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subject to time-dependent
electromagnetic fields

Consider microscopic charge and current densities
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Independent particle approximation
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gauge independent

In general:

calculate results in Wannier basis,
then convert to Bloch state basis

general 
approach
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Metal
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Metal
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Beyond the “long wavelength” limit
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initial focus on topologically trivial insulators



Linear response
Beyond the “long wavelength” limit
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Linear response
Beyond the “long wavelength” limit
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gauge independent
gauge dependent

initial focus on topologically trivial insulators
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almost done

gauge independent
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almost done

gauge independent

From 𝝎 → 𝟎 limit extract the static magnetic susceptibility 
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many more contributions!
almost done

gauge independent

From 𝝎 → 𝟎 limit extract the static magnetic susceptibility 

Still an open issue in the literature, 
even for insulators in the 
independent particle approximation

arXiv: 2306.03820
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Including quantum optical effects

…work in progress….



Overview
The story for molecules and atoms
Generalizing to condensed matter
Some results
Perspective
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coupling calculations
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once macroscopic fields are calculated
from spatial averaging, it is easy to extract
multipole expansions: 

electric
dipole term
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dipole term

electric
quadrupole term+

+ ...
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With ”lattice site polarizations and magnetizations”
introduced, it is possible to take the 
“molecular crystal” limit of crystals and see 
how the response is affected by the ability of 
electrons to ”move through” the lattice. 
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Use this opportunity!
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quantities to explore
best definitions for

bulk quantities
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“Optical alchemy”


