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Light and matter
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Courtesy of Q. Shen



Light -matter interaction
Visible regime (l~ 0.5 mm, E ~ 1 eV)

         Phenomena:

Å Absorption

Å Refraction

Å Reflection

Å (Diffusion, é)

Energy point of view:

Å Elastic

(Rayleigh, é) 

Å Inelastic

(Brillouin, Raman, é)

          

Polarization:

Å Faraday rotation

X-rays regime (0.5 nm, 1 keV)

Å Absorption

Å Scattering

Å Elastic

(XRD, diffusion, é)

Å Inelastic

(Compton, IXS, é)

Å Excitation

(thermal, ionization, 

photoemission, é)

Particle-

wave

dualism
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Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò

Light -matter interaction - regimes 

Wavelength light give different n regimes

n in X-ray is below 1!

n= c / v
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Light -matter interaction - regimes 

Wavelength light give different n regimes

n in X-ray is below 1!

Not confined to refractive index but decay processes also (photon or electrons)

n= c / v

Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò
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Light -matter interaction - regimes 

Photon-in

Photon out

Photon-in

Electron-out

Wavelength light give different n regimes

n in X-ray is below 1!

Not confined to refractive index but decay processes also (photon or electrons)

n= c / v

Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò



The basic X -ray experiment: absorption

from J. Stohr lectures, SLAC

Energy [eV]
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Absorption in steps

Ei, k i, ei
Resonance Effect

ÁEi is tuned to a specific ñedgeò or transition, promoting a core electron into 
the outer shell / valance band Ą this process is called X-ray Absorption

ÁThe absorption edges are usually sharp in Energy Ą Ei needs to be 
tunable and monochromatic 

ÁThe x-ray attenuation length is < 100 nm Ą small sample volume

Example:

Fe L3 edge (2p3/2 Ą 3d transition) 

in Iron metal corresponds to ~708 

eV

Resonance 

guarantees site  and 

chemical  selectivity 

X-ray Absorption 

Spectroscopy



X-ray absorption edges

Å Existence of specific and sharp 

transitions, Z function:

chemical specificity

Å Control on impinging energy is 

necessaryé

Atomic scattering factors
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Full list of electronic transition available at:

https://xdb.lbl.gov
(https://xdb.lbl.gov/Section1/Table_1-1a.htm)

The strongest, not the only ones..

(not even in the energy range shown)

https://xdb.lbl.gov/
https://xdb.lbl.gov/Section1/Table_1-1a.htm
https://xdb.lbl.gov/Section1/Table_1-1a.htm
https://xdb.lbl.gov/Section1/Table_1-1a.htm


X-ray refraction index

ñControlò of impinging 

energy gives Chemical 

specificity
(& increased sensitivity to 

faint electronic signals)

Soft Hard

12 Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò



X-ray refraction index

Atomic scattering factors

Macro ï micro

-scopic link

(optical theorem, KK)

ñControlò of impinging 

energy gives Chemical 

specificity
(& increased sensitivity to 

faint electronic signals)

Soft Hard
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X-ray refraction index

Atomic scattering factors

Macro ï micro

-scopic link

(optical theorem, KK)

ñControlò of impinging 

energy gives Chemical 

specificity
(& increased sensitivity to 

faint electronic signals)

Soft Hard
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absorptionDispersion / scattering
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X-ray refraction index

Atomic scattering factors

Macro ï micro-scopic 

link

(optical theorem, KK)

ñControlò of impinging 

energy gives Chemical 

specificity
(& increased sensitivity to 

faint electronic signals)

Photon 

hungry

high brilliance

needed

Soft Hard
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absorptionDispersion / scattering

Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò



Elastic x -ray scattering (ñfreeò e-)

l 2q

l

From various e- in one atom.. é to several atoms together
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Diffraction, Braggôs law, polarization
Braggôs lawLaue notation

2
cos 2

scattered
I q´

Thomson scattering

Jones notation

Space Fourier transform
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Direct and reciprocal lattice

Direct space structural 

information

from Q dependence

in the RL (where diffraction 

naturally lives)
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Structural lattice : a

X-ray

diffraction

Conventions (science, engineering,

chemistry/crystallography -> FT):

k = 2p/l (or 1/l) wave vector

╠ ▓ᴂ ▓or ▓ ▓ᴂ
a* = 2p/a (or 1/a)

Direct space 

cell



Spectroscopy + scattering = RXS

Photon in ï photon out process,

site coherent (scattering)

intersite coherent (diffraction)

Ὅ╠ ᶿ  Ὢ ᴆ‐ȟᴆ‐ᴂȟὯȟὯᴂ Ὡ
 
Ὥ╠ɇ►  ͯὔς

Atomic scattering factor 

(resonant, tensorial)

E
la

s
ti
c
!

DLdip = ±1

Ὢ ᴆ‐ȟᴆ‐ᴂȟὯȟὯᴂ

ᶿ
ὪὭὲὕ ᴆ‐ᴂȟὯᴂὩὼὧὩὼὧὕᴆ‐ȟὯ Ὣὶ

Ὁ Ὁ ᴐ‫ Ὥɜ
ὨὉ

Second order perturbation theory

(Kramers ï Heisenberg)

Targeting specific electrons,

but all contributions mixed:

Åelastic + inelastic

Åsymmetry of process

Elastic if:

 ὪὭὲȿ ἂὫὶȿ, win = wout

(diffraction via Bragg;

new reflection cond. & intensity )

EF

k win
kõ wout

19 Attwood & Sakdinawat, ñSoft x-rays and extreme UV radiationò



What does it mean all of this for us Condensed Matter Physicists?

20



Å  Electromagnetic field (photons) as a probe for e- states of the matter (A radiation ª E, B atomic charges)

Å  Chemical selectivity (absorption­ site selective)

Å  3D e- distributions (due to atomic scattering factor, in 

Å diffraction condition, site contrast due to structure 

Å factor)

Å Bosonic excitations 

  - spin, charge, orbital (absorption relaxes selection rules)

  - dispersion relations (exchange of E and Q)

Å Scattering + Spectroscopy + Diffraction

  to fulfill Braggôs law:
    l ~ atomic spacing « keV (hard regime: K 3d, L 4f, M 5f; soft regime: L2,3 3d) 

RXS: absorption + scattering (elastic and inelastic)

21

S. Di Matteo et al., Phys. Rev. B 72 (2005) 144406

C. Detlefs et al., Eur. Phys. J. ST 208 (2012) 359

L. J. P. Ament et al., Rev. Mod. Phys. 83 (2011) 705

Kim et al, Phys. Rev. Lett. 108, 177003 (2012)

Elastic

Orders

Inelastic

Excitations



Å  Electromagnetic field (photons) as a probe for e- states of the matter (A radiation ª E, B atomic charges)

Å  Chemical selectivity (absorption­ site selective)

Å  3D e- distributions (due to atomic scattering factor, in 

Å diffraction condition, site contrast due to structure 

Å factor)

Å Bosonic excitations 

  - spin, charge, orbital (absorption relaxes selection rules)

  - dispersion relations (exchange of E and Q)

Å Scattering + Spectroscopy + Diffraction

  to fulfill Braggôs law:
    l ~ atomic spacing « keV (hard regime: K 3d, L 4f, M 5f; soft regime: L2,3 3d) 

RXS: absorption + scattering (elastic and inelastic)
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Elastic

Orders

Inelastic

Excitations
Bragg peak

S. Di Matteo et al., Phys. Rev. B 72 (2005) 144406

C. Detlefs et al., Eur. Phys. J. ST 208 (2012) 359

L. J. P. Ament et al., Rev. Mod. Phys. 83 (2011) 705

Kim et al, Phys. Rev. Lett. 108, 177003 (2012)
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X-ray technology: the early days
W.C. Röntgen 

1895

target X- rays

W

Vacuum

24



The advent of synchrotrons

Å Energy tuning

Å Brilliance

Å Polarization

Å Stability

Å Coherence

Å Intrinsic time structure (pulsed source)

1947

First observation of synchrotron radiation

at General Electric (USA)

Particle

physics
Synchrotron

radiation

EVOLUTION

First particle

accelerators

More and 

more 

energetic

particles ,

Bigger and 

bigger

machines

First 

observation of 

synchrotron 

radiation

Construction

of the first 

dedicated

machines

1930

1947

1980

1 eV 10 eV 100 eV 1 keV 10 keV 100 keV

Energy

1013

1014

109

1010

1011

1012

10000 1000 100 10 1 0.1

Wavelength (Å)

108

107

Number
of photons

Bending

magnet

Sun
X-ray

tubes

25

Free Electron 

Laser radiation

Prediction and 

construction 

of FELs

1998
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Synchrotrons - sources

Bremsstrahlung

Electrons in storage ring and insertion devices

Straight sections 

 - undulators

 - wigglers Attwood & Sakdinawat, ñSoft x-rays 

and extreme UV radiationò

NSLS-II, BNL

Aerial view



Free Electron Lasers (FEL)

27

New type of source

Pulsed vs òcontinuousò

Linear vs circular

Different kind of experiment

Pulsed source with very short pulses (at-fs)

Time resolved pump and probe schemes

High peak power

LCLS-II, Stanford, Aerial view

https://www.psi.ch/en/swissfel/how-it-works
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Elementary excitations in solids
E

n
e
rg

y

Ç 1 - 100 eV:

Plasmon

Exciton

Charge (e - - h+) 

excitations

Ç 0.1 - 2 eV:

Orbital excitations

Orbiton (collective)

Ç 0 - 0.3 eV:

Magnon

Ç 0 ï 0.1 eV: 

Phonon

Exciton in carbon nanotube 

Image:Lattice wave.svg

Collective modes 

of lattice 

vibrations

Collective 

modes of 

orbital waves

MODE

MODE

q

E(q)

LOCALIZED MODE

Measuring the dispersion relation E(q) 

of elementary excitations provides 

information about the relevant 

electronic interaction s at play in the 

system

Electronic Properties

Orbital ChargeSpinLattice

http://upload.wikimedia.org/wikipedia/commons/2/27/Lattice_wave.svg


A. Kotani and S. Shin, Rev. Mod. Phys. 73, 203 (2001)

L.J.P. Ament et al., Rev. Mod. Phys. 83,705 (2011)

P.M. Platzman, E.D. Isaac, PRB 57,11107 (1997)

hnin, k in,ein hnout , kout ,eout
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1st  STEP:

X-RAY ABSORPTION
2nd step:

X-RAY EMISSION

RIXS: X-ray Scattering + Inelastic + Resonant
2p Ą 3d

Schematic of a RIXS Spectrum

orbital 

Orbital ChargeSpinLattice

RIXS sensitive to all electron degrees of freedom

           Ideal to study electronic properties!



Energy 

resolution

Momentum 

resolution

Bulk 

Probe

Spatial 

resolution 

Sample Mass 

Requirement

Sensitivity to e - 

degrees of  

freedom

Resonant Inelastic 

X-ray Scattering 

(RIXS)

Light Scattering 

(Raman, IR, 

Brillouin)

Inelastic Neutron 

Scattering (INS)

Electron Energy 

Loss Spectroscopy 

(EELS)

Scanning Tunneling 

Microscopy (STM)

NMR, mSR, ESR 

Overview:
Å List of Techniques sensitive to Excitations:

EXCELLENT

GOOD

POOR

MEDIOCRE



RIXS response or cross -section

Under resonance conditions:

 ᴐwi ~ Ei ï En Ą 2nd term >> 1st term (non-resonant)  

 

 

                                                       

1st term 2nd term

RIXS cross -section =
Kramers -Heisenberg 
Equation

J. App. Phys. 57, 3615 (1985) 

Ej

n

dd

d

i

s

DWD
=

Ww

s2 # of scattered photons ns per solid angle 
DW, per energy bandwidth of scattered 
particle DE, normalized by the incoming 

flux j i

Á enhancement of the cross-section

Á enables coupling to forbidden non-dipolar excitations (intra-band d-d orbital excitations, magnetic excitations)

|i>=initial, ground state

|n>=intermediate, excited

|f>=final (excited or not)

Hint = Dipole operator

k i

k f DW

A



DE = Ef - Ei 

Inelastic ScatteringEf  = Ei

Energy loss

RIXS in steps

Ei, k i, ei

2q

Ef, k f, ef

X-ray Scattering

Elastic Scattering ( DE=0)Ef = Ei

2q

kf

k i

-k i

Q/2

Q/2
2q/2

2q/2

If DE << Ei Ą |ki| ~ |kf| 

Momentum Transfer:

Q = kf - ki 

    = 2 x |ki| x sin(2q/2)

      = (4 p/l) x sin(2q/2)  

Scattering Triangle

X-ray photon:

ÁEnergy E = hn Ą Soft X -rays 0.2 ï 2 keV

                                     Hard X-ray 2 ï 20 keV  

ÁWavevector k = 2p/l

ÁPolarization e

To study crystals, l H a H 3 Å is needed 

Č Photon Energy E (keV) ~ 12.4/l(Å)   i.e.   X-rays !

Photon in  ï Photon out technique
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RIXS ï NSLS-II and BNL

Our endstation / lab

Electron storage ring

Manhattan

Google map NSLS-II, BNL, Upton, NY

Aerial view



Requirements

1) resonance Ą monochromatic and tunable 

Ei 

2) RIXS cross section intrinsically low Ą high 

photon flux for Ei and high-throughput 

instrument

RIXS: instrument concept for Soft X -rays

Synchrotron: bright, high photon 

flux X-ray source

Beamline: monochromatic X-rays Ei 

with tunable energy in the 0.2-2 keV 

range

Ei 

Č Special X -ray Source !



Requirements

2) RIXS cross section intrinsically low Ą high 

photon flux for Ei and high-throughput 

instrument

3) distinguish overlapping excitations Ą high 

resolving power R = 1/DE to resolve Ef 

with high precision

RIXS: instrument concept for Soft X -rays

Č Special -design for RIXS Spectrometer !

Sample

Collective Optics to increase the ñcollected solid 

angleò DW Ą increase spectrometer throughput

Grating : dispersive optical element for Soft X-rays 

Ą separates in energy the scattered X-rays
d

1/DE  θ1/d

Smaller grating line separation d Ą increase R  θ1/d 

1/DE  θLLonger Spectrometer Arm LĄ increase R  θL

Č Long  Spectrometer Arm design enables RIXS with high resolving power!



RIXS in a nutshell
Summary

Á Inelastic: create excitations sensitive to all 

electron degrees of freedom Ą ideal for 

studying electronic properties in novel 

materials

Á Momentum Transfer Q  Ą measure E(q) 

dispersion relation

Á Resonant  Ą cross-section enhancement, 

site  and chemical  selectivity, small sample 

volume needed

Requirements

1) resonance Ą monochromatic and tunable Ei 

2) RIXS cross section intrinsically low Ą high 

photon flux for Ei and high-throughput 

instrument

3) distinguish overlapping excitations Ą high 

resolving power R = 1/DE to resolve Ef with 

high precision

Limitations

1) Intrinsic limitation in Q

2) Poor energy resolution 

DE compared to INS

3) complicated cross-

section

(p,0)

(p,p)

(0,0)

Brillouin Zone

a=b=3.8 Å

E=930eV  2q=150ᶼ

Q

L.J.P. Ament et al., Rev. Mod. Phys. 83,705 (2011)



Spin excitations

Sr2CuO3

orbital excitation

Spinon  - orbiton Crystal -field excitations

phonon

Bi2201

Charge order

La2-

xCexCuO4

Plasmon

Plasmon

Phonons

Ca2+5xY2-5xCu5O10

W.S. Lee et al., PRL 110, 
265502 (2013); S. Johnston et 

al., Nat. Comm.  10563 (2016).

J. Pelliciari et al. Nat. Mater.  20, 188 
(2021).

J. Li et al. Phys. Rev. X.  13, 011012 
(2023).

H. Lu et al. Science.  373, 213 (2021).

J. Schlappa et al., Nature  485, 82 
(2012).

M. Rossi et al., Phys. Rev. B  104, L220505 
(2021).

J. Li et al., PNAS 117, 16219 (2020).
Hepting et al., Nature  563, 374 (2018)

RIXS & excitations
A non complete list
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- Novel superconductors ï Fan et al, Phys. Rev. Lett. 133, 206501

- Experiments on thin magnets ï Pelliciari et al, Nat. Mat. 20, 188

- Excitons ï Occhialini et al, Phys. Rev. X 14, 031007



D. Li et al. Nature. 572, 2019.

D. Li et al. Phys. Rev. Lett. 125, 2020.

Å Developed from RNiO3 by CaH2 Reduction

Å Superconducting at 20% hole/ Sr doping

Å TC ~ 15 K

Å An STO capping layer can be added

Nickelates -- Intro

40



Å Layered structure

Å d9 electronic configuration

Å Likely unconventional SC with typical dome shaped phase diagram

Å Only thin films are superconducting

Å STO capping layer can be added

Nickelates -- Intro

41

D. Li et al. Nature. 572, 2019.

D. Li et al. Phys. Rev. Lett. 125, 2020.

J. Mitchell, Frontiers in Physics 

https://doi.org/10.3389/fphy.2021.813483

https://doi.org/10.3389/fphy.2021.813483
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Yes

No

Samples & Experimental conditions

Å Thickness ~10nm

Å Temperature 30 K

Å 2theta = 150deg, grazing incidence geometry

Å Resolution 35 meV

J. Mitchell, Frontiers in Physics https://doi.org/10.3389/fphy.2021.813483

https://doi.org/10.3389/fphy.2021.813483


Nickelates ï XAS response 
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Strong linear dichroism indicate a Ni -d9 electronic configuration

Ground state -> hole with x 2-y2 symmetry

 = 15 deg

[001]

[100]



dd 

excitations

Ni-O Charge 

transfer

Elastic 

scattering

Spin 

excitations/ 

phonons

Nd - Ni 

Charge transfer

Nickelates ï RIXS response 
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Broad perspective of the spin/charge/orbital elementary excitations



ÅPresence of phonons and spin excitations in NdNiO2

ÅDispersive spin excitations

Nickelates ï Low Energy excitations

45

Phonon

Spin Excitations

Elastic

Phonon

Spin exc.

(0,0) (1,0)

(1,1)(0,1)

NdNiO2



Capping effect ï Low Energy excitations

Dispersion of spin excitations fit with J 1-J2 Heisenberg model
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(0,0) (1,0)

(1,1)(0,1)

ää
¡

¡Ö+Ö=
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Doping effect ï Low Energy excitations

47

(0,0) (1,0)

(1,1)(0,1)

Å Doping consistently softens the spin excitations

ÅMagnetic dilution effect explain the doping dependence

Capped (NNO)

J1= 64.9 meV; 

J2 = -10.9 meV

Capped (NSNO)

J1= 62 meV; 

J2 = 0 meV



Conclusions

Intrinsic effects

Å Spin excitations are intrinsic of 112 nickelates (regardless of capping)

Å No CDW in parent infinite layer nickelates

Å Doping effect of spin excitations

Interfacial effects

Å STO Capping slightly affects spin excitations and Nd/Ni charge transfer

Å DFT calculations show STO capping ( apolar  interface) affects the Nd/Ni hybridization

Å Consequence of this is an increase of magnetism (more calculations underway) 

More at Fan et al, Phys. Rev. Lett. 133, 206501
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Conclusions in general

X-rays

Å Elastic and Inelastic scattering fundamental to study materials

Å Sensitivity to electronic orders

Å Sensitivity to excitations

Large scale facilities

Å New instrumentation leads to better understanding

Å Collaboration using multiple techniques to deeply understand the physics 

More at Fan et al, Phys. Rev. Lett. 133, 206501

49
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- Experiments on thin magnets ï Pelliciari et al, Nat. Mat. 20, 188

- Excitons ï Occhialini et al, Phys. Rev. X 14, 031007



Spin -waves in Fe

Á Fe metal is one of the simplest, known ferromagnet

PRL 179, 417 (1969)

Iron Metal:  

1
.
5
ô
ô

0.5ôô

Fe crystal

Á Spin-wave in Fe metal were measured ~ 50 years ago 

in single crystal  by INS (inelastic neutron scattering)

Á Spin-wave dispersion relation E(q) reveals the typical 

behaviour for ferromagnet at small q:
E(q) = Dq2 ᶿ  q2     



Spin -waves in Fe studied with RIXS

Á Fe thin films grown by Molecular Beam Epitaxy (Yale University) on  MgO  

substrate

Á Film thicknesses: 105 unit cell (u. c.), 54 u.c., 29 u.c., 17 u.c., 6 u.c.  and 3 

u.c.

                                   

    or equivalently                    30 nm, 16 nm, 9 nm, 5 nm, 2 nm, 1 nm!

2.87 Å 

~ 0.3nm

High -sensitivity of RIXS at Fe L 3 edge + 

few tens of nm penetration depth +high 

resolving power to investigate the low -

energy spin -waves in ultrathin samples 

Up to 37 million times 

thinner than the 

sample used in INS 

study!!

1
.5
ΩΩ

0.5ΩΩ

Fe crystal

~20 meV

In
te

n
si

ty
 [a

rb
. u

n
.]

DE



Spin -waves in Fe studied with RIXS

RIXS across the Fe L 3 edge

1st step: RIXS on Fe thick films 105 u.c. Ą check sensitivity 

and feasibility of the proposed approach 

Nat. Mat. 20, 188 (2021)

Single RIXS Spectrum @ E in=708 eV

X-ray Absorption Spectrum: 

identify the resonance and 

energy range for Ein

??



Spin -waves in Fe studied with RIXS

Mook  et al., PRB 7, 336 (1973)

Áq - momentum dependence study to evaluate E(q)

ÁE(q) compatible with INS  and  θq2

SIX endstation



Á Spin excitations in films thinner < 10nm (29 u.c.) are different from the bulk

Á Softening of the spin excitations along the [001] direction

Á No change along the [100] direction

q [001] q [100]

3uc

17uc

54 uc

q [001] q [001]
[001]

-q[001]

[100]

[001]

[100]

-q[100]

Spin -waves in Fe studied with RIXS: versus thickness
momentum q // out -of -plane [001] momentum q // in -plane [100]

Ą Anisotropic  evolution between [001] and [100]

Nat. Mat. 20, 188 (2021)



Tuning spin excitations in magnetic films by confinement

with

Heis. Mod., p=8

[001] ð out of plane [100] ð in plane

< N

Á Heisenberg  model  with an effective J ij interaction to 

account for itinerant electron behaviour

,   p=8

In -plane mode at Zone Boundary

Out -of -plane mode at Zone Boundary

o
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t
-o

f
-p
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c
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n
fi
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e
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t
 

(N
-f

in
it
e

)
J ij 

J ij 

Á Consider a finite number of layer N to simulate the confinement 

effect

o
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f
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t
 

(N
-f

in
it
e

)

in -plane (Infinite)

in -plane (Infinite)

Á Anisotropic evolution of E(q) vs  N between out -of -plane  and 

in -plane



Tuning spin excitations in magnetic films by confinement

< N

Á Tunability of E(q) vs film  thickness  N can be used to gain 

control of spin excitations energy in magnetic films for future 

devices.

Á The geometrical confinement causes the softening of the 

spin spin excitations // [001] while leaves them unchanged // 

[100]

Thickness of magnetic 

medium can be optimized 

to match the 

frequency/energy 

transmitted by the antenna



Summary

Á RIXS results from thick (~ 30 nm) film are consistent with INS 

data measured on bulky single crystal (~40 mm)

Á Thanks to high resolving power and high sensitivity of RIXS, 

spin-excitations could be detected in 1nm thin sample for the 

first time

Á In Fe films with thickness N < 10nm, the spin-excitations 

present clear changes w.r.t. the bulk

Á  Anisotropic evolution of the spin dispersion E(q) between 

[001] and [100]: softening along [001] for < N and invariance 

along [100]

Á This result is understood as the effect of geometrical 

confinement due to the reduction of Fe-layers

Á Film thickness can be used as a knob to manipulate E(q) and 

optimize magnetic materials for future devices

Nat. Mat. 20, 188 (2021)


