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Experimental technique
ultrasound spectroscopy
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Ultrasound imaging
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Image credits: Pavel student and Vision College (CC-BY-SA)

https://commons.wikimedia.org/wiki/File:Ultrazvuk1.jpg
https://commons.wikimedia.org/wiki/File:Sonographer in action .jpg


Acoustic resonance
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Image credits: Brian0918 and Andy Dingley (CC-BY-SA)

https://commons.wikimedia.org/wiki/File:Tuning fork on resonator.jpg
https://commons.wikimedia.org/wiki/File:Helmholtz resonators (Hunterian museum).jpg


Mechanical resonance in solids
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Geophys. J. Int. 156, 154 (2004)

http://doi.org/10.1111/j.1365-246X.2004.02093.x
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Resonant ultrasound spectroscopy

Resonance frequencies depend on:

elastic constants (Cij)

sample shape

sample dimensions
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Image credit: ZfP, TU M�unchen (CC-BY-NC)

https://wiki.tum.de/display/zfp/Resonant+Ultrasound+Spectroscopy


Example: unconventional superconductivity

PuCoGa5: tetragonal structure (P4/mmm), 6 elastic constants
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65 resonances!

PNAS 112, 3285 (2015) and Phys. Rev. B 70, 104504 (2004)

http://doi.org/10.1073/pnas.1421174112
http://doi.org/10.1103/PhysRevB.70.104504


Example: unconventional superconductivity
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Probe of electronic e�ects

via lattice response

Precise measurement

of elastic constants

PNAS 112, 3285 (2015)

http://doi.org/10.1073/pnas.1421174112
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Experimental technique
infrared spectroscopy
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Experimental setup
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Image credit: David Neubauer, PhD thesis



Interferometer: operation principle

Moving mirror modulates the interference signal

It can be �decoded� into a frequency dependence
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Image credit: Sanchonx (public domain)

https://commons.wikimedia.org/wiki/File:FTIR_Interferometer.png


Interferometer: operation principle
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Image credit: David Neubauer, PhD thesis



IR spectrum: optical phonons

Light polarization (direction of E ) chooses di�erent modes

depending on their symmetry (orientation of µd)
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Phys. Rev. B 86, 174104 (2012)

http://doi.org/10.1103/PhysRevB.41.1921
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Phys. Rev. B 86, 174104 (2012)

http://doi.org/10.1103/PhysRevB.41.1921


IR spectroscopy in geoscience
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J. Appl. Meteorology and Climatology 51, 1164 (2012)
Image credits: Summer kamal el deen and Rod Waddington (CC-BY-SA)

https://www.jstor.org/stable/26175165
https://commons.wikimedia.org/wiki/File:Men in desert.jpg
https://commons.wikimedia.org/wiki/File:Queen Elizabeth Park, Uganda (15926687108).jpg


Periodicity of phonon dispersion
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Image credit: S. Hunklinger, Festk�orperphysik

https://www.degruyter.com/document/doi/10.1515/9783110567755


1st Brillouin zone: Primitive cubic lattice
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1st Brillouin zone: Primitive cubic lattice
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1st Brillouin zone: fcc lattice
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Image credit: S. Hunklinger, Festk�orperphysik

https://www.degruyter.com/document/doi/10.1515/9783110567755


1st Brillouin zone: fcc lattice
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Phonon spectrum
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9 atoms

(per unit cell)

27 phonon bands

Phys. Rev. Materials 6, 094801 (2022)

http://doi.org/10.1103/PhysRevMaterials.6.094801


Experimental technique
inelastic x-ray/neutron/light scattering
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Stokes vs. anti-Stokes
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anti-Stokes lines

appear

Image credit: S. Hunklinger, Festk�orperphysik

https://www.degruyter.com/document/doi/10.1515/9783110567755


Inelastic x-ray scattering
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Image credit: Gross and Marx, Festk�orperphysik



Inelastic x-ray scattering
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Image credit: Gross and Marx, Festk�orperphysik and ESRF



Raman (inelastic light) scattering
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probes optical phonons

at q = 0 (Γ-point)

almost any

sample environment!

Image credit: Toommm (CC-BY-SA)

and Nature 529, 63 (2016)

https://commons.wikimedia.org/wiki/File:Setup Raman Spectroscopy adapted from Thomas Schmid and Petra Dariz in Heritage 2(2) (2019) 1662-1683.png
http://doi.org/10.1038/nature16164


Raman (inelastic light) scattering
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probes optical phonons

at q = 0 (Γ-point)
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Image credit: Toommm (CC-BY-SA) and Nature 529, 63 (2016)

https://commons.wikimedia.org/wiki/File:Setup Raman Spectroscopy adapted from Thomas Schmid and Petra Dariz in Heritage 2(2) (2019) 1662-1683.png
http://doi.org/10.1038/nature16164
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L�eon Brillouin

1889�1969

1908�1912: study in Paris
(Sorbonne and Coll�ege de France)

1912�1913: internship in Munich
with Arnold Sommerfeld

1920: PhD thesis, interaction between
electromagnetic and elastic waves
(Brillouin scattering)

1926: WKB approximation

1927: quantum theory of paramagnetism,
Brillouin function

1930: concept of Brillouin zones

Sommerfeld: �Do you know Bessel functions?
Calculate propagation of electromagnetic
waves around Earth�

Sommerfeld, 2 months later: �Well, I see that you
don't have background for it. Then calculate
propagation of electromagnetic waves in a crystal�
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Raman vs. Brillouin scattering
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Nature Photonics 15, 720 (2021)

http://doi.org/10.1038/s41566-021-00836-5

