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1. RIXS exploits both the energy and momentum
dependence of the photon scattering cross-section.
Comparing the energies of a neutron, electron, and
photon, each with a wavelength on the order of the
relevant length scale in a solid, 7.e. the interatomic
lattice spacing, which is on the order of a few Angstroms,
it is obvious that an x-ray photon has much more energy
than an equivalent neutron or electron.
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relevant length scale in a solid, 7.e. the interatomic
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it is obvious that an x-ray photon has much more energy
than an equivalent neutron or electron. B
The scattering phase space (the range of energies and
momenta that can be transferred in a scattering event)
available to x-rays is therefore correspondingly larger
and is in fact without equal. For instance, unlike
photon scattering experiments with visible or infrared
light, RIXS can probe the full dispersion of low energy
excitations in solids.



2. RIXS can utilize the polarization of the photon:
the nature of the excitations created in the material
can be disentangled through polarization analysis of
the incident and scattered photons, which allows one,
through the use of various selection rules, to characterize
the symmetry and nature of the excitations. To date,
no experimental facility allows the polarization of the
scattered photon to be measured, though the incident
photon polarization is frequently varied.



2. RIXS can utilize the polarization of the photon:
the nature of the excitations created in the material
can be disentangled through polarization analysis of
the incident and scattered photons, which allows one,
through the use of various selection rules, to characterize
the symmetry and nature of the excitations. To date,
no experimental facility allows the polarization of the
scattered photon to be measured, though the incident
photon polarization is frequently varied. It is important
to note that a polarization change of a photon is
necessarily related to an angular momentum change.
Conservation of angular momentum means that any
angular momentum lost by the scattered photons has
been transferred to elementary excitations in the solid.
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3. RIXS is element and orbital specific: Chemical
sensitivity arises by tuning the incident photon energy to
specific atomic transitions of the different types of atoms
in a material. Such transitions are called absorption
edges. RIXS can even differentiate between the same
chemical element at sites with inequivalent chemical
bondings, with different valencies or at inequivalent
crystallographic positions if the absorption edges in
these cases are distinguishable.



3. RIXS is element and orbital specific: Chemical
sensitivity arises by tuning the incident photon energy to
specific atomic transitions of the different types of atoms
in a material. Such transitions are called absorption
edges. RIXS can even differentiate between the same
chemical element at sites with inequivalent chemical
bondings, with different valencies or at inequivalent
crystallographic positions if the absorption edges in
these cases are distinguishable. In addition, the type of
information that may be gleaned about the electronic
excitations can be varied by tuning to different x-ray
edges of the same chemical element (e.g., K edge for
exciting 1s core electrons, L edge for electrons in the
n = 2 shell or M edge for n = 3 electrons), since the
photon excites different core-electrons into different
valence orbitals at each edge.



4. RIXS is bulk sensitive: the penetration depth
of resonant x-ray photons is material and scattering
geometry-specific, but typically is on the order of a few
pm in the hard x-ray regime (for example at transition
metal K-edges) and on the order of 0.1 pum in the soft
x-ray regime (e.g transition metal L-edges).



4. RIXS is bulk sensitive: the penetration depth
of resonant x-ray photons is material and scattering
geometry-specific, but typically is on the order of a few
pm in the hard x-ray regime (for example at transition
metal K-edges) and on the order of 0.1 um in the soft
x-ray regime (e.g transition metal L-edges).

5. RIXS needs only small sample volumes: the
photon-matter interaction is relatively strong, compared
to for instance the neutron-matter interaction strength.
In addition, photon sources deliver many orders of
magnitude more particles per second, in a much smaller
spot, than do neutron sources. These facts make RIXS
possible on very small volume samples, thin films,
surfaces and nano-objects, in addition to bulk single
crystal or powder samples.



Elementary Excitations

accessible to RIXS
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In principle RIXS can probe a very broad class of in-
trinsic excitations of the system under study — as long
as these excitations are overall charge neutral. This con-
straint arises from the fact that in RIXS the scattered
photons do not add or remove charge from the system
under study.
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tion dependence of, for instance, the electron-hole con-
tinuum and excitons in band metals and semiconductors,
charge transfer and dd-excitations excitations in strongly
correlated materials, lattice excitations and so on



In principle RIXS can probe a very broad class of in-
trinsic excitations of the system under study — as long
as these excitations are overall charge neutral. This con-
straint arises from the fact that in RIXS the scattered
photons do not add or remove charge from the system
under study. In principle then, RIXS has a finite cross
section for probing the energy, momentum and polariza-
tion dependence of, for instance, the electron-hole con-
tinuum and excitons in band metals and semiconductors,
charge transfer and dd-excitations excitations in strongly
correlated materials, lattice excitations and so on. In ad-
dition magnetic excitations are also symmetry-allowed in
RIXS, because the orbital angular momentum that the
photons carry can in principle be transferred to the elec-
tron’s spin angular moment.
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Progress @ Cu K-edge resolution

Scattering intensity (rel. units)
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Progress @ Cu K-edge resolution Il

Hard x—ray regime: Cu K—edge
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Progress @ Cu L-edge resolution

RIXS spectra of La;Cu04 at Cu L,-edge

(a) 1996 AE=1.6 eV

a3 a2 43 o 1 2
Energy loss (eV) Progress in sqft x-ray RIXS resolution at the Cu L-
edge at 931 eV (a) (Ichikawa et al., 1996), BLBB @ Pho-
ton Factory (b) 1511-3 @ MAX II (Duda et al., 2000b), (c)
AXES @ ID08, ESRF(Ghiringhelli et al., 2004) (d) AXES
@ ID08, ESRF (Braicovich et al., 2009), (e) SAXES @ SLS

Ghiringhelli et al., 2010). Courtesy of G. Ghiringhelli and L.
Braicovich.
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Summary part I
eDirect and Indirect RIXS
*RIXS measures excitation energy & momentum
ePolarization in/out dependence can be studied
eElement and orbital sensitive
eBulk sensitive & needs small sample volumes

eMeasures charge neutral elementary excitations

spin, orbital, lattice, charge excitons

e(Great progress 1n resolution in the past decade
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La,CuO, magnetic structure
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Atomic Model: Local d-d orbital splitting: Cu?*
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Atomic Model: Local d-d orbital splitting: Cu?*

Cubic Crystal field splitting




RIXS amplitude @ transition metal L-edge
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RIXS amplitude/intensity
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1st Order: Thompson Scattering

(1 o

Fourier transform of charge density
Elastic part: causes Bragg scattering & diffraction

Inelastic part: causes Inelastic X-ray Scattering (IXS)

= Non-Resonant Inelastic X-ray Scattering (NIXS)

quadrupole
transition operator e’ =1+ iqr - %(qr)z + ...
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1st order: X-ray Absorption

(flA plg) = ( fle™e- plg)=(fle plg)

when expanding

transitions caused by momentum operator p




2nd Order...
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RIXS
amplitude

transition
operator

RIXS : (f|D'T|n) (n| D |g)
amplitude Fro(k K, €€, wie, wie) = Z E, + hwy — E, +il,
Kramers-Heisenberg expression

H.A. Kramers and W. Heisenberg, Z. Phys. 31, 681 (1925)
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2nd Order: Resonant Scattering Il
RIXS ) _ (f|D'" |n) (n| D|g)
amplitude Frollo K, €, €, wi i) = zn: E, + hwy — E, + 1T,
RIXS intensity:

I(w,k, K, €€) = rimwi wx Z | Fro(k, K €, €, wi, wir)|?
£

X 5(Eg — Ef -1 hw),

This expression is essentially exact
(non-relativistic limit)
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REXS ;o gD |n) (n|D|g)
Foo kK, K €, €, Wi, wi ) = = . - o
amplitude | * g Wi, Wic) zn: E, + hwy — E,, + i,

REXS intensity:
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Greens function expression for F
RIXS ) _ (f|D'" |n) (n| D|g)
amplitude Frollo K, €, €, wi i) = ; E, + hwy — E, + 1T,

Greens function

k mn
=intermediate state propagator

Frg = (fID'"G(2x)D|g)
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Magnetic RIXS on La,CuO, @ Cu L-edge

In special cases direct spin-flip scattering is
allowed at Cu L-edge

CuQ'’s are such special cases...
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Magnetic direct RIXS on La,CuO, @ Cu L-edge
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Magnetic direct RIXS on La,CuO, @ Cu L-edge
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RIXS magnon dispersion of Sr,CuO,Cl,
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Guarise et al.,
PRL 105, 157006 (2010)
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RIXS magnon dispersion of Sr,CuO,Cl,
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—> transferred momentum q

Guarise et al.,
PRL 105, 157006 (2010)
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Heisenberg antiferromagnet  S?=+h/2 T S?=-h/2 1

H=J 8% 8%:+1 +J 8 SVis1 +J S¥j S¥j+1 =J Si*Si+1
Allow for spin-exchange T—l 1—1
spin flip AS?= h In d=3: magnon

[ 2 I 2 B 2 |

two domain walls, each with AS?= h/2 =% spinon
d=1: magnon fractionalizes into spinons

spinon Ki,m1

. =k1+ko, w=mw1+w
spinon ka,m, 971K e

magnon g,
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Spinons in 1d Heisenberg antiferromagnet

spinon Ki,m1

_ =k1+k2, m=w1+wm;
spinon kz,m> . ’

magnon g, ®  =p

excitation relative momentum of spinons
: <= .
continuum g, p=k,-k; not yet determined



Spinon excitations in 1d Heisenberg antiferromagnet

excitation relative momentum of spinons
: <= .
continuum g, g=k>—ky not yet determined

neutron scattering magnetic excitations
4 . 10

o [J]
(o)}

—_
I

Bethe-Ansatz
0 0 exact solution

0 b 271

Klauser, Mossel, Caux, JvdB, PRL 106, 157205 (2011)



Energy transfer (eV)

RIXS spectrum of Sr.CuQO3 spin chain

orbitons
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RIXS spectrum of Sr.CuQO3 spin chain
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low D cuprates, 1iron pnictides and iridates

eMagnons, spinons and paramagnons are observed

eDispersion of these modes can be determined

eObserved paramagnons are challenge for theory

[t can reasonably be assumed that the future of

RIXS 1s even brighter than its past

eMore and better beam-lines, experiments, theory



