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Particle-in-a-box: the simplest quantum problem
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Particle in a box to the band theory of solids
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Many electron states
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Many electron states

Fermi surface of Cu
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Uncorrelated electron systems

Electron-electron interactions do not dominate material behavior

Well-established theoretical framework describes most properties
of semiconductors (Si,Ge,GaAs), good metals (Cu,Ag,Al,Au)

Correlated electron systems

Electron-electron interactions dominate material behavior
Often includes magnetism, more exotic behavior
Theoretical treatment is very limited

High potential for applications and interesting basic science
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Collective excitations in
materials

* “Fields” of spin, charge, nuclear
displacement self organize according to
interactions and confining potential

« Disturbances in the pattern form excited
states relevant to material behavior

Inelastic X-ray scattering can probe
many different fundamental excitations
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Elastic waves

e Materials can distort in wavelike patterns, typical of transverse waves on a string

A common wave equation:
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permits solutions of the form:  f(x — vt)

All waves move at the same speed, regardless of wavelength

Dispersion relation for waves on a string
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Linear dispersion also found in:
X-rays and light
Sound at long wavelengths
Shallow water waves
Gravitational waves
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What about atomic scale disturbances?

e Consider monatomic 1D chain and wavelengths approaching lattice parameter a
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Loosely, each k value refers to a different "phonon mode”



How do X-rays scatter from atoms?

Before collision After collision

Recoiled atom

Synchrotron Z Q

X-ray photon

- |
- 2

\ 4

Atom at rest

@ = Ef - EZ is the momentum delivered to the atom N .
k \_J Q

« Off resonance, an X-ray can cause an atom to recoil in a momentum
conserving collision




How do X-rays scatter from crystals”

Synchrotron 5
Xrayphoton *  grystalatrest -
— >
K
— - —
Q = f - ]gz is the momentum delivered to the crystal

« Probability of scattering off of a given phonon is strong when
the displacements are along Q



Polarization of phonons

e Atoms can move in three directions, different dispersion for different directions
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Measuring acoustic phonons with IXS

Q sets the direction of atomic displacements

« Polarization of atomic displacement wrt reduced g can be
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What about more complicated unit cells?
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°honons throughout the Brillouin zone

Diamond phonon
dispersion relation
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Raman=inelastic light scattering

Sample molecules
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How can we disperse X-rays according to energy/wavelength?

Index of Refraction = (1-delta)-i(beta)
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Diffracting X-rays crystals

Si Ge LiNbO4

« Collecting inelastically scattered photons requires high
quality, large, diced, bent crystal analyzers

 APS is a world leader in analyzer development




High Energy Resolution Inelastic X-ray Scattering

Sector 30, Advanced Photon Source, Argonne National Lab
23,724 eV incident energy

<1 meV incident bandwidth

Resolving power E/AE= 2x107 Argcgnneo

ATIONAL LABORATORY

9 analyzers sample, 9 momenta transfers simultaneously, 9m
arm

1.5 meV energy resolution
20um x 5um spot size

Measures energy and momentum distribution of lattice
vibrations S(¢, w)




PHYSICAL REVIEW B 105, 094105 (2022)
Kohn anomaly and elastic softening in body-centered cubic molybdenum at high pressure
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PHYSICAL REVIEW B 78, 104121 (2008) PHYSICAL REVIEW MATERIALS 1, 070603(R) (2017)

Central peak and narrow component in x-ray scattering measurements Negative thermal expansion near two structural quantum phase transitions
near the displacive phase transition in SrTiO;
e : (a) ScF
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S(R,w)(ard)

as the “freezing” of a phonon mode

Cubic Tetragonal

Sr 5
e
A
»R
High temperature structure Low temperature structure
8F (a)Ixs T, +12K al sl
& s ScF3

- 5 e 0 50 100 150 200 250 300 O 0 50 100 150
s =al Lo’ T(K)
o S o,
@ 0:’ 7 7 - N
2 s ) ~1.004 o MO(d)HgLc T 2
2 2 ’ () = O
AT ¢ 2 T P o
= X < 1.002 = M 0.9998 — =

S / g o : _2%

' 21000 103 = El

4 ) . L & ) F 0009 e
Energy (meV) ere m e 0.998 400 800 1200 N 050 100 160 200 250 300
Temperature (K)

) ) Temperature (K) Temperature (K)
Journal of the Ceramic Society of Japan 127(6):404-408 (2019) '




Non-phonon |XS-active excitations

e Different d electron orbitals have different
energy when placed in a crystal

* Gives rise to “crystal field excitations”
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Nonresonant Inelastic X-Ray Scattering and Energy-Resolved Wannier Function Investigation

of d-d Excitations in NiO and CoO
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Non-phonon [XS-active excntahons

PRL 99, 026401 (2007) PHYSICAL REVIEW LETTERS
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What is this?

The emission A flat rainbow snake A fashionable belt Balmer series of There is more than

spectrum of a emission by hydrogen one correct answer
star at z=0 redshift




Balmer series

e Describes transitions between quantized energy levels in hydrogen (one proton, one electron)
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Atomic transitions in solids

Hydrogen atom Multi-electron

atom in solid

3s,3p,8d —
28, —

1s

2p



Atomic transitions in solids

Hydrogen atom Multi-electron

atom in solid
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RIXS - Resonant [XS

» Like IXS, but uses a resonant edge to enhance electronic signal
« Can excite electrons and things they couple to (phonons, magnons, excitons)

» Understanding resonances topic of next talk, some intro here
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X-ray edge absorption...
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Copper K (example)
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How do X-rays scatter from atoms...
....when they are tuned to an atomic resonance?

Before collision After collision
Recoiled =
Synchrotron excited atom Q
X-ray photon / X
g -
o~ - | J | , o@{
= .43‘ (I/)e
— S 0*
s,
Atom at rest kf\‘ 9,

Q = kf - k; is the momentum delivered to the atom

« On resonance, an X-ray can cause an atom to recoil and become
electronically or magnetically excited in a momentum conserving collision



Mott gap dispersion in high-Tc cuprates
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A = paramagnetic B = ferromagnetic
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C = antiferromagnetic D = ferrimagnetic
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T¢ T¢ T¢ T¢ T¢T¢

Magnetic interactions between magnetic
ilons can lead to ordered states

Disturbance in order forms “spin waves”
or “magnons”

Like sound, magnons carry momentum
and energy

Dispersion relation is important



Magnetic excitations via RIXS

- 2008 Cu K edge RIXS showed N LawCUO
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Extended interactions in a Mott insulator Sro-CuQO2Clo

Excitation energy
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lron pnictide superconductors and Correlated 5d systems
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Normalized Intensity

Other RIXS highlights
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Future technigue directions with RIXS

Time-resolved RIXS - XFEL - Higher energy resolution
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Thank you!
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