR , HARERUR
I H 2 A T 3 SUARD SR ARURB DR A5 B A5 ]t (104109
BT S AHAS (GO0, BLFE R R FR L R AN
FE-RBON S, Bk A —E AT LU s BRSO TR ER
B 52 M (1) 7 R T v R D06 113] S e PR i LA
e fa) i)y BEBE A, RIAH 722 2k A v Y R 7 B R
AR ALHE SRS ARG A R, ZERRR AR AL
FRWFSEOI T, ARG 5 AR 3 ) B R — 2%
T35 4% [16:42.114,115),

FE-RAEH B S — A B A . R 800
SR ) H ) R BK B AR AR I 58 I REAE it S R
PIERI G, L5 0 R -R M RHRT 2 AT e K 1 A AR
T /N TS TRFE LA S/ NI IR BN R ). AR AR AR 1)
BRI, 38 A RHE— 20 T5 By g A ) 1161201,
IR GR35 KB E G — R
i, TR F AT BRI 16101121,
B AR S T A3 A AL A R R
T BRANTR], 38 AR LR TC e Ay e Rk 1t
B, BIAL BEE G ARE Y 43 F T B KRR
7, ABZS [ LA m] R TEIF . 43— A3 b s [a] B )
TCFFAEARAE AR T AT DA AR AR R A AU, =
THIVA I BRAR 2R 1.

WG IR A AHAS 5 AR RN 1 H - A 2
AR EAGE L XRD . JEA s A (19422123 (H rh
FHUFHR BRI A w7 8 1421200, Li 4142
E— RN AR R T AR S b B e — 14k
TN E R ARRUN, I RO HORAESE TR
1% ¥ (neopentylglycol, NPG) ¥ 5 {b & %119 i
WS 15 AT . dlad P AR TR R Y v ke s
PR AR R B SAg AR PR, HaX R g AR s T
TR TZIAR KT 45 P (compressibility). QENS
s M EISF B0 Hrds iN7E 82~ NPG 2 1R
AR R IR A 1 [RI VR ER e, iz R

012801-12


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 % 3R Acta Phys. Sin. Vol. 74, No. 1 (2025) 012801
(a) (c) e) 0.005
[441] with [ = 0.3 EO_FTOF = 4.0x10-3 © — 550 K — 480 K
8 100 prs g e 410 K — 360 K
P 3 » 0.004F ¢ — 350 K — 300 K
£ 5 o 2 — 250 K — 150 K
- £ > 0.003
i 2 - 0.003 |
£ £ 1072 5
< 5} =
o o 1073 & 0.002}
o = p ) E
74 ” 1074 4
0.001 |
0 2 4 6
E/meV
b) 3 d f
() [441] with @ TOFTOF 4.0%10-3 ® Tc |
=06 E; =9.09 meV 5r B 15
£ 10°F T=410 K 5 s ‘@0-*
@ = 300 K E S 4l B bHO oy
2 2 7 101 £ :f >
= 5 ~ ' )
: E & ; g
5 < 102 23 " fle 1=
= ) G ) =
S o 1073 3 2t /':l~. a-m 1o B
= 5)/ B8 = &
# % oL ® 7T GEns 1
| . o )
0 & b e -oU2
-/, |
QI 0 1 1 1 1 0
0 1 2 3 4 5 f At 100 200 300 400 500 600
E/meV al T/K
(h) 0.6
(&) A(Se50-Selc) 1Tc
FA—A— A A4 !
0.4 BN
F—d——<—qq4|
A g i B(Se4o—Se2c) ;
N |
[SnSe4lc = 0.2¢ :
FO——0——0——0-0Q
ok C(Sel/2/30-Se3c) QO G——
|
1 1 1 1 ‘I 1 1 1
(i) 0.10
3 Pmn2,q 1
A Selc 0.08 | —O- Sel IR e SN
r —— Se2 M—A*A_H_A
I
Lab —Ago 2 0.06} V- Se3 ' Fism
O <1 Sedo -] —O- Sed | —®— Sel
i ¢ 5 0.04} < Sed | —A-Se2
cubic (F43m) » | —v-Se3
! 0.02 M Yy —Y
- o b M !
Seb q [ y 0 Il Il Il by I I I
“300 K [SnSedo 240 270 300 330 360 390 420 450
Orthorhombic (Pmn2;) T/K

P9 AgsSnSeq il B T HH AL A2 Y S kS 3 1% 5 WAL G 1T R B (a), (b) 78 A A J-PARC T F IR #9 AMATERAS %43
7419 300 K Al 450 K i BE T, [4 4 0.3) Fl [4 4 0.6] TA 7 TR LI (o), (d) ZE7%E FRM II 1 F i) TOFTOF H 3% JLAT %
U AR B9 AggSnSeq 22 b BE I 7E 300 K Al 410 K B8l 11 2: 45 A F S(Q, E); (e) 7E [2.0, 2.4] A1 Byghim QLR MXT S(Q, E) #ATH
SR ARATI S I G R T MR (6) @ XS P (e) i It 2R R AT BELJE 3 4R AR R I A 2% ARG AR AT 1 S TR L R JE A
QENS {5 5 JR 9E; (g) i [ ILL 7] D9 H i v 7 A7 5 3 (X _E 3845 59 300 K #1400 K T B IEZZ 4544 (O) AL 5 544 (C) By X 1L
(h), (i) W KGN XRD A7 915 3R89 A, B, CLE Y Se J5 708 B T A0S 1 B b 10 J7 1 AL AR AL B | LIF 2% 1] [l J 7 2 6 5
B U, 78k, A XS NLARIRAR A9 Seb Fim il AR Sel, B X AR AH Y Sed Fl i i AH AT Se2

Fig. 9. Lattice dynamics and coupling of sublattices during the superionic phase transition of AggSnSeg?!: (a), (b) Experimental
data of [4 4 0.3] and [4 4 0.6] TA phonon modes at 300 K and 450 K measured on the AMATERAS spectrometer at the J-PARC
spallation neutron source in Japan, respectively; (c), (d) dynamical structure factors, S(Q, E), of AggSnSeq polycrystalline samples
at 300 K and 410 K, respectively, measured on the TOFTOF direct-geometry spectrometer at the FRM II neutron source in Ger-
many; (e) dynamical structure factor curves obtained by integrating S(Q, E) over the momentum @ range of [2.0, 2.4] A '; (f) phon-
on energy, phonon width and QENS broadening obtained by fitting the curve in panel (e) with the damped harmonic oscillator
(DHO) and Lorentz profiles; (g) comparison of the orthorhombic structure (O) and cubic structure (C) at 300 K and 400 K ob-
tained on the D9 single-crystal neutron diffractometer at the ILL neutron source in France; (h), (i) the changes in the atomic dis-
placement |L| and isotropic atomic displacement parameters, U, of Se atoms at positions A, B, and C during the superionic phase
transition obtained by analyzing in situ XRD patterns, A corresponds to Seb in the low-7 phase and Sel in the high- T phase, and B
corresponds to Se4 in the low-T phase and Se2 in the high- 7 phase, respectively.
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Fig. 10. Plastic-crystal phase transition and lattice dynamics in NH,I barocaloric materiall®: (a) Dynamic structure factors, S(Q,

zh
%

E), in three different phases measured by INS; (b) quasielastic broadening in different phases obtained by integrating S(Q, E) in (a)
over a certain () range; (c) softening and broadening processes of the phonon DOSs with temperature; (d) crystal structures in the

three different phases and possible orientations of the [NH,] tetrahedron.
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Fig. 11. Relationship between lattice vibration and energy band in CsPbBr;*: (a) Diffuse scattering signal in the (H, K, L = 0.5)
plane in the high-temperature cubic phase at 433 K, the upper half of the data is obtained from XRD, and the lower half is from
neutron data; (b) S(Q, E) along the I*M-R-I" direction in the high-temperature phase at 419 K, where the phonons have overdamp-
ing behavior along the M-R direction at the Brillouin zone boundary; (¢) Pb-Br-Pb angle distribution obtained by molecular
dynamics simulation and its relationship with the energy band gap.
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Fig. 12. Magneto-structural transitions in MnCoGe-based magnetocaloric materials: (a) Response of the Mn magnetic sublattice and
Co-Ge skeleton sublattice in the Mny ¢5NijsCoGe compound to an applied magnetic field obtained by in situ neutron diffraction

experiments!'™; (b) magnetic structural phase diagram of the Mn(Co; ,Ni,)Ge compound with Ni content or valence electron
number (Co: 3d4s?, Ni: 3d®4s?) and temperature!'*.
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Abstract

Lattice dynamics play a crucial role in understanding the physical mechanisms of cutting-edge energy

materials. Many excellent energy materials have complex multiple-sublattice structures, with intricate lattice

dynamics, and the underlying mechanisms are difficult to understand. Neutron scattering technologies, which

are known for their high energy and momentum resolution, are powerful tools for simultaneously characterizing

material structure and complex lattice dynamics. In recent years, neutron scattering techniques have made

significant contributions to the study of energy materials, shedding light on their physical mechanisms. Starting
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from the basic properties of neutrons and double differential scattering cross sections, this review paper provides
a detailed introduction to the working principles, spectrometer structures, and functions of several neutron
scattering techniques commonly used in energy materials research, including neutron diffraction and neutron
total scattering, which characterize material structures, and quasi-elastic neutron scattering and inelastic
neutron scattering, which characterize lattice dynamics. Then, this review paper presents significant research
progress in the field of energy materials utilizing neutron scattering as a primary characterization method.

1) In the case of AggSnSe; superionic thermoelectric materials, single crystal inelastic neutron scattering
experiments have revealed that the “liquid-like phonon model” is not the primary contributor to ultra-low
lattice thermal conductivity. Instead, extreme phonon anharmonic scattering is identified as a key factor based
on the special temperature dependence of phonon linewidth.

2) Analysis of quasi-elastic and inelastic neutron scattering spectra reveals the changes in the correlation
between framework and Ag™ sublattices during the superionic phase transition of AggSnSes; compounds. Further
investigations using neutron diffraction and molecular dynamics simulations reveal a new mechanism of
superionic phase transition and ion diffusion, primarily governed by weakly bonded Se atoms.

3) Research on NH,I compounds demonstrates a strong coupling between molecular orientation rotation
and lattice vibration, and the strengthening of phonon anharmonicity with temperature rising can decouple this
interaction and induce plastic phase transition. This phenomenon results in a significant configuration entropy
change, showing its potential applications in barocaloric refrigeration.

4) In the CsPbBrsy perovskite photovoltaic materials, inelastic neutron scattering uncovers low-energy
phonon damping of the [PbBrg] sublattice, influencing electron-phonon coupling and the band edge electronic
state. This special anharmonic vibration of the [PbBrg| sublattice prolongs the lifetime of hot carriers, affecting
the material's electronic properties.

5) In MnCoGe magnetic refrigeration materials, in-situ neutron diffraction experiments highlight the role of
valence electron transfer between sublattices in changing crystal structural stability and magnetic interactions.
This process triggers a transformation from a ferromagnetic to an incommensurate spiral antiferromagnetic
structure, expanding our understanding of magnetic phase transition regulation.

These examples underscore the interdependence between lattice dynamics and other degrees of freedom in
energy conversion and storage materials, such as sublattices, charge, and spin. Through these typical examples,
this review paper can provide a reference for further exploring and understanding the energy materials and

lattice dynamics.
Keywords: neutron scattering, thermoelectric materials, solid-state electrolytes, Caloric effects
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Fig. 1. Three-dimensional schematic of neutron scattering.
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Fig. 2. (a), (b) Crystal structure and rietveld refinement of powder X-ray diffraction of Yb;MnSb,;!*J; (¢) X-ray absorption near

edge structure spectra of Yby,MnSby,["%; (d) C,/T vs. T2 19,
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Fig. 3. (a) Dynamical structure factor of Yb;MnSh,;*); (b) dynamical structure factor after subtracting the elastic line in panel (a)

and correcting it by the Bose-Einstein factor!*!; (c), (d) temperature dependence of the phonon density-of-states and reduced phon-

on density-of-states!!.
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Fig. 4. (a) Element-specific nuclear inelastic scattering spectra measured in Eu;,MnSby;, Yb;,MnSby;, and Zn,Sbs*; (b) partial and

total phonon density-of-states in Eu;,MnSb,; (top), the partial phonon density-of-states (middle) and the reduced partial phonon
density-of-states (bottom) in Yby,MnSb;;, Eu;,MnSb;;, and Zn,Sbs!*4.
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Fig. 5. (a), (b) Dynamical structure factor of Yb;;MnSb;;F!; (c), (d) phonon density-of-states and phonon band structure
Yb,,MnSby;!; (e) comparison of the lattice thermal conductivity of Yb;,MnSb,; with the simulated values of dual channel lattice
dynamicsP' %, gy, kgife represent phonon-gas and diffusion channel, respectively.
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Fig. 6. (a)—(c) Rietveld refinement of powder X-ray diffraction and crystal structure of TlInTe,, the anisotropic atomic displace-
ment parameters of all the atoms plotted as ellipsoids®™; (d) C,/T vs. T2[%; (e) C,/T® vs. T%; (f) absorption coefficient®.
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Fig. 7. (a) Atomic displacement parameters of T1%); (b)-(d) neutron-weighted phonon density-of-states, phonon linewidth, and

phonon lifetime of T1InTe,/03.
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Fig. 8. (a), (b) Crystal structure and rietveld refinement of powder X-ray diffraction patterns of CaMg,Bi,/*3.
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Fig. 10. (a), (b) Crystal structure and powder X-ray diffraction of MgzSb,"!; (c) the noncovalent interaction analysis with reduced

density gradient as a function of sign(X,)p for the chemical bonds in MgzSh,/1%; (d) lattice thermal conductivity!01:102.
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Fig. 11. (a) Phonon density-of-states of MgsSh, and CaMg,Sb,!; (b), (c) neutron dynamical structure factorll; (d) calculated

partial phonon density-of-states of MgsSh,"!l; (e), (f) temperature dependence of neutron density-of-states, and compared with the

calculated results (black)®l.
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Fig. 12. (a), (b) Structural relationship between RbCd,As, and RbCd,As;""; (c) rietveld refinement of powder X-ray diffraction
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Fig. 13. (a) Total thermal conductivity and lattice thermal conductivity of RbZn, ,Cu,Ass''?; (b) the isotropic atomic displace-

ments of Rb, Zn, As(1), and As(2)"2.
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Fig. 14. (a), (b) Crystal structure and rietveld refinement of neutron powder diffraction of SrCuSb['*?}; (c) Griineisen parameter of
ACuSbl'!, the orange, dark blue and burgundy dots represent CaCuSb, SrCuSb and BaCuSb, respectively; (d) isotropic atomic dis-
placements of Ca, Sr, and Ba atoms in ACuSbl'2; (e)7 (f) high-angle annular dark-field scanning transmission electron microscopy

image along the [103] direction of Eu,ZnggSby!®"
(g) lattice thermal conductivity of EuyZnSby, and EuAgSbl131;
and Sr,ZnShy132.
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I, the purple, blue and orange spheres represent Eu, Sb and Zn, respectively;

(i) calculated three- and four-phonon scattering rates of SrCuSb
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Fig. 15. (a)—(c) Dynamical structure factor of Sr(Cu, Ag, Zn)Sb!'*; (d)—(f) charge density differences projected in the (110) planel!??;

(g) the anisotropic atomic displacement parameters, insets show the schematic crystal structures of Sr(Cu, Ag, Zn)Sb with aniso-

tropic atomic displacement parameters ellipsoids!'2?].
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Abstract

Due to the unique crystal structures and excellent transport properties, the Zintl phase thermoelectric

materials have aroused extensive interest in energy storage and conversion. To explore the origins of those

excellent performances, a series of experimental and theoretical techniques have been applied, such as neutron

scattering, thermal conductivity, and molecular dynamics simulations with machine learning. In this paper, the

progress of neutron scattering research on the structure and dynamics of Zintl phase is summarized, for example

A4MPn;; compounds with zero-dimensional (0D) substructures, 1D chains-based compounds, 2D layered

017301-21
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Ay,BX, compounds (including the binary MgzShy) and their structural variants, as well as AB, X5, and ZrBeSi-
type compounds. The underlying mechanisms of intrinsically low lattice thermal conductivity in those Zintl
phase are discussed in detail. These compounds generally exhibit the following characteristics: 1) strong
anharmonicity, which is characterized by strong atomic vibrations and anharmonic phonon-phonon scattering;
2) weak chemical bonding, which usually leads to low sound velocity and interatomic force constants, and
corresponding to low-energy phonon branches; 3) intrinsic vacancy defect, which weakens the bond strengths,
softens the lattice, and enhances anharmonic phonon-phonon scattering. Neutron diffraction is applied to
studying crystal structures, lattice parameters, atomic occupancies, and atomic displacement parameters.
Inelastic neutron scattering measures the lattice dynamics, and density of states, which are related to lattice
thermal conductivity. Hence, the physical mechanisms of Zintl compounds are analyzed for optimizing material

properties and designing new functional materials.
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Fig. 1. (a) Magnetic unit cell and exchange couplings; (b) illustration of phase diagram; (c) low-energy spin excitations in electron-

doped compounds, (d) low-energy spin excitations in hole-doped compounds, the dashed box is the first Brillouin zone.
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Fig. 2. Linear scaling relationship between the resonance
energy Ep and critical temperature 7, in iron-based super-

conductors(™l.
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Fig. 3. Relationship between the energy dispersion of the spin resonance mode and the superconducting gap in cuprates and

iron-based superconductors(™!.
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Fig. 4. Spin-vortex fluctuations and c-axis preferred spin
resonance mode in CaK(Fe, ,Ni ) As,™.
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Spin excitation spectra of iron pnictide superconductors”
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Abstract

Spin fluctuations are often considered the most likely candidates for superconducting electron pairing media
in unconventional superconductors. The iron-based superconductors provide a wide range of opportunities for
studying the mechanism of unconventional superconductivity, as they have many systems with different
structures and rich magnetisms. Taking the iron pnictide superconductors for example, this review summarizes
the inelastic neutron scattering results of the spin excitation spectrum of iron-based superconductors, especially
for their common features.

Firstly, we introduce the direct connection between the low-energy spin excitations and superconductivity,
which is so called the neutron spin resonance mode. This mode widely exists in the superconducting states of all
iron-based superconductors, where the resonance energy Fy is linearly proportional to the critical temperature
T.: Er = 49k3T,, and it has a universal c-axis preferred characteristic. The in-plane dispersion of spin
resonance mode is not limited by the superconducting energy gap, which is in contrast to the traditional spin
exciton model. The out-of plane dispersion of spin resonance mode is determined by the Fe-As interplanar
distance, indicating that the three-dimensional spin correlation effect cannot be ignored, which may be the key
to clarifying the role of spin fluctuations in superconductivity.

Secondly, we summarize the energy dispersion, intensity distribution, and total fluctuating moment for high
energy spin excitations. Although the Heisenberg model can roughly describe the similar dispersions in different
systems based on the anisotropic in-plane nearest neighbor effective exchange couplings and the similar second
nearest neighbor effective exchange coupling, the correlated Hubbard model based on itinerant magnetism can
more accurately describe the spin wave behavior after degeneracy, thus the spin excitations are more likely to
be understood from the perspective of itinerant magnetism. The spin excitation intensity varies greatly with
energy in different systems, indicating a competitive relationship between itinerant and localized magnetic
interactions. However, the total fluctuating moments are generally the same, indicating that the effective spin
S = 1/2. The spin excitation bandwidth is in a range of 100-200 meV, probably is correlated with the height of
As away from the Fe-Fe plane.

Finally, we make a comprehensive comparison of the spin excitations in iron-based superconductors and
copper oxide superconductors. The spin excitation spectra of iron-based superconductors have much richer
physics than cuprates, due to the complex physics of multiple orbitals, Fermi surfaces, and energy gaps. These
phenomena lead to the diversity of spin excitations, especially the prominent three-dimensional spin correlation
effect. This indicates that interlayer pairing and intra layer pairing driven by spin interactions are equally
important and must be fully considered in microscopic theories of high- T, superconductivity.

Keywords: iron-based superconductors, high temperature superconductivity, inelastic neutron scattering, spin

excitation spectrum, spin fluctuations
PACS: 74.70.Xa, 75.30.Gw, 78.70.Nx, 75.40.Gb DOI: 10.7498 /aps.74.20241534

CSTR: 32037.14.aps.74.20241534
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T, AT LURI R XG4 v 07 S 45 3 B AR
K& SR A8 Ak, TR A [0 H A P A TR D) —
J7 1, A IR X G EU (resonant X-ray sca-
ttering, RXS) 7] DL B %] H fo SR BRI TR 0N, 25
HF PR 4 B S ()R ) 145 B A He TR R XU
AU, RXS BAE 2L, JUHEX MR
T RIAT W = U, T DAL T oc R ke
TEPEIEHE TR AR o FL T AU S AR R T 7 R
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e, AT LA Ry R XS RIS R 2 DR
PR (correlation function), [F) A H 58 & T

LR e 7 TR 5. X — 451 ] LAl iR XAk
SRR AR 3 18, [R] I 2 1 R i S 5 45 IR
52 ARk, RXS AHSCSERHOAR R P & et K
Pt 7 OCHR L 1A R B ST e

3 HEikdFEE X HEHA

3.1  dAFSEiE X S EARRE

XS 2 T A ) X OB R U S B
I BE R AR A 22 AR BRI R AR P
THR X — R, AT LR R R B0 R H R IT
AT BT R T B AR Ho F12%5 O -
HL AR AR BB . a7 S A B AR
By, A5 TR S R TR A A, 2
WG T RIRERE, N A LR A A R RO T 1Y
FHEAE A B AL

N

1 s 1,
H' = ; e [pj —eA(r;)]” — 2P
3 PAW) eAw) b "
ot 2 Me ’

Horp e Fme o T B R R, py e N
5 TSR AR, A (r) MR B R
mE 2(a) s, ASH (WD e FEER . shEm
TR 2 9N he , Rk, e (hww, Bk, ). FRAERES .
BRSFE, BURRIR C TR AR IR R A o i
3N hw = Ty, — hwg Il hq = Rk — hik! | fEFE 5
MHIZS |g) ZEALBIR S |f) . B i, %t
PR3 B AT Sy O8]

2
d’o / (FH|n){n|H'|G)
dewk/ O(Z F |H |G> ; EG — En

x 8 (BEg — EF) (2)

Hif|a) =gy @ ke), [F)=[f) @K, )M |n) 5}
SRR RO TR R RIS RS EES, X
ARAFBER Eg = By + hwy, Er = Ef + hwg F1 E,, .

R P A — I HY R A2 BT, ey RS

PR X 5B 28 B 4T (non-resonant X-ray scattering,
NXS). AR B AR LR G (B =
By + hwy 2 By, ) B, et 88 5408 =%, 0o il

iRl YY)
d20' n2 [ Wk’
ddhay % (€ (wk)
XY pg|(f1D €T g)
g.f J
Hrpire = €2 /(dnegmec?) JE LM HL T2 p, NHI
B |g) BIMER. AT LA B, NXS A9 6l 430 A4 i

EHTaEE T (dynamical structure factor)
S(q,w), HIE

Stae) =Y w1 g @)

TE SME O AR b, B hw = hwe — hwr = 0
I, 123 B2 DB AR AR 9 A B0 A% B (Bragg scat-

0(Ey — Ef + hw), (3)

tering).
b
@ ® g W
dn
Valence
k « q‘ ‘ / O: band
20
X—raV * " /,g‘\‘:re
- level

K2 XHAHEFEBERER  (a) 8EHDUT; (b) IR X 4
LR R 19, LR X Ok 5 i TR B R &
A, R R R A 7 B A SOR R AN Y PR
B o5 40 A A L IR I3RS L IR R R XAk

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.

MAGHGRE R THA TR r R, B
hwy ~ E,, — E, B, Eq — E, ~0. IAf, (2) Xp—
B0t S B s o 5 4 32 . SRR B AR AR
FHMZNEI A - p ITTER, FR A IEHRAR G X G4k
U} (resonant inelastic X-ray scattering, RIXS),

HAIr B # AT LA Kramers-Heisenberg 77 F2
25t 18):

d%o
d2dhawy Z Z E,
X(S(Eg—l—ﬁwk—Ef—ﬁLuk/), (5)
HoP T e (T o) 2 M T U0 % R A1 1) BR A 5524

(FIT o In)(
— B, + hwg, +

‘Tk,e| g>
ir,/2

087402-3


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 % 3R Acta Phys. Sin. Vol. 74, No. 8 (2025) 087402

(transition operator), I}, ZHEIA T (N5T2) &5
7\ (core hole) ZAIEIEL (n|Tk.c|g) F1 (fIT}, . |n)
A X R (X-ray absorption spectro-
scopy, XAS) &G (it 2. RIXS i F2 4nf&l 2(b)
Jis. WA ASHEHEEIRB I, — A8 i PRk
PRI R, MRS A — R A )
A, BRI ES SRR BT SRR A ).
B, A o PRSI i RO B A 7, AR &
SP—A6 7. RIXS R Rl il 0k, H
Bl i hg FBE L hw AT LAIE 3350 B A5 6T 0953
B e . AR A AR, RIXS AT DA 4%
FEZE P AR, X PR R A R AP 8 T 2O
A, e A AR ek, fisoRisE, H% RIXS
1R R G T, M RIXS ATk
D)2 i P RS s O B O S TR L 1
BIFECHEERASEL iR RIXS i r=4
Y 70k, IR TS (valence) RIXS. T
1 () R A 28 TR A TR 1 52 J2 e i 5
FEI, R A S L O, SRR A (core)
RIXS. il ¥ 4@ 09 1s2p RIXS, HARIZAM 1s
2 2p L HE TS, RSHEEE— D 2p X KT
RIXS HETHE A N2 0] LAS A LR S 1.

FAT, RIXS B g 5877 s 322 T
R GRS BUE T, B X2 P S
IR TIECESRAFA RN RIXS HUR T 08, A
[F] 7 A 46 25 H DL s b IS . il an i1 141
R (cluster model) B/ 4% X fi L (exact dia-
gonalization) 7153 7] LAAT R0 iR Ry B dd K i 1o A
Motk SRALHE A A OG5 B B AR RIXS
e, A0 45 P flf 48 3 8L (fast-collision approxi-
mation)?? F19% & [ (Feynman diagram) J7 % 23,
Fe 2 20 RIXS Wi R L SCIR R KR (3Fe AL IRy
N ) TRk, X i i & rp i SRR
BN AL

3.2 HARIEIEME X STEEST LI

RIXS 556 1) 5% [ 3R A A8 Ol i | g A1 3h
PR RIRCR LR RE S PR SE . RIXS 5286
Xof SN e PR e SR AR K, ORI A0 i Sl b e 1
HOLVE G, A FTTER A ARSI R AL T
VERERVE B A R MR R 22 0. LIt 4R L
MR, 3d TCERTE 1 keV LR, J& T4 X SHZE (soft
X-ray) J&Hl, 4d TR W Ru iy Ly W RE 29 N

2.8 keV, J& T X HZE (tender X-ray), 1fi 5d JG
A Ir 1 Ly SHRER 20N 12.8 keV, JB TH X S48
(hard X-ray)®l FHHAE X 514k, 3k X SR
o A — S R PR, b an 7 56 3125 RV AU (O
FHEE hw ~ 1 keV, STRIER kE~05 A-1). HAb,
BCX SPGB S T A, 7 B
FH 5 PR VE B /N TG B0 60,25 RN RE 5 4
Breés. HAh, IRAE X S ZFEE2E (X FHEAEM
RBhrP A IR B L T RERE 1Y =R, 2B R
SRP R, PRHAR X SR IR Ol I R R LA B
. PR X S A AR IR, L
% 3k 0 4 JE KA AR AR 2R A I R A
PaAE, DL ROSHEE R AR AL T R0 (R BIFE. AS S
I 5T A Ha s P 1Y) RIXS WS A i
T Cu-Ls (2p3/2—3d, ~930 eV), O-K (1s—2p,
~530 eV)ill, W JE T4 X ST
321  BHAEAIR X &AL

FISCHE R, AELR X SR AT S o] LA o 0 i
R W 722 SR T HL A B 548 L DT L PR DA R AR
FRIEEE A TIESE. (3) 20 (4) X URERATTHES:
P X SPRBSH A I L TA5 M R, P 7E R R
Q WL IR EE IE LT NQ - v, Hor o
WS B B B A, N ORI T R AR,
FIFHRE XS4 AT LA 55 2410 BLIH DX, X4~ J7 )
%) FL A R G P DA A T I 6, DT 45 S it s W 22 1Y)
S (A5 AR AR, 3% — B R BRAE T 1) XERLX
3 A 5 A D R Y L A P R TS R N AR 3 64 2) H
135 | 42 ) A S AEAEAR N (6| ~ 1073 A) 03],
PRI 553 P 235 A X AL 25 114 175 T2 L R DY i 2R AR
Ty 3) TSR i A R 6 A B AR AT DA I A B
HEATI A O] EJE XTSI AR W 2. AL Z T,
iR XS0 L T SCHRBURR, ] MRIE(E 5 0 A
SR8 O 2 A LI o 7 A i S AR U T F 3 2
¥ BeAk, A AR BE 5 A0 AR 34 1T DL 43 BEAS )
TR, RGBS FECA A, LR S R
T TR XS I S v R S B RO — T
SR e AR R IG5 1 RO BT 53— 7 T, JT R ik
PEVEA RN T2k AR IE AT 5L

3.2.2 LS X H& ST

FePRME X FHEREU (resonant elastic X-ray
scattering, REXS) 5246 H A 73 #r i G RE
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B B BN R 3, 3 5 SO 3 = o
FRIEAT RGN (69, RIXS %t SR EHEA T RE S5 9F,

A LA RE - gl i s (6] FEOG A A b A0 355 A | FLA

H EFN I8 55 22 Fh 3 H B %) TC TR R4 T R
(I 378 8. T B, 25 G % PRk 2R AR e
AR LIS RIXS 7= A Ho o 34z
W A . DA 4 AR AR R 4R L 3
KRB, B L 6 A AR A BRI T D B R
W dd ¥ k. 7ok, HA s 2p 085 XA E R R
1) A BE-FUERE G (29 20 eV 7)), {HEAN PRI 5
FH, PIUL AT e~ A5 B e B0 i G ik % 1081, TiT AR
KB EAR Rz g, BT ARG T LA™
AR AY RIXS PP & . TR 9 2 R mT LARR
HLff CHC. AH L T REXS, RIXS A] LA X 43 38 il
JEsAPE RO R, (TR e & o FER T E ) 45
BRI Sh A CHR, PR XA f T8 7 5o
JB. Bl AR R BE B A BRI I 2 R i, RIXS
FERR ALY H e ORI L R HE T AR, dE
R IR IR A AE sk M AR FL T P A 1Y
HLHRN G SRR U SR B 25T R R T AR
164, RIXS oA 2000 7R A AR 3 A% i g A

5% |- 16072

Charge transfer

Intensity

Multi-magnons

Charge
excitations

0 0.05 0.20 2.00 5.00
Energy transfer/eV

B3 SCHEH TR R P ouilok 2 HRHE R i RUSE R B R
FIH RIXS (4 RE 3 9] L)X 24 vk 5 3 F S 30 DTk
AT 52 3 %of FEL i 7 ) 8 SO0 . 98844 F3C 5 190 R o 9 R
FALLR (43 B 26

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).

1) B FASEIMAE: d7 S5h0R Y B e
TEAAEAEH, B2 XS AT S0 GBI, B
[z CRu e VALY O VA TR 27 i 7 V1L o2 B e R [E1 B
MIAFETE, RIXS S FR ANE. A7 X P0E A hE
BInf LI AR G, DR RE BRI Xof 1o 1) G EK PR

2) REWCR RN WY A I g v, LA
WA e FRE . SRTT, v~ HICST 1 A
(dipole-dipole) #H H./EH], JC¥E PRI i B 4 B
FHEEZ T, RIXS B T AR 04 & 51, 38 AT LR
MZA% (multipolar) f4i % .

3) BRI T SR S AT DA T
FEAS IR R, I FLIE LT AN sh 8454 K
S(q,w). WIHTSCHTIAR, RIXSFS A R A i B A
HAUE F T3 85 B, 10 1F b T — i i
7R R RS R N T A UK A IR A
M. Bk, RIXS T 2R S /N F il @
AR b U S T B LS EL L SR,
1M RIXS A U2 5 A 2 1 mm RO A B g A
iy, 3 T LA e A R

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

STM, NMR. Fll RIXS 1 A #0 #f 5 4 #
TR, BAS AR MR, misce A
4, X FAE kb X . STM A1 NMR J& F R
BRI T B, RERS A R s P A5 R R T
RIXS ] 235 SR U] s WA Aok e AR g DG M. AR S
JE LN TT IR B, 3l 53 RIXS B4
T, AT AR 31 G F Jry ol ffL 7245 28 B (R Ao 245
FA R RRIE B B, I A5 1T, STM X
FE VL B ERAR R, PR L SE B0 4R v e RS i 1o
fiff R ARAG vo - B 2 T 1) Bk R A E AL A R L A
22 F, NMR FI RIXS E A0 & T B, )%
M REZHE SR R,
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4 AN FETFHTRE R

4.1 SAELYBEEFHLIL

1995 4F, Tranquada %5 24 3 3 AP T 10U 5256
1E La, 4 ,Ndg4Sr,CuO,4 (Nd-LSCO, z = 0.12) H3%
eI T B AR IR, 8T T AL S
PR f R RS B0 . A 4 i, PO S
TE Qco = (2,2 %+ 8c0,0) 1 Qso = (0.5,0.5 + 50, 0)
AL S IR 3 T AT (1A ) Sk AR )
I TE 73 XoF I AT S . PRI AT I A g S R B
(incommensurability) i /& dco = 2050 ~ 0.25 , 434
XFIZY 4 F1 8 A% ki JE . X — 25 R mT DLE i H
JiE- L ] 25 8UF (spin-charge stripe order) [ &
BIR i BE. AL, LT 7 7E p ~ 1/8 45 Z I 35 3|
e I BB AN 2 BUF B9 R £F 5. Abbamonte
AT T 2005 AR YR 3R IR XS 2 iRl & 1

(b) (d)

7

=

£ 1500} (0,244, 0)
S

2 1400 |

wn

g

Z 1300 {
S

= 1200} 5
2

E

§ 1100 .

=}

|

—0.35 —0.25 —0.15
q

—~
(e}
~

(0.5, 0.5+q, 0)

0.1 0.2

Intensity/(counts:(2 min)~—1)

Kl 4 o EUIE Nd-LSCO Ayt 51 Y 4 40 7 417 5 i 24
(a) CuO, V-1 P F JHE- H fif Sk SURCEL 7R R IAT, 18] Pl 3R 4 11
AL, R AR L H e, K615 15 R = B A L
(b) {8z [a] (H, K, 0) TP H REFIHL T R9AT 5506 (S0 ),
DL K it A fr Ak g (250 B b A IR B (c) A
Ji& JF R (d) HL A AT S W L Bl s (R) R Y 4 A T ) 4 IR
(b) ik R

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.

Lay g75Bag 12:Cu0y R Ly . Sl EO KA
Cu Lz A, i EHUESE T O 2p il Cu 3d M
T AAEAEZS ] L.

2002 4F, Hoffman %5 1% FI| | STM 7F 55 —2&
B ALY AR BioSryCaCuyOg, s (Bi2212) Hitl %
BT HA . AT R AT, SN
AL T | R ARER P BA 445 s R
AT, X — G S e T R A R R ) S
B, F3 T STM M g 2] TR B 745
PE L AR XOBF B LR i — P A T
BiySry La,CuyOq, s (Bi2201)4 L K Bi221214
B P IEAE. YBayCuyOg,, (YBCO) HHY LT T
T R ARG T A NMR SE56 % 88 07 B, RIXS
SEH BT R e X ST ZAT S PO 430 7E YBCO
R T E FARA R 4R AT, BE, R X
SEE L I B S A A E AR R R T
HLffF, A046 7K R AR HeBa,CuO,, 5 (Hg1201)0%
b Z BB T1,BayCuOg, 5 (T12201)80 Fl L T45 44
K% Nd, ,Ce,Cu0, (NCCO)BY HI La, ,Ce,CuO,
(LCCO)2. 3 S5 55 25 B gl 7 T A )33 3l A7 7F
T A .

4.2 HUHH: FLUE BRERESES
me

AN T8 R A A A T 4R80T, HA AR R
B 5 e e AR AE I F Y, R A P 8 00
BRI AR 8. B T 80 R e ok, e HA
2B ABARIR R, BT R RN 25 B 2
KN, TEH B R R B e RS
BOR (WA 5). X — ¥ ok m 2R G
SNl BN oI NS N i B S e NI TR/ G SN DVA D
W R O T b1 ST A, B OBk AT
RDX RTS8 K THTRH 52 1 AR 4801 SR, X6 Ha, fp
JF RIS T NS AL 1) G RATIAEAE G (1450808187,
JUE RXS HIffi o #6H T (angle-resolved pho-
toemission spectroscopy, ARPES) A X} H il & &
B, Bi2201 {4 7 rf LA 13 5% X o7 R BB B A T “ 9%
KRR E (K 6)MY,) s far 7 09 A A
TEdR BN BT ISR T RERR. 7 — T, KB4
YBCO Hil Hg1201 55+ i WL 21 1 B 7 4k %
(quantum oscillation) F W, 7£ & L T, H 5%
KA T EA, 7R RIOK D4R/ NS %
JE LA P S BN A AT PO, IR HL A R
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A oK A IR AL SR, Hg1201 A H faf 1 1)
AT A S B LA LA db ks 5 20581, ik e sl i
DRIHNE LA MBI 2 8] By EHGRFRAR:, 115 SOR R 3 1Y
o T B 25 LT P DGR A & BB S SRR A R S

G

0.4

0.3} > o

5co/l“l.u.
o
[ V)

A LBCO e
v LESCO e Bi2201 Y
'm LNSCO » Bi2212 *
e LSCO <« Hgl201

¢ YBCO

(b)

0.1

T12201

 §
0.10 } :J'r

¥

dso/r.l.u.

0.05 ]
* p=1/8

0 0.05 0.10 0.15 0.20 0.25 0.30
Doping p

5 ML IR R LT (a) RARRE B BETK % 2 A iE
F (b) PR BB A AL G AR Bl ok B X S 4 slirh 7 1o
B (5 2 )00 2t R AT 0 k4 SR ok Sk [26-52). A ESF
EUAIRRE e 7% I 45 25 2Rk B SR [24,26,29,53-62]

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
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=]
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1
|
- 20K |
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0 0.2 04 7_
3
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A
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[
\\_._
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_______ «0ele. .
0 My == ARPES-UD15K
L —T
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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

Research progress of resonant X-ray scattering of
charge order in cuprate superconductors’
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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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