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• Introduction: how differently?

• Multiphaseted materials and superconductivity

• Probing phases and their signatures

• Examples: phase coexistence in NbSe2 and LSCO

• Conclusion: same phase… different faces
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Summary



(I did not come up with this title…)

Kanoda, 2022
Paschen&Si, 2021

Physics of condensed matter

Understanding low-energy state of nucleus and electron assembly 
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https://www.europhysicsnews.org/articles/epn/abs/2021/04/epn2021524p30/epn2021524p30.html


Explaining the –ly
The constructionist hypothesis breaks
down when confronted with the twin
dificulties of scale and complexity. The
behavior of large and complex
aggregates of elementary particles, it
turns out, is not to be understood in
terms of a simple extrapolation of the
properties of a few particles. Instead,
at each level of complexity entirely
new properties appear, and the
understanding of the new behaviors
requires research […] inspiration and
creativity to just as great a degree as
in the previous one.

Anderson, 1972
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https://www.science.org/doi/10.1126/science.177.4047.393


Explaining the –ly… 
Fifty years later
Strongly correlated electron systems
host a tremendous variety of
fascinating macroscopic phenomena
[…] the essential physics of many of
these systems is still not understood,
and we do not have a overall
perspective on strong electron
correlations. Moreover, our predictive
power for such systems is lacking.
[…] Is a unified perspective even
possible? Or is the “Anna Karenina
Principle” in effect – all non-interacting
systems are alike; each strongly
correlated system is strongly
correlated in its own way?

Alexandradinata&al., 2020
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https://arxiv.org/abs/2010.00584


Multiphaseted materials

Keimer&al., 2015
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Alexandradinata&al., 2020
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https://www.nature.com/articles/nature14165
https://arxiv.org/abs/2010.00584


The superconducting state
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The superconducting state
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Bardeen, Cooper&Schrieffer, 1957 Ginzburg&Landau, 1950
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.108.1175


Collective modes of superconductors

• Fluctuations of the complex
order parameter

𝜓 → 𝜓0 + 𝛿𝜓 𝑒𝑖 𝜃0+𝛿𝜃

• 𝛿𝜓 amplitude or Higgs
fluctuations have mass 2∆

• 𝛿𝜃 phase or Goldstone
fluctuations are massless

• Do not miss the quasiparticle
continuum!

𝑞

𝜔

2∆
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Probing collective modes…
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Probing collective modes…
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Nicoletti&Cavalleri, 2016 Udina&al., 2019/ Udina&al., 2022
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https://arxiv.org/abs/1608.05611
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.100.165131
https://pubs.rsc.org/en/content/articlelanding/2022/FD/D2FD00016D


An example: NbSe2
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Grasset&al., 2018/ Cea&Benfatto, 2014
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.97.094502
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.90.224515


An example: NbSe2
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Feng&al.,2022
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http://arxiv-export3.library.cornell.edu/abs/2211.10947


Perspective: LSCO
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Feng&al.,2022

http://arxiv-export3.library.cornell.edu/abs/2211.10947
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Conclusion: same phase… different faces

Libbrecht, 2005

Bentley, 1902

https://iopscience.iop.org/article/10.1088/0034-4885/68/4/R03
https://en.wikipedia.org/wiki/Wilson_Bentley#/media/File:SnowflakesWilsonBentley.jpg
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