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Electric currents and polarization I

Electric polarization expressed by wave function
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Electric currents and polarization II

Electric polarization expressed by wave function
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Velocity operator
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Electric currents and polarization III

Electric polarization expressed by wave function
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Bloch wavefunction and its periodic part
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Electric currents and polarization IV

Heisenberg Equation of Motion
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dt

= [r; H]

iℏv = [r; H]

Bloch wavefunction and its periodic part
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Electric currents and polarization V

Electric polarization expressed by wave function
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Electric currents and polarization VI

First-order perturbation theory
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Electric currents and polarization VII

Electric polarization expressed by wave function
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Electric currents and polarization VIII

Electric polarization expressed by wave function
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Electric currents and polarization IX

Electric polarization expressed by wave function
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Electric currents and polarization X

Electric polarization expressed by wave function
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Electric currents and polarization XI

Example: Orthorhombic unitcell
Case: (k˛; k‚) = (0; 0) sampling , G˛ = 2ı

b
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Electric currents and polarization XII

What is a Chern number in k¸ ` t space?
Electron moves a = hx(T )i ` hx(0)i, i.e., v¸T = a.
Chern number C is given by 2ıC as an integrated Berry
curvature over any 2D manifold.

Example: one electron in a unit cell (C = 1)
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Computing Electric Polarization I

Numerical calculation of Berry Phase
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Computing Electric Polarization II

Numerical calculation of Berry Phase
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Computing Electric Polarization III

Numerical calculation of Berry Phase
A = logS $ expA = S

det exp A = exp tr A, log detS = tr logS
Snm(k; k0)jk=k0 = ‹mn
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Computing Electric Polarization IV

Numerical calculation of Berry Phase
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Computing Electric Polarization V

Numerical calculation of Berry Phase

P¸(t) =
e

8ı3

Z

dk˛dk‚

Im lim
´k¸!0

J`1
X

s=0

log detSnm(k¸;sk¸;s +´k¸)

19 / 21



Expectation value of position operator in PBC

Ill-defined position operator in PBC

 k(x+ L) =  (x)
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Resta’s definition of position operator in PBC
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Expectation value of position operator in PBC
II

Resta’s definition of position operator in PBC and
electric current for thermodynamic limit
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