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Charge Order



Prototype CDW

ID TN

 ff

Sir Rudolf Peierls




Prototype CDW

- (absence of) nesting in 2 and 3D

N c

A.W. Overhauser, Phys Rev 128, 1437 (1962).

- Coulomb (and other) interactions
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Oversimplified picture - Structured coupling

- Orbital structure



Structured coupling



Kohn anomaly
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Structured e-ph coupling Peierls: prevent
unphysical instability
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Orbital structure



l: quantum chemistry

Atomic displacement:

Orbital structure:
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ll: degenerate orbitals

Atomic displacement:
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Orbital structure:
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Charge redistribution:

in SDW: JMMM 290, 318 (2005)




= @ Henke, PhD thesis (2022)

lll: multipole expansion
Atomic displacement:

Monopole Charge redistribution:
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lll: multipole expansion
Atomic displacement:
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Orbital structure:
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lll: multipole expansion
Atomic displacement:
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Charge redistribution:
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Orbital structure:
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= @ Henke, PhD thesis (2022)

lll: multipole expansion
Atomic displacement:
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Titanium di-Selenide

(orbital structure)



e Quasi 2D, layered material

e Commensurate charge density

wave transition at 202 K
e charge transfer from Se 4pé to Ti 3d°

e Suggested chiral CDW phase
e debated: no direct evidence
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Charge and orbital order







Charge and orbital order
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Charge and orbital order
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Charge and orbital order
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Charge and orbital order

| Transverse dipole CDW
+ Quadrupole CDW {
= QOrbital order |
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Observing orbital structure



RXS at the Ti K-edge
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Two families of peaks:

1. "normal” CDW peaks
allowed already off-resonance
suppression near resonant edge:
Thomson scattering from atomic cores

2. "anomalous" CDW peaks
forbidden off-resonance
peaked at pre-edge:
reflections due to orbital transitions

=> Orbital occupation on Ti has
lower symmetry than "normal” CDW

cf. RXS at Se K-edge: PRR 3, L022003 (2021)



D (ev~1)

Consistent with broken inversion
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Broken inversion: hybridization between 3d and 4p
=> yields resonant scattering at pre-edge

PRR 4,033053 (2022) cf. ATS at Se K-edge: PRR 3, L022003 (2021)
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Conclusions

» Charge order can be understood quantitatively in real materials, if:

* The momentum and orbital structure of the electron-phonon
coupling is taken into account

» This solves many apparent mysteries:
* Fermi arcs and pseudogap in NbSe>
Quantum phase transitions under strain in NbSe>
Gap structure and thermal evolution of NbSe; and VSe;

Orbital order in TiSe2, as seen by recent REXS experiments

» The links between atomic displacements, charge redistribution, and orbital
occupation can be efficiently described in terms of multipole charge order



