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Fig.4 Schematic diagrams of two kinds of scattering in first categofy \RIXS [¢7]. (a) Direct RIXS; (b) Indirect RIXS.
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Fig.5 Schematio.diagram of the K-edge -1s(2,3)p RXES process of transition metal ion. Here, Q and o represent

the energies of the excitation and emission photons, respectively, and Ec,,,. denotes the unoccupied continuum

states.
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Fig.6 Schematic diagram of the rare-earth L-edge-2p3d RXES process in 4f mixed valence rare-earth system!‘]
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Fig.7 Ir L3 RIXS spectra of SrzIr,O in the pressure range from ambient pressure (black, dashed line) to 6.0 GPa
(dark blue, solid line), at a temperature of T = 150 K and a momentum transfer of g/=(3\5, 3!5,0.0). The energy
loss positions associated with magneton excitation are marked by vertical dashed lines. Data are taken from
Referencel®]
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Fig.8 Two-dimensional 1s3p RXES maps of CoO under high¢gressure. The peaks labeled 1, 2, and 3 correspond to
Raman scattering signals at different energy shifts«(a), (b), and'(c) show RXES data collected on CoO at pressures
of 0.2, 12, and 28 GPa, respectively, in the absenee of ‘a,medium. (d) and (e) show RXES data collected on CoO at
3.3 and 6 GPa, respectively, with silicone oil as the medium. (f) and (g) show RXES data collected on Co30, at

2.4 and 12.4 GPa, respectively, with silicone oil as the medium. Data are taken from Referencel*’!
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vibrational modes and the nine normal vibrational modes of the [FeCl,]™ ion with their symmetries®!.
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Fig.10 Partial projected-density of states (pDOS) for 6 - (A10_87357F80,127)00H(5 -Fel3-rl) and 6 - (A10_36757
Fe;133)O0H(8 - Fel3 - r2). Data from(!!5]
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Fig.11 Experimental density of states (DOS) for FeSi at selected pressures, along with theoretical results for the

B20 and B2 phases. Data are taken from!!!¢!

4 HEPS-ID33 & X SftkE il

Rk, AR BEAHE VIR S ReEE R MO CVR(HEPS) b fe & 0 JRik 7 4l )Y
RIGIR HEPS IR S TL+ K « 90 (pm *cad) =2, HAWEATHEMN S, £F
By M. SR EARMERIEABS 17 N X S P (Hard X-ray high energy
resolution spectroscopy, H2O)JHRZRutih 33 BT 5|, KBS NI s id NG K
Z 4m, FIAKE 18.6mm), —&£Rinh, TR X 28 XRS. RIXS . NRVS Z&s2iiiis.
Ayl T 2025 4 10 H @ IFoam A sLim i Okig T, 2026 45 9 H H-46 1 2 A B i
Z1T.

SRR M 1 B AD33 Beul AN E,  FEE BRI 2 41 tH A R R P YR R 2R 2k
shERE. W 1. K IART At XRS. RIXS. NRVS Y2kl L HERE, K&t
i R R E R FUAR I PV RE 2 4

# 1 4 F XRS, NRVS, RIXS 22553
Table 1 List of XRS, NRVS, RIXS beamlines

Spectroscop | Synchrotron Radiation Facilities Beamline Feasibility for
y HP
XRS High Energy Photon Source (HEPS), Institute of High | ID33 YES

Energy Physics, Chinese Academy of Sciences, Beijing,
China
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European Synchrotron Radiation Facility (ESRF), | ID20 YES
Grenoble, France
Advanced Photon Source (APS), Argonne National | 16-ID-D YES
Laboratory, IL, US. 25-ID-D YES
(previously
20ID)
Super Photon ring-8 GeV (SPring-8), Hyogo, Japan BL12XU YES
PETRA 1II, Deutsches Elektronen-Synchrotron DESY | P01 YES
Hamburg, Germany
Stanford Synchrotron Radiation Lightsource (SSRL), | BL15-2 NA
Stanford, SLAC National Accelerator Laboratory, CA,
US.
SOLEIL synchrotron, Paris-Saclay, France GALAXIES YES
NRVS HEPS ID33 YES
ESRF ID14 YES
APS 34D-B,C,D YES
30:IP-B YES
16-ID-D YES
SPring-8 BL35XU NA
BLI19LXU NA
PETRA III P01 YES
RIXS/RXES | HEPS ID33 YES
ESRF D20 YES
1D24-DCM NA
1D26 NA
APS 27-ID-B YES
16-ID-D YES
SPring-8 BL12XU YES
BL11XU NA
PETRA ML P64 NA
SSRL BL15-2 NA
SOLEIL MARS NA
GALAXIES NA
7 2 Wi/ XRS, NRVS, RIXS 2l G AR 25
Table 2 Key parameters of high pressure XRS, NRVS, and RIXS beamlines
Spectroscop | Facility Beamline Focal spot size(#m) | Incident energy(keV) Resolution
y
XRS HEPS ID33 4(H) X 3(V) 9.7keV for Si(660) 0.7 eV
ESRF 1D20 7(H) X 9(V) 9.7keV for Si(660) 0.7 eV
APS 16-ID-D 6(H) X 4(V) 9.8keV for Si(555) leV
25-ID-D 2(H) X 2(V) 9.8keV for Si(555) 1.3eV
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SPring-8 BL12XU 120(H) X 80(V) 9.8keV for Si(555) 70
meV_2m
Rowland
circle
PETRA P01 10(H) X 10(V) 9.7keV for Si (660) 0.7eV
111,
SOLEIL GALAXIES | 10(H) X 5(V) 7.9 keV for Si(444) 1.2eV
NRVS HEPS ID33 5(H) X 5(V) 7-26 1.5 meV
ESRF ID14 0.3(H) X 0.5(V) 6.5-100 047 - 64
meV
APS 3-ID-B,C,D I(H) X 1(V) 7-27 1 meV
30-ID-B 35(H) X 15(V) 23.7-23.9 1.5 meV
16-ID-D 5(H) X 5(V) 4.5-60 1 meV
PETRA III | POl 10(H) X 10(V) 22-74 09 - 17
meV
RIXS/RXES | HEPS ID33 5H) X 5(V) T 12 30 - 100
meV
ESRF ID20 7(H) X 9(V) 4-20 30 - 100
meV
APS 27-1D-B 10(H) X JOV) 5-14 10 - 100
meV

4.1 Zevfifi Rzn & K

WK 12 fizn, =FPs2K(XRS, RIXSY NROBEX AL R MEAES T X 52k
2 B (B R4 ) AP S Ja 138N 20 100 B .48 (Double Crystal
DCM), i PI A I — % Si(111)E— %t Si(311) 54k,  MXF AR PR Ak
o> W A e T B X SR RE AR AR X SR B, RRUkRERE G
21~51  keV, {HET EGITGENT, &R Esub2

Monochromator,
104 8% 105 E.
7~17 keV, 3 WA LME
27keV.

XRS AT, FERAVSIGIDA G L ds — i tfl, il KB REBTIRSFHOR IR
FOUPE, H T mlks25e . [ XRS i RAEM T K Johahn B 1% A% . RIXS AT, mﬁﬁ
sannﬂﬂ.ﬁ@%& PN DU i o i 0 2 B (0 B (MRM)BEAT IR LG qk,, B fteimit
REGRIBHCRATENBE, RIXS RER MK H B 5 50 HE 0 HT AR Johahn iﬁéﬂx
PR . < NRVS\ S, KA Si(I1D)X R AR — KAl fE, Bl P E a0
WEHCRVME G, FENE PR OESHRM)BHT R atl, BEI= i PR
ZH R EOGEN KB REFURGHOK R ELHE, NRVS BRI, ERETEA
W63 FRHAEL 28 WHI AT T, SIS e ik, BB ES SR
THRES D E, BERWRER T RS e, CHFERGEIIEEE. i1
THE EANFD 2T [R] 43 15 (1) 35 i 6 F A (APD)IRII A8 R 45
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(a) De’t“t?l_:_ . : ':_ - _\:Analyzer modules
222G o p.
030
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wom XRS Mode A !
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(b) MRM
DAC &
KB2 Ana‘l?rzer crystal
Si(111) RIXS Mode . ; g
(©) HRM 7’2\

sictt1) NRVS Mode -
P 12 e s R 2 S G B A

. VS (a)Experimental platform and (b) detector and high pressure cell

Kl 13 A5k RVS. ASPEMENIAREN, 2R HHS 5 B NRVS {55 720 fH 5
. T, SEBER 3 S G HL AR E R ZR(APD),  [AJRR 120° 2 A fEAL T
DAC [ » REET
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] 14 RIXS F1 XRS #{%

Fig.14 RIXS and XRS spectromete
W 14 PR, LR 154 A R “CRpI 7 SRR X I i B B

(I 90 L4 ik, S BRI B 128 25 HR S s £ ke XR SRR o 3050 ph 2 A e
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SO LT TP 3 6 ELBRE TP LA, (T RES IO LT AT
BN M T 163° . 2B
SR 5 £ . Brage f % (RE: i 1 3
P, UL AT SR T S AR 2
ML DR T A B BRI T © AT, 1

BT P o 38 I A% Bl A 2E mT LA S B A 1
B8 3 % 5 FEFIK) Si(660) 0 diik, AN
WHK, 6 GIRMBLLL T 270 B b RS
AL E . PR i a S, X
2% 2] 100Pa.

XRS ST, £ DCM SiG1D) AL G 1) X S48k K-B 8 R RS O @it
VR R R R 6 S A AR AR AL B A, B T g GE S,
JGIBVEREEPAC oot 4 1] 5ot
REE[E N 9.689 ke FELZH 355K F ST /) Lambda-flex #R 2% (15 2 <F 55um, 256
X 256147 . DAMLXRSIGEZARN 23K 15 KR s,  H - & KHEPS-torch V- &, {8 FH 2k

TFR VAL, K4 TEFACROREE R, RE&IRG XRS . St T2 M RN
W, —XRS, IR AR M) XRS S SR At-F & 15 . BlEF] 2026

N i 0.7eV@9.7keV .
£ WG b, K RIXS FRIUBEHFE N, RIATSEHL RIXS SR, e

HERIXS BT, X IR A X B O 88 o s ge P B Ak, NI Re & 70 9
Ik 100 &, BEJLT meV B4, RIXS BOCKH 2m Z 2B LA, #REGHeg
ZAE, BlRE PR EAA, @R T A Bragg M1, JR4ERRRINIGR . B
i N R 2L R LT SRS, BT LSBT S I RE R i . i RIXS HEAX
MHUR A, WLV R — e B REIEH . —4E%%AT Mythen TRIFHE R R S0pm, 4565
FREON G R Ak, 2m 2 2[R RIXS BIZEG BER 70 RO\ 58 53500 HE 1610 3k
ML E] 70meV@8.9 keV (Cu K-edge), 30meV@11.2 keV (Ir Ls-edge)-
B1S 5 7 R R XRS SEER 45 . HoBy FE &L 2 N DAC FE i 345 i 2]
82GPa. I KB DAC [EEfE 6 4EFE & 07, & ANeE 2R e 56, BIIRANST. BN
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HIIA L DAC B S+, 2 2hH HEUH 1S O BRIEZ, eHESURHs 1 (&
15ab). Hiod =t A B, MEFSERDCHERIRERE S, #EhrEniiE, 2
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Kl 15e HEaH T RS B 5 T (q=8-10A) I HU i 41 . SfbE BUR SR E R =, 1
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REE AN 120eV MG IELE M2 Be B I K A5, MR 160eV A7 B AL 151 2510 4
FEFEShH Ho Nys 1) XRS 15 5.
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Fig.15 High pressure XRS experiment (a) fronteyiew; (b),top view; (c)sample scanning results; (d) images on
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K-edgé XRS spectra
4.2 BIGTEF S R TIAGRYE R

v I S VS S S P 1 i o T, 75 B 5 R IR 5 A USCER T LT 79 S5 il
SR R 2R DACCERENT Gl 5 17 b 3 B 1124005 73 A BOR KT e,
112, 18]

FEAE A Be Bi'cBN/Be 47 1) DAC MTE UL N, @ HEFE LN HUT L. X G4
N0 (5 LIS A i 7 1A 78 14 5 A DAC WUAB W3R P o A — L2586 75 SR T R ARFRE R
DAC &5#), A MRCOS BN N EBCA RS, R X 2R 0 2 i e A, A0 T
P ERIRE bt AT RS AN I E P o 2 LT 45 R AT BT £ ORI BORRE A AR AR A TR e g2 X
S AR VRO A2 . A — M5 R X I ERALSNIA NG i, e
WA T R X B 2 2 el I O IR MSC RO o A ¥ A RS R < I A Y R i 5 e 4 £
Be 1EON b BLZ 101 UG RAF-FA, AN th 2 i S7 AR AR A TE ], BRAIRAE 5 RAR AR

5 BESRE

JESA R DU € S R Tl S vl 156 e T O o (N R e N R N 1 P S NIV I L E a3
e A TR AR FUX SR T TR NL o X FARAE RSB S . Asa . HERRL 2 A
TR A REEE S, FOYHERERAE KAT 2 A B TR s, HF S M RHER S
B RIUHAR. SJEfl. ARESSCE. mE X HER 2R EENE, AMARRITE.
HEeE d B TYUE. Mt R TPIER R AR M TR =k RIXS KRR
R A5 PUBBORER, WIUEI NG, B RRAMPLIESEZ R E HE RS



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

NRVS F0l 7 & & T B2 /LM IE 2 IR T & NI S e 5%, $edt TR eI

FIIRBNES BB, AR MM BT )5S BORE) 1252 F e . ARFER 52 B 56 DU AR
J5 HEPS, ID33 Zkulifiefis4fit XRS, RIXS, NRVS = “St7yliE” Bkt seid ik, N
JERMFRIASHF T IRAL T EELF & ARBIT M P 3L ESS 4, HEF HEPS-ID33 1)
o 1 S B UK KO i R = R R R R

Bt
A5 H 15 30 H 5K S0 A TR BI(2023YFA 1608903, 2024YFA1610900). i B8 [+ 48 Vg
D33 Z3fi(https://cstr.cn/31138.02. HEPS.ID33) R LN o b T /EAS 21 i A7) A5 45 G Us [ 52 8 R Rl

M S«
ERPEE

[1] Yoo C-S. Chemistry under extreme conditions: Pressure evolution,of chémical bonding
and structure in dense solids [J]. Matter and Radiation at Extremes, 2020.

[2] Zhang L, Wang Y, Lv J, et al. Materials discovery at high“pressures [J]. Nature Reviews
Materials, 2017, 2: 17005.

[3] Mao H-k, Chen B, Chen J, et al. Recent advances in high-pressure science and
technology [J]. Matter and Radiation at Extremes, 2016, 1: 59-75.

[4] Mao H-K, Chen X-J, Ding Y, et al. Solids, liqiids,/and gases under high pressure [J].
Reviews of Modern Physics, 2018, 90(J);/015007.

[5] Wang Y, Rosenbaum T F, Feng Y. X-ray‘magnetic diffraction under high pressure [J].
1UCrJ, 2019, 6: 507 - 20.

[6] Ma Y, Eremets M I, Oganov A R, etalxTransparent dense sodium [J]. Nature, 2009,

458: 182-5.
[7] Schilling J S. High-Pressure Effects [J]. arXiv: Superconductivity, 2006: 427-62.
(8] Flores-Livas J A, Boeri L, Sanna A, et al. A perspective on conventional high-

temperature superconductors at high pressure: Methods and materials [J]. arXiv:
Superconductiyity,,2019.

[9] Mao H-K, Chén B,.Chen J, et al. Recent advances in high-pressure science and
technology [J]- Matter and Radiation at Extremes, 2016, 1(1): 59-75.

[10]  RueftJ<P)Shukla A. Inelastic x-ray scattering by electronic excitations under high
pressure’ [J}=Reviews of Modern Physics, 2010, 82(1): 847-96.

[11] Car P Hu'J, He L P, et al. Drastic Pressure Effect on the Extremely Large
Magnetoresistance in WTe,: Quantum Oscillation Study [J]. Physical review letters,
2014, 115 5: 057202.

[12]  Tafti F, Juneau-Fecteau A, Delage M, et al. Sudden reversal in the pressure dependence
of Tc in the iron-based superconductor KFe,As, [J]. Nature Physics, 2013, 9: 349 - 52.

[13] XieS-Y, WangL, LiuF, et al. Correlated High-Pressure Phase Sequence of VO, under
Strong Compression [J]. The Journal of Physical Chemistry Letters, 2018, 9(9): 2388-
93.

[14]  Jiao P, Qian C, Mao N, et al. Hydrostatic Pressure-Enhanced Correlated Magnetism
and Chern Insulator in Moir'e WSe; [J]. Physical Review X, 2026, 16(1): 011068.

[15] Cheng B, Mazzola G, Pickard C J, et al. Evidence for supercritical behaviour of high-



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

pressure liquid hydrogen [J]. Nature, 2020, 585(7824): 217-20.

Li B, Ding Y, Kim D Y, et al. Probing the Electronic Band Gap of Solid Hydrogen by
Inelastic X-Ray Scattering up to 90 GPa [J]. Physical Review Letters, 2021, 126(3):
036402.

Ji C, Li B, Liu W, et al. Ultrahigh-pressure isostructural electronic transitions in
hydrogen [J]. Nature, 2019, 573(7775): 558-62.

Dias R P, Silvera I F. Observation of the Wigner-Huntington transition to metallic
hydrogen [J]. Science, 2017, 355(6326): 715-8.

Drozdov A P, Kong P P, Minkov V S, et al. Superconductivity at 250 K in lanthanum
hydride under high pressures [J]. Nature, 2019, 569(7757): 528-31.

Somayazulu M, Ahart M, Mishra A K, et al. Evidence for Supercondugtivity above 260
K in Lanthanum Superhydride at Megabar Pressures [J]. Physical Reyview Letters,
2019, 122(2): 027001.

Drozdov A P, Eremets M I, Troyan I A, et al. Conventionalsuperconductivity at 203
kelvin at high pressures in the sulfur hydride system [J]. Nature, 2015, 525(7567): 73-
6.

Bruno P, Biasci J-C, Detlefs C, et al. X-ray science*using the ESRF—extremely
brilliant source [J]. The European Physical Journal Plus;.2024, 139.

Le Godec Y, Courac A. In Situ High-Pressure; Synthesis of New Outstanding Light-
Element Materials under Industrial P-T Range'{J]. Materials, 2021, 14.

Mao H-k, Chen B, Gou H, et al. 2020-4Transformative science in the pressure
dimension [J]. Matter and Radiation at Extremes, 2021, 6: 013001.

Dubrovinskaia N, Dubrovinsky [sS¥Crystallography taken to the extreme [J]. Physica
Scripta, 2018, 93.

Li X, Yang W, Jia Q, et al. Pressure-induced dramatic changes in organic—inorganic
halide perovskites [J]. Chemical Science, 2017, 8: 6764 - 76.

Li M, Liu T L, Wang' Yj.et al"Pressure responses of halide perovskites with various
compositions, dimensionalities, and morphologies [J]. Matter and Radiation at
Extremes, 20204.5:,018201.

Huang C-Y,.Cd1X_Q,Hiraoka N, et al. Cost-effective upgrade of a focusing system for
inelastic X-ray scatering experiments under high pressure [J]. Journal of Synchrotron
Radiation;2007, 15: 50 - 4.

Sahle CJyPetitgirard S, Spiekermann G, et al. ID20 — opportunities for inelastic X-ray
scattering at extreme conditions [J]. High Pressure Research, 2024, 44(3): 337-60.
Fratib,| Hunault M O J Y, de Groot F M F. Oxygen K-edge X-ray Absorption Spectra
[J]. Chemical Reviews, 2020, 120(9): 4056-110.

Kupenko I, Li X, Miiller S C, et al. Nuclear resonance techniques for high-pressure
research: example of the ID18 beamline of the European Synchrotron Radiation
Facility [J]. High Pressure Research, 2024, 44(3): 310-36.

De Groot F. Core level spectroscopy of solids. CRC Press, Boca Raton [J]. 2008.

Tao Y. Groundbreaking Ceremony at the High Energy Photon Source in Beijing [J].
Synchrotron Radiation News, 2019, 32(5): 40-.

Jiao Y, Xu G, Cui X-H, et al. The HEPS project [J]. Journal of Synchrotron Radiation,
2018, 25(6): 1611-8.



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Bergmann U, Di Cicco A, Wernet P, et al. Nearest-neighbor oxygen distances in liquid
water and ice observed by x-ray Raman based extended x-ray absorption fine structure
[J]. The Journal of Chemical Physics, 2007, 127(17).

Sternemann C, Wilke M. Spectroscopy of low and intermediate Z elements at extreme
conditions: in situ studies of Earth materials at pressure and temperature via X-ray
Raman scattering [J]. High Pressure Research, 2016, 36(3): 275-92.

de Clermont Gallerande E, Cabaret D, Lelong G, et al. First-principles modeling of x-
ray Raman scattering spectra [J]. Physical Review B, 2018, 98(21): 214104.

An L, Swallow J E N, Cong P, et al. Distinguishing bulk redox from near-surface
degradation in lithium nickel oxide cathodes [J]. Energy & Environmental Science,
2024, 17(21): 8379-91.

Longo A, Wemert R, ladecola A, et al. An Original Empirical Method for, Simulating
V L2,3 Edges: The Example of KVPO4F and KVOPO4 Cathode\Matetials [J]. The
Journal of Physical Chemistry C, 2022, 126(46): 19782-91.

Silva R S, Rodrigues J E, Santos C, et al. Unveiling the striicturé<magnetism interplay
in the ferrimagnetic pyrochlore Gd2CrSbO7 with significant eryo—magnetocaloric
performance [J]. Communications Materials, 2025, 7(1)%6.

Sen Gupta S, Bradley J A, Haverkort M W, et ali Coexistence of bound and virtual-
bound states in shallow-core to valence x-ray spectroscopies [J]. Physical Review B,
2011, 84(7): 075134.

Christovam D S, Ferreira-Carvalho My Marino A, et al. Spectroscopic Evidence of
Kondo-Induced Quasiquartet in CeRh,Asy[d}. Physical Review Letters, 2024, 132(4):
046401.

Sundermann M, Chen K, Yavas Hj.etsal. The Quartet Ground State in CeB6: an
Inelastic X-Ray Scattering Study [J]. Europhysics Letters, 2017, 117(1): 17003-.
Sundermann M, van der Laan G, Severing A, et al. Crystal-field states of UO, probed
by directional dependence of‘\nonresonant inelastic x-ray scattering [J]. Physical
Review B, 2018, 98(20):205108.

Gordon R A, Seidler G'T, Fister T T, et al. High multipole transitions in NIXS: Valence
and hybridization in 4f systems [J]. Europhysics Letters, 2008, 81(2): 26004.

Sahle C J; Mirone A, Niskanen J, et al. Planning, performing and analyzing X-ray
Raman Scattering experiments [J]. Journal of Synchrotron Radiation, 2015, 22(2): 400-
0.

Sternemann H, Sternemann C, Seidler G T, et al. An extraction algorithm for core-level
excitations in non-resonant inelastic X-ray scattering spectra [J]. Journal of
Syn¢hrotron Radiation, 2008, 15(2): 162-9.

Fister T, Seidler G, Wharton L, et al. Multielement spectrometer for efficient
measurement of the momentum transfer dependence of inelastic x-ray scattering [J].
Rev Sci Instrum, 2006, 77.

Chow P, Xiao Y M, Rod E, et al. Focusing polycapillary to reduce parasitic scattering
for inelastic x-ray measurements at high pressure [J]. Review of Scientific Instruments,
2015, 86(7): 072203.

JEImAY, AT, FKELR, Wriice, BIRME, B, 1R X SRR 2 U &
R T R EZ BME R RGO (1] REEOE, 2027, 54(02): 01



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

DOI: 103788/CJL251445.

Jang B G, Kim D Y, Shim J H. Metal-insulator transition and the role of electron
correlation in FeO, [J]. Physical Review B, 2017, 95(7): 075144.

Shan P, Lu T, Liu Z, et al. Discovery of record-breaking high-Tc superconductivity
among 5d transition-metal-oxides up to 17.8 K in ReO; [J]. National Science Review,
2026: nwag4?25.

Geisler B, Hamlin J J, Stewart G R, et al. Structural transitions, octahedral rotations,
and electronic properties of A;Ni,O; rare-earth nickelates under high pressure [J]. npj
Quantum Materials, 2024, 9(1): 38.

Pakhomova A, Aprilis G, Bykov M, et al. Penta- and hexa-coordinated beryllium and
phosphorus in high-pressure modifications of CaBe,P,Og [J]. Nature Gommunications,
2019, 10(1): 2800.

Mellaerts S, Seo J W, Afanas'ev V, et al. Origin of supertetragonalify.in BaTiO; [J].
Physical Review Materials, 2022, 6(6): 064410.

Lee S K, Eng P J, Mao H-k. Probing of Pressure-Induced Bending Transitions in
Crystalline and Amorphous Earth Materials: Insights from X-ray*Raman Scattering at
High Pressure [J]. Reviews in Mineralogy and Geochemistry,2014, 78(1): 139-74.
Monacelli L, Casula M, Nakano K, et al. Quantum phase diagram of high-pressure
hydrogen [J]. Nature Physics, 2022: 1-6.

Monserrat B, Drummond N, Dalladay-Simpson|P,/et al. Structure and Metallicity of
Phase V of Hydrogen [J]. Physical reviéw/letters, 2018, 120 25: 255701.

Gregoryanz E, Ji C, Dalladay-Simpson Psetal, Everything you always wanted to know
about metallic hydrogen but were aftaid to‘ask [J]. Matter and Radiation at Extremes,
2020, 5: 038101.

Herrero C P, Ramirez R. Path-integral simulation of solids [J]. Journal of Physics:
Condensed Matter, 2014, 26.

Wigner E, Huntington’ B\B. Ont'the Possibility of a Metallic Modification of Hydrogen
[J]. The Journal of €hemicalPhysics, 1935, 3(12): 764-70.

Pfleiderer C. Superconducting phases of f-electron compounds [J]. Reviews of Modern
Physics, 2009,/ 81(4).4551-624.

Gutfleisclr O, Willard M A, Briick E, et al. Magnetic Materials and Devices for the 21st
Century; Stronger, Lighter, and More Energy Efficient [J]. Advanced Materials, 2011,
23(7): 821c42.

ChetvB, Pirschke E M, Chen W-C, et al. Probing Cerium 4f States across the Volume
Collapse Transition by X-ray Raman Scattering [J]. The Journal of Physical Chemistry
Letters, 2019, 10(24): 7890-7.

de Groot F M F, Haverkort M W, Elnaggar H, et al. Resonant inelastic X-ray scattering
[J]. Nature Reviews Methods Primers, 2024, 4(1): 45.

Bagger A, Haarman T, Puig Molina A, et al. 1s2p resonant inelastic X-ray scattering
combined dipole and quadrupole analysis method [J]. Journal of Synchrotron
Radiation, 2017, 24(1): 296-301.

Ament L J P, van Veenendaal M, Devereaux T P, et al. Resonant inelastic x-ray
scattering studies of elementary excitations [J]. Reviews of Modern Physics, 2011,
83(2): 705-67.



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Brink J v d, Veenendaal M v. Correlation functions measured by indirect resonant
inelastic X-ray scattering [J]. Europhysics Letters, 2006, 73(1): 121.

Spiekermann G, Harder M, Gilmore K, et al. Persistent Octahedral Coordination in
Amorphous GeO, Up to 100 GPa by KB" X-Ray Emission Spectroscopy [J]. Physical
Review X, 2019, 9.

Spiekermann G, Sahle C J, Niskanen J, et al. Sensitivity of the K" X-ray Emission
Line to Coordination Changes in GeO, and TiO, [J]. The Journal of Physical Chemistry
Letters, 2023, 14(7): 1848-53.

Lafuerza S, Carlantuono A, Retegan M, et al. Chemical Sensitivity of Kp and Ka X-
ray Emission from a Systematic Investigation of Iron Compounds [J]. Inorganic
Chemistry, 2020, 59(17): 12518-35.

Glatzel P, Bergmann U. High resolution 1s core hole X-ray ,spéctroscopy in 3d
transition metal complexes—electronic and structural information.*Coordination
Chemistry Reviews, 2005, 249(1): 65-95.

Donahoe F J. The theory of transition-metal ions [J]. Jourhal of‘\the Franklin Institute,
1961, 272(4): 330-1.

Matsubara M, Uozumi T, Kotani A, et al. Polarization Dépendence of Resonant X-Ray
Emission Spectra in 3dn Transition Metal Compeundsswith n =0, 1, 2, 3 [J]. Journal
of the Physical Society of Japan, 2002, 71(1)y347-56.

Taguchi M, Parlebas J C, Uozumi T, et al. K[} resonant x-ray emission spectra in MnF,
[J]. Physical Review B, 2000, 61(4): 2553460

Caliebe W A, Kao C C, Hastings J B, et/al./1s2p resonant inelastic x-ray scattering in
a-Fe,Os [J]. Physical Review B, 1998,/58(20): 13452-8.

Juhin A, de Groot F, Vanké G, <t ak, Angular dependence of core hole screening in
LiCoO,: A DFT+U calculation of“the oxygen and cobalt K-edge x-ray absorption
spectra [J]. Physical Review B, 2010, 81(11): 115115.

Stavitski E, de Groot’'F)M F. “The CTM4XAS program for EELS and XAS spectral
shape analysis of transition metal L edges [J]. Micron, 2010, 41(7): 687-94.
Zimmermann PsGreen'R J, Haverkort M W, et al. Quanty4RIXS: a program for crystal
field multiplet calculations of RIXS and RIXS-MCD spectra using Quanty [J]. Journal
of SynchrotronRadiation, 2018, 25(3): 899-905.

Tulkki J, Aberg T. Behaviour of Raman resonance scattering across the K X-ray
absorption_edge [J]. Journal of Physics B: Atomic and Molecular Physics, 1982,
V5(13): L435.

Jiménez-Mier J, van Ek J, Ederer D L, et al. Dynamical behavior of x-ray absorption
and /scattering at the L edge of titanium compounds: Experiment and theory [J].
Physical Review B, 1999, 59(4): 2649-58.

Zasimov P, Amidani L, Retegan M, et al. HERFD-XANES and RIXS Study on the
Electronic Structure of Trivalent Lanthanides across a Series of Isostructural
Compounds [J]. Inorganic Chemistry, 2022, 61(4): 1817-30.

Ramanantoanina H, Schacherl B, Kovacs A, et al. High-energy resolution X-ray
spectroscopy reveals bonding characteristics of La3+ homologues of actinium
radiopharmaceuticals [J]. Communications Chemistry, 2026.

Balédent V, Rueff J P. RIXS in correlated electron systems under extreme conditions



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[J]. High Pressure Research, 2016, 36(3): 371-80.

Kim J. Advances in high-resolution RIXS for the study of excitation spectra under high
pressure [J]. HIGH PRESSURE RESEARCH, 2016, 36(3): 391-403.

Rossi M, Henriquet C, Jacobs J, et al. Resonant inelastic X-ray scattering of magnetic
excitations under pressure [J]. Journal of Synchrotron Radiation, 2019, 26(5): 1725-32.
Moon S J, Jin H, Kim K W, et al. Dimensionality-Controlled Insulator-Metal Transition
and Correlated Metallic State in 5d Transition Metal Oxides Sr,.(Ir,O3,+; (n=1, 2, and
) [J]. PHYSICAL REVIEW LETTERS, 2008, 101(22).

Boseggia S, Springell R, Walker H C, et al. Antiferromagnetic order and domains in
Sr3Ir,0; probed by x-ray resonant scattering [J]. PHYSICAL REVIEW B, 2012,
85(18).

Sala M M, Schnells V, Boseggia S, et al. Evidence of quantum dimer/€xcitations in
Sr31r207 [J]. PHYSICAL REVIEW B, 2015, 92(2).

Kim J, Said A H, Casa D, et al. Large Spin-Wave Energy Gap in the Bilayer Iridate
Sr31r207: Evidence for Enhanced Dipolar Interactions Néar'the\Mott Metal-Insulator
Transition [J]. PHYSICAL REVIEW LETTERS, 2012, 109(15).

Bi W, Lim J, Fabbris G, et al. Magnetism of europium‘under extreme pressures [J].
Physical Review B, 2016, 93(18): 184424.

Rohler J. The valence of Eu under high pressure [J].. Physica B+C, 1986, 144(1): 27-
31.

Pi S-T, Savrasov S Y, Pickett W E. Pressure<tuned Frustration of Magnetic Coupling
in Elemental Europium [J]. Physical Review Letters, 2019, 122(5): 057201.

Chen B, Tian M Q, Zhang J, et_al, Novel Valence Transition in Elemental Metal
Europium around 80 GPa [J]. Physical review letters, 2022, 129 1: 016401.

Ding Y, Fernandez-Rodriguez J,”Kim J, et al. Spin-ordering mediated orbital
hybridization in CoO at high pressures [J]. Physical Review B, 2012, 86(9): 094107.
Scheidt W R, Durbin’ S»M, Sage J T. Nuclear resonance vibrational spectroscopy —
NRVS [J]. Journal'efAnerganic Biochemistry, 2005, 99(1): 60-71.

ERMR, BAE, (R RTESZIERREEEZE (T NAR 1. BE, 2014,
43(10): 640-9,

IR, BEE RE. AT ESZRERREEEFE (L) RER [J]. WE, 2014,
43(09)./579-88.

Wang H, Braun A, Cramer S P, et al. Nuclear Resonance Vibrational Spectroscopy: A
Modern Tool to Pinpoint Site-Specific Cooperative Processes [J]. Crystals, 2021, 11.
Scheidt) W R, Li J, Sage J T. What Can Be Learned from Nuclear Resonance
Vibrational Spectroscopy: Vibrational Dynamics and Hemes [J]. Chemical reviews,
2017, 117(19).

Seto M. Condensed Matter Physics Using Nuclear Resonant Scattering [J]. Journal of
the Physical Society of Japan, 2012, 82(2): 021016.

Rudolf R. Nuclear resonance scattering [J]. Comptes Rendus Physique, 2008, 9(5-6):
595-607.

van Biirck U, Siddons D P, Hastings J B, et al. Nuclear forward scattering of
synchrotron radiation [J]. Physical Review B, 1992, 46(10): 6207-11.

Scherthan L, Schmidt S F M, Auerbach H, et al. 161Dy Time-Domain Synchrotron



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Moéssbauer Spectroscopy for Investigating Single-Molecule Magnets Incorporating Dy
lons [J]. Angewandte Chemie International Edition, 2019, 58(11): 3444-9.

Sergueev I, Chumakov A I, Beaume-Dang T H D, et al. Nuclear Forward Scattering
for High Energy Mossbauer Transitions [J]. Physical Review Letters, 2007, 99(9):
097601.

Sergueev I, Dubrovinsky L, Ekholm M, et al. Hyperfine Splitting and Room-
Temperature Ferromagnetism of Ni at Multimegabar Pressure [J]. Physical Review
Letters, 2013, 111(15): 157601.

Gerdau E, DeWaard H. Nuclear resonant scattering of synchrotron radiation [J].
Hyperfine Interactions, 1999, 123(1): 0-.

Petrenko T, Sturhahn W, Neese F. First-principles calculation of nuclear resonance
vibrational spectra [J]. Hyperfine Interactions, 2007, 175(1): 165-74«

Bommannavar A, Chow P, Ferry R, et al. Overview of HPCAT and-Capabilities for
studying minerals and various other materials at high-pressuze conditions [J]. Physics
and Chemistry of Minerals, 2022, 49(9): 36.

Antonangeli D, Ohtani E. Sound velocity of hcp-Fe atvhigh“\pressure: experimental
constraints, extrapolations and comparison with seismicmodels [J]. Progress in Earth
and Planetary Science, 2015, 2(1): 3.

Strozewski B T, Rautela O, Buchen J, et al. Sqund velocities of (Al,Fe)-phase H and
the seismic visibility of dense oxyhydroxides‘in/Earth’s lower mantle [J]. Physics of
the Earth and Planetary Interiors, 2025,3697107466.

Bi W, Zhao J, Lin J-F, et al. Nuclear resonantjinelastic X-ray scattering at high pressure
and low temperature [J]. Journal of Synchrotron Radiation, 2015, 22(3): 760-5.

Ohira I, Jackson J M, Solomatova 'V, et al. Compressional behavior and spin state of
0-(ALFe)OOH at high pressures [J].”/American Mineralogist, 2019, 104: 1273 - 84.
Buchen J, Sturhahn W, Ishii T, et al. Vibrational anisotropy of §-(Al,Fe)OOH single
crystals as probed by fivelear resonant inelastic X-ray scattering [J]. European Journal
of Mineralogy, 2024,

Ohira I, Jackson J M, Sturhahn W, et al. The influence of 8-(Al,Fe)OOH on seismic
heterogeneities in Harth’s lower mantle [J]. Scientific Reports, 2021, 11(1): 12036.
Kumar R/S, Kidr HpLi Q, et al. Effect of Pressure on Crystal Structure and Phonon
DensityZof<{States of FeSi [J]. The Journal of Physical Chemistry C, 2024, 128(21):
8774-84.

R, RiES], R, AR FRASERRDES LR HEPS REEHE XL
R SEMEEIR, 2020, 34(5): 050101. [J].

Petitgirard S, Jacobs J, Cerantola V, et al. A versatile diamond anvil cell for X-ray
inelastic, diffraction and imaging studies at synchrotron facilities [J]. Review of
Scientific Instruments, 2019, 90(9): 095107.

HEPS-ID33: a Platform for Studies on Electronic Structure and Lattice

Vibrations of Matter Under High Pressure
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Abstract: Pressure can not only alter interatomic distances within materials, but also manipulate
electronic structure to induce exotic phases emerging with unique physical properties. Uncovering
the evolution of atomic vibration and electronic structures of matters under high pressure is of
utmost importance in physical sciences. This article introduces three statesof-the-art X-ray
scattering spectroscopies, namely, X-ray Raman scattering (XRS), Resonant/inelastic X-ray
Scattering (RIXS) and Nuclear resonant vibrational spectroscopy (NRV.S)<~Exploring these
scattering spectroscopies to provide key information including electronic$tructures, phonon density
of states, orbital and spin excitations, etc., are of great value in high-pressure studies. At the 4%
generation High Energy Photon Source (HEPS), the hard X-ray high'energy résolution spectroscopy
beamline ID33 is constructed and dedicated to such scattering«speétros¢opies. It is envisaged the
suite of scattering spectroscopies will help the advancement of high-pressure researches world
widely.

Keywords: 4-generation synchrotron radiation sour¢€,/HEPS, ID33, high pressure; X-ray Raman
scattering, Nuclear resonant vibrational spectroscopy; Résonant inelastic X-ray scattering



