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History of IXS
• In which year was the first inelastic X-ray scattering experiment 

carried out and reported?

1. 1895
2. 1923
3. 1970
4. 1995







Inelastic X-ray Scattering
• X-ray spectroscopy usually involves absorption/emission

• XAS, XES, XMCD, etc.
• IXS (Scattering) is Photon-in, photon-out
• Interaction Hamiltonian between photon and electron (following 

Blume 1985)
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Absorption

Scattering term

+ Emission=RIXS

A(𝒓𝒓) is linear in photon creation
and annihilation operators



Inelastic X-ray Scattering
• Inelastic Collision
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• In materials,

IXS

RIXS

𝒌𝒌1,𝒌𝒌2: Photon Momentum
𝑸𝑸 ≡ 𝒌𝒌1 − 𝒌𝒌2: Momentum Transfer
𝜔𝜔1,𝜔𝜔2: Photon Energy
𝜔𝜔 ≡ 𝜔𝜔1 − 𝜔𝜔2: Energy Transfer
𝜺𝜺1, 𝜺𝜺2: Photon polarization



Inelastic X-ray Scattering
• Partial differential cross-section (measured)

𝑑𝑑𝑑𝑑
𝑑𝑑Ω𝑑𝑑𝐸𝐸𝑓𝑓

∝ 𝑓𝑓 �𝑈𝑈 𝑖𝑖 2𝑆𝑆(𝑸𝑸,𝜔𝜔)

Matrix Element dependent on 
interaction with the probing particle

Dynamic Structure Factor
- Intrinsic property of the system

𝑆𝑆 𝑸𝑸,𝜔𝜔 =
1
2𝜋𝜋𝜋

�𝐺𝐺 𝒓𝒓, 𝑡𝑡 𝑒𝑒𝑖𝑖(𝑸𝑸⋅𝒓𝒓−𝜔𝜔𝜔𝜔)𝑑𝑑𝒓𝒓𝑑𝑑𝑡𝑡

Two-particle correlation function

e.g. 
Density correlation fn 𝑛𝑛 𝒓𝒓, 𝑡𝑡 𝑛𝑛(0,0)
Spin-spin correlation fn 𝑆𝑆 𝒓𝒓, 𝑡𝑡 𝑆𝑆(0,0)



Resonant scattering – quantum mechanical picture

𝑊𝑊 =
2𝜋𝜋
𝜋

𝑓𝑓 ℋ𝐼𝐼 𝑖𝑖 + �
𝑛𝑛=1

∞
𝑓𝑓 ℋ𝐼𝐼 𝑛𝑛 𝑛𝑛 ℋ𝐼𝐼 𝑖𝑖
𝜔𝜔𝑖𝑖 − 𝐸𝐸𝑛𝑛 − 𝑖𝑖Γ𝑛𝑛

2

𝜌𝜌(𝐸𝐸𝐹𝐹)

ℋ𝐼𝐼 ∼ 𝑨𝑨 ⋅ 𝒑𝒑 ∼ 𝜺𝜺 ⋅ 𝒑𝒑 𝑒𝑒𝑖𝑖𝒌𝒌⋅𝒓𝒓

Dipole Approximation

𝑛𝑛 𝒑𝒑 𝑖𝑖 ∼ 𝑛𝑛 𝒓𝒓 𝑖𝑖

𝑛𝑛 �𝒟𝒟 𝑖𝑖

Elements of Modern X-ray Physics, Als-Nielsen and McMorrow, Wiley 2011



Many flavors of IXS

Non-resonant IXS (NIXS) Resonant IXS (RIXS)

pAAHe •+∝−
2

γ

1 meV resolution
phonons + vibrational modes
~ inelastic neutron scattering

High-resolution IXS

200-1000 meV resolution
Collective electronic excitations
~EELS

Medium-resolution NIXS

100-400 meV
Charge, orbital, magnetic..
IR, Raman, EELS

Valence electrons RIXS

Typically 1 eV resolutions
Started with soft x-ray
XAS, XPS, XES, etc.

Core-electrons RIXS=RXES

Typically 1 eV resolution
X-ray Raman 
e.g. low Z material in high pressure

Core spectroscopy IXS



Instrumentation – brute force
• Technically challenging to obtain meV resolution with 10 keV x-ray
• Equivalent to measuring the length of a football field with the accuracy of 0.1mm

SPring8 BL35

APS 30ID“Triple-Axis” Spectrometer

A. Q. R. Baron, arXiv:1504.01098



How to get ppm accuracy?
• Start with narrow bandwidth

0 10000 eV

0 10000 eV

0.001 eV



Bragg’s law revisited – Dynamic diffraction Theory
• Only works for perfect crystals
• Finite width of Bragg peaks – Darwin width (1914)

Finite width



Darwin width

θδθ
λ
δλ

θλ

cot
sin2

=

= d

A. Baron 1504.01098



Fast Sound in Water

F. Sette et al. Phys. Rev. Lett. 75, 850 (1995) G. H. Lander and V. J. Emery, Nucl. Instrum. Methods Phys. Res. Sect. B 12, 525 (1985)

IXS



Phonon dispersion

δ-Pu-Ga, Wong et al. Science 2003

1.8 meV



MgB2 Phonon

A. Shukla et al. (ESRF), 
PRL 90, 095506 (2003)



Non-resonant IXS (NIXS)

B. Larson et al. PRL 99, 026401 (2007) M. Haverkort et al. PRL 99, 257401 (2007)

d-d transition is forbidden 
dipole transition b/c Δ𝐿𝐿 = 0



X-ray Raman Scattering
• Misleading/confusing name
• But these days it means

W. L. Mao et al. Science 314, 636 (2006)

H2O

XRS

XAS

C K-edge



RIXS



Why RIXS?
• Electronic excitations are weak

• E.g. La2CuO4 has total (2X57+29+4X16=) 207 electrons per f.u. But only 
one of these (3d(x2-y2)) do anything interesting. 

• Resonance can enhance intensity by a lot
• But we still want to measure S(Q,ω)
• (Big) question

• Reviews
• Kotani and Shin RMP 2001
• Ament et al. RMP 2011

�
𝑛𝑛=1

∞
𝑓𝑓 �𝒟𝒟† 𝑛𝑛 𝑛𝑛 �𝒟𝒟 𝑖𝑖
𝜔𝜔𝑖𝑖 − 𝐸𝐸𝑛𝑛 − 𝑖𝑖Γ𝑛𝑛
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∝ 𝑆𝑆(𝑸𝑸,𝜔𝜔)?

Kramers-Heisenberg formula



How to calculate RIXS spectrum?
• Exact diagonalization
• Ultrashort Core-hole Lifetime approximation

• Perturbation expansion of the KH formula
• van den Brink and van Veenendaal (2005,2006)

• Correlation functions can be factorized in the case of indirect RIXS

Ament et al. RMP 83, 705 (2011)

Indirect RIXSDirect RIXS



Overview (incomplete)

Soft Hard Tender Ligand



RIXS Instrumentation
Beamline 27-ID (MERIX) at APS

2m spherical diced 
Si-(844) analyzer

Example of a
Diffraction Grating

Image: Horiba

Beamline I21 Diamond Light Source (UK)

Hard Soft



Two types of RIXS
• Core-level RIXS useful for studying electronic structure  RXES
• Valence RIXS – collective excitations (momentum dependence)

Ament et al. Reviews of Modern Physics 2011

CEF

Core-level RIXS

Resonant 
X-ray Emission Spectroscopy



RXES

arXiv:1805.03612

HERFD (High Energy Resolution
 Fluorescence Detection)

“RIXS map”



RXES – Very useful for studying complex oxides

K. Dai, W. Yang, et al. Joule, 2019, 3, 518–541
See also J. Wu et al. Dalton Trans., 2020, 49, 13519-13527



Magnons

Ament et al. Reviews of Modern Physics 2011



First, Bimagnon

La2CuO4

on-resonance

off-resonance





Sr2IrO4 – magnons with hard RIXS

Jungho Kim et al. PRL 108, 177003 (2012) 

Magnon



INS/RIXS Comparison - magnons

YJK et al. Synch. Rad. News 2012 



Beyond magnon – spinon 

Y. Shen et al. PRL 129, 207201 (2022) J. Schlappa et al. Nat. Comm. 9, 1 (2018)



Probing particles for elementary excitations
Probes Light X-ray Neutron Electron

Wavelength 500nm ~1 Å ~1 Å 0.01~0.1 Å 

Q(2π/λ) ~10-3 Å-1 ~6 Å-1 ~6 Å-1 ~60 Å-1

Interaction Relatively weak Weak Very weak Strong

Primary Interaction Charge Charge Spin
Nucleus

Charge

Probing depth Medium (~µm) Medium (~µm) Long (~cm) Short (~nm)

Multiple scattering Y N N Y

Particle Energy 1~2 eV ~10 keV ~30 meV 1~100 keV

Energy resolution Very good OK (IXS)
Limited (RIXS)

Very good OK (EELS)

Beam size Small (limited by 
wavelength)

Very small (down to 
nm)

Big = Requires large 
sample 

Ultra small



dd
Orbital

Spin-orbit
CEF

Ament et al. Reviews of Modern Physics 2011

Excitations



Momentum dependence

Gretarsson et al. PRL 2013



Special Case: spin chain
Nature 482, 82 (2012)



Special Case II: Strong SOC

eg

t2g

(leff = -1)

CEF jeff = 1/2

jeff = 3/2SO

Ir4+ (5d5)

Jackeli and Khaliullin PRL 2009

↓+↓+↑ ,
3

,
3

,
3

1 yzixzixy



Sr2IrO4

Jungho Kim et al. Nature Communications, 2014



Resonant phonon
Li2IrO3

Vale et al. Phys. Rev. B 100, 224303 (2019)



Charge Density Wave in Cuprates

Ghiringhelli et al. Science 337, 821 (2012) M. Mittrano et al. Science Advances 2019

Time-resolved
RIXS @ XFEL



Future RIXS

Diced quartz analyzer

Jungho Kim, et al., Sci. Rep.  8, 1958 (2018); Thomas Gog et al. JSR  25, 1030 (2018)

Ayman H. Said et al. JSR  25, 373 (2018).

∆E~10 meV



Summary
• Inelastic X-ray Scattering

• Workhorse for measuring phonon dispersion 
relation and other lattice dynamics

• Useful for studying electronic excitations
• Crystal field excitations (dd excitations – sensitive to 

orbital symmetry)
• X-ray Raman Scattering allows XAS in extreme sample 

enviroments

• Resonant Inelastic X-ray Scattering
• RIXS map (RXES) useful for chemical analysis
• Magnetic Excitations
• An exciting time for RIXS

• Many materials beyond cuprates are being 
investigated using RIXS, headed by iridates https://forms.office.com/g/3JMPrwhuYf

https://forms.office.com/g/3JMPrwhuYf
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