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Charge Pumping and Ω𝑘𝑘𝑘𝑘

 Charge pumping by an adiabatic process.

 Amount of charge pumped:

𝑄𝑄 = ∫ 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 Ω𝑘𝑘𝑘𝑘 𝑘𝑘 ,   Ω𝑘𝑘𝑘𝑘 = 𝑖𝑖 𝜕𝜕𝑡𝑡𝑢𝑢𝑘𝑘 𝑡𝑡 𝜕𝜕𝑘𝑘𝑢𝑢𝑘𝑘 𝑡𝑡 − 𝑘𝑘 ↔ 𝑡𝑡 .

 In the wave-packet theory: ̇⃗𝑟𝑟 = 𝜕𝜕𝑘𝑘𝜀𝜀𝑘𝑘 − Ω𝑘𝑘𝑘𝑘.

(S. Nakajima et al., Nature Phys. `16)



Photovoltaic Effect in Weyl Semimetals
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Circularly polarized light onto a generalized Weyl Hamiltonian



Emergent Electromagnetic Induction

k-dependence of Ω𝑘𝑘𝑎𝑎𝑡𝑡

 Plot of Ω𝑘𝑘𝑥𝑥𝑡𝑡,Ω𝑘𝑘𝑧𝑧𝑡𝑡 at 𝑘𝑘𝑦𝑦 = 0. Length 
of vectors given by 

∝ log( Ω𝑘𝑘𝑥𝑥𝑡𝑡
2 + Ω𝑘𝑘𝑧𝑧𝑡𝑡

2 ).

 Dipole like structure of Ω𝑘𝑘𝑘𝑘.

 For linear Weyl semimetals, the 
summation inside the Fermi surface 
cancels out; no dc component. 

Ω𝑘𝑘𝑎𝑎𝑡𝑡 𝑘𝑘 = 𝜕𝜕𝑡𝑡𝐴𝐴𝑎𝑎 𝑘𝑘 − 𝜕𝜕𝑎𝑎𝐴𝐴𝑡𝑡 𝑘𝑘



Emergent Electromagnetic Induction
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Calculation of Current

Electric Current:

𝑗𝑗𝛼𝛼 𝑡𝑡 = �
𝑑𝑑𝑑𝑑𝑘𝑘
2𝜋𝜋 𝑑𝑑 Ω𝑘𝑘𝛼𝛼𝑡𝑡 𝑘𝑘, 𝑡𝑡 𝑓𝑓 𝑘𝑘, 𝑡𝑡

dc current of the Weyl semimetals:

𝐽𝐽𝑧𝑧± = ±𝜋𝜋
16 10𝑣𝑣4 − 10𝑣𝑣2𝑣𝑣𝑧𝑧2 + 8𝑣𝑣𝑧𝑧4 𝛼𝛼12 + 28𝑣𝑣𝑣𝑣𝑧𝑧 5𝑣𝑣2 − 14𝑣𝑣𝑧𝑧2 𝛼𝛼1𝛼𝛼3 − 79𝑣𝑣2𝑣𝑣𝑧𝑧2𝛼𝛼32

630 𝑣𝑣6𝑣𝑣𝑧𝑧4
𝜇𝜇2𝑔𝑔2𝜔𝜔𝐸𝐸2,

Second harmonic generation (in linearly polarized light):

𝐽𝐽𝑧𝑧± 2𝜔𝜔 = ∓𝜋𝜋𝜋𝜋𝜋𝜋
6𝑣𝑣2 − 4𝑣𝑣𝑧𝑧2 𝛼𝛼1𝛼𝛼3 − 3𝑣𝑣𝑣𝑣𝑧𝑧𝛼𝛼32

15𝑣𝑣4𝑣𝑣𝑧𝑧3
𝜇𝜇2𝑔𝑔𝑔𝑔𝐸𝐸2sin 2𝜔𝜔𝜔𝜔
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