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« X-ray resonances
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What is resonant
scattering?
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What is resonant x-ray scattering in
one sentence?
W; k-E- (l)i, kiEi
(R A 47.[
Q = ks — ki =—sin(0)

A
W = Wf — W;

Family of photon-in photoﬁ-out techniques that use x-ray
resonances to access

(i) Element & valence charge specificity or

(i) Electronic information: Magnetism, valence charge,
electronic orbitals, etc.
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Reminder of x-ray scattering & x-ray
absoprtion

Standard (i.e. non-resonant) X-ray absorption
X'ray Scattering o XAS resonance of graphite
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X-ray-matter interaction for non-
resonant x-ray scattering

Classical wave cartoon of x-ray beam Classical cartoon of atom

Thompson

interaction

X-ray scatter from all electrons and see atomic positions

I L",‘ Brookhaven
National Laboratory



X-ray-matter interaction for x-ray
absorption

Particle cartoon of x-ray beam Classical cartoon of atom

e_
X_ ray ' @ @ -Electron

@ -Proton

absorption

{_ -Neutron

Observe transitions of electrons from core states to valence
states

« Sensitive to magnetism
I » Losses the information you had in scattering
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Resonant x-ray scattering

Electronic sensitivity + spatial information from scattering
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Why should you care about
resonant scattering?
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Magnetic order Magnetic interactions Orbital contrast
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Pros and cons

Pros

* Highly selective: species
orbital

* Versatile access to many
degrees of freedom:
charge, spin, lattice,
orbital

* Applicable in extreme

_situations: small volumes,
in-operando, ultrafast

« Extendable to imaging
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Cons

 Challenging experiments
« Complex cross section
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X-ray resonances
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Energy levels of hydrogen (1)

J

Balmer series of emission lines from hydrogen
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Discovery predates quantum mechanics
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Energy levels of hydrogen (2)

Vum (1,6, ¢) = Ry ()Y, (0, p)
n=12,... [=01,..,n—-1 m=-[-l+1,..,[—1,1
n : Principal qguantum number
[ : Angular momentum quantum number
m: Magnetic quantum number
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Onto x-ray resonances

Absorption > AAAA I
Spin orbit coupling }:
J=L+S e
IL—S|,|L—=S|+1, ..., |[L+S| | 7 | )
Core hole notation % P 2030
2p3/2 E -l — 2p (=12)
X-ray spectroscopic notation
M,
n=1,2,3askK, L, M, ...
Index low L to high L, then low R :
J to high J
v
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Types of transition

Dipole AL = +1 called E1
Quadrupole AL = +2 called E2
Etc.

Direct or “operator” RIXS

Indirect or “shakeup” RIXS
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3d electron material

4p empty states

4s empty states

3d valence states
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Energies of different resonances

Carbon 3dTM 4dTM RE 5d TM
100+ Oxygen
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A few words for the
theorists

Which parts of the x-ray-matter interactions are involved

here?
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A theorist’s perspective (1) Photon
matter interactions

HO —_ He + Hrad
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- = ——
Pp—p~re ot

m 2m

(&) Brookhaven absorption scattering
Ament et al., Rev. Mod. Phys. 83, 705 (2011)



A theorist’s perspective (2) Kramers-
Heisenberg equation

le ntl +2 f|H1nt|n anlntl )
i

dea) E; — E, + hw; + i
1st order 2nd order
eA-p e?A?
Hipe = +
m 2m

absorption scattering
1 photon 2 photon
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Connection between scattering and
absorption (l)

(a) Photoelectric absorption

2 o
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Connection between scattering and

absorption (ll)
fQ.E) =f°Q)+ f'(E) +if"(E)

£°(Q)Thompson scattering from alll
electrons

f'(E;) Resonant scattering
f"(E;) Resonant absorption

f'and f"" are related to one-
another

Elements of modern x-ray
L?Br'ggkhaven‘ physics by Jens Als-Nielsen
National Laboratory and DeS MCMOITOW
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Instrumentation

Hard x-rays vs. soft x-rays
Elastic vs. inelastic
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Soft x-ray vs. hard x-ray

Hard x-rays have 4 ~ d in Si
Bragg’'s law nA = 2d sin 6

Soft x-rays have A > d in suitable crystals |
Grating equation mA = dy(sin a + sin )

%
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Inelastic scattering (l) hard x-rays

Key issue: angular acceptance
Diced crystal analyzer

Diced
analyzer

~ 5
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Inelastic scattering (ll) soft x-rays

Spherical variable line spacing grating
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ISR NSLS-II

Hard x-ray
REXS

Some other
beamlines

P09 DESY
Sector 6IDB APS
116 DLS

Example 1 was
done with P09
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Hard x-ray
RIXS

Some other
beamlines

ID20 ESRF
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Soft x-ray
REXS CSX NSLS-II

Some other
beamlines

REIXS CLS
Sector 29 APS
BL 11 ALS

110 DLS
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Soft x-ray RIXS

SIX NSLS-II

Some other beamlines: 112 DLS, ID32 ESRF
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Example 1: REXS
Spin direction in proximate
Kitaev magnet
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Kitaev magnetism in RuCl,

Quantum spin liquid with

Majorana Fermions SYSY  (Y-bonds)
S*S% (Z-bonds)

S*S*  (X-bonds)

32
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Azimuthal scan
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Example 2: RIXS
Oxygen states In
superconducting nickelates
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Superconducting
nickelates

Possible analogs of cuprate
superconductors

Role of oxygen states

Strength of magnetism

k}‘ Brookhaven D. Li et al., Nature 572, 624-627 (2019)
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Ni
Upper Hubbard T
A

Oxygen 2p -
Ni T
Lower Hubbard
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G. Pan et al., Nature Materials 21, 160-164 (2022)



RIXS

Ni L-edge RIXS O K-edge RIXS
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Extended versions of
resonant scattering
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REXS imaging

A Circular flipping ratio F_,

Nanobeam magnetic ] 0
diffraction imaging of ~0.01
Gd;Fe:0,, at Gd L, edge j)’-gim

P. Evans et al., Sci. Advances 6
eaba9351 (2022)
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Ultrafast study of
magnetism Sr;ir,0,

Magnetic state gets “stuck” in
suppressed state

Spin-gap bottleneck?

SrylrO4 Sr3lr,O4

(m, m)

~ [t=-05ps ® é ¢ Equi. [t=0ps

210 ¢ ot

£

&

> b
a 5 ; &
c

3

= B

t=2ps t=5ps

/4
J‘ <5
t=1ps
10
5 .," e
ok 22

Intensity (arb. u.)

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Energy Loss (eV) Energy Loss (eV) Energy Loss (eV)

(m, 0)

IS

Intensity (arb. u.)

N

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Energy Loss (eV) Energy Loss (eV) Energy Loss (eV)

-------
.....

206
S 5.2 m)/cm?
9.7 mj/cm?
0.4 4 14.2 mj/cm?
18.7 mj/cm?
23.2 mj/cm?
0.2 1 27.7 mj/cm?

® 32.2mj/cm?

3 4 s 6 7
Delay (ps)

D. Mazzone, D. Meyers, ... MPMD
et al., PNAS 15, 601-605 (2021)

Intensity (arb.u.)

Intensity (arb. u.)



Conclusions

. Feedback
Resonant scattering uses
Lecture — 9:45 — 10:45
X- ray CO.re hOIe StateS tO Resonant elastic and inelastic scattering - Mark Dean
access impo rtant https://forms.office.com/g/QR5WYreeUh

information that is
Inaccessible to regular-
ray scattering

The technique is readily
extensible and can be
performed in imaging,
time-resolved, and
ultrafast modes
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