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Nonlinear light-absorption process of non-centrosymmetric crystals

Large photovoltage (above band-gap)

Studied in the 70-80's, renewed interest today

 

  

Bulk photovoltaic effect

Usual photovoltaics
need of an interface between 

two different materials

Bulk photovoltaics
one homogeneous material with 

broken inversion symmetry

Wikipedia Tan etal,  NPJ Comp. Mat. (2016)

Book: Sturman & Fridkin (1992)



Early measurements

Perpendicular
pol.

Parallel
pol.



Recent interest: connection to topology

Science Advances 2016



Recent interest: 2D materials

Order of magnitude 
 enhancement of 

conductivity in 2D 

Typical bulk values



Recent interest: 2D materials

Zhang et. al. Nature (2019)



Recent interest: 2D materials

Zhang et. al. Nature (2019)



Recent interest: topology and Weyl semimetals

Experiment

Calculations



And many more



First-principles scheme: 

● Wannier interpolation of the shift photocurrent

Applications: 

● Dipole selection rules in graphitic BC2N

● Variety of nonlinear responses in Weyl semimetal TaIrTe4

 

  

Outline



Shift current response

Second order DC response to external electric field

Shift photoconductivity 

Transition matrix elements

  

● Dipole :

● Covariant derivative:

Troublesome quantity due to k-space 
phase indeterminacy of Bloch states

Sipe and Shkrebtii PRB 2000 



Sum-rule expression

  

Cook et. al., Nat. Comm. 2017

Aversa and Sipe, PRB 1995
Sipe and Shkrebtii, PRB 2000

 

Strategies for calculating the generalized derivative

Unbounded sum over virtual states:
truncation error

Amenable to tight-binding formulation



Discretized expression

  

Young, Zheng and Rappe, PRL 2012, Tan and Rappe, PRL 2016; 
Tan, Rappe et. al., NPJ 2016; Wang, Rappe et. al., Nat. Comm. 2016

Strategies for calculating the covariant derivative

King-Smith and Vanderbilt, PRB 1993
Young and Rappe, PRL 2012

Suitable for regular k-space grids
commonly used in DFT calculations 

Can become computationally heavy, 
need of many k-points calculated 

from first principles 

See also:



Discretized expression

  

Young, Zheng and Rappe, PRL 2012, Tan and Rappe, PRL 2016; 
Tan, Rappe et. al., NPJ 2016; Wang, Rappe et. al., Nat. Comm. 2016

Strategies for calculating the covariant derivative

King-Smith and Vanderbilt, PRB 1993
Young and Rappe, PRL 2012

See also:

(Shift + phonon-assisted ballistic current)

Dai, Schankler, Gao, Tan and Rappe
PRL, 126, 177403 (2021)



  

Wannier interpolation

Strategy: k dot p perturbation theory within subspace of Wannierized bands

Wannier 
window

Wang, Yates, Souza and Vanderbilt PRB 74, 195118 (2006)

Yates, Yates, Vanderbilt and Souza PRB 75, 195121 (2007)







  

Final expression for the shift current contains many terms, 
but all are calculated from two matrix elements:

See also Wang, Liu, Kang, Gu, Xu and Duan PRB 96, 115147 (2017)

Hamiltonian Position

Wannier interpolation



  

Main advantages

Exact treatment of the sum-over-states contribution:
no truncation error

Efficient calculation thanks to Wannier interpolation:
 beyond 106 k-points feasible, 

reduce computational time heavily 

Implemented into Wannier90 v.3 on and  WannierBerri

G. Pizzi et. al., J. Phys. Cond. 
Matt. 32, 165902 (2020)

S. S. Tsirkin, npj CM 7, 33 (2021)



  

Wannier interpolation + Many-body effects



First-principles scheme: 

● Wannier interpolation of the shift photocurrent

Applications: 

● Dipole selection rules in graphitic BC2N

● Variety of nonlinear responses in Weyl semimetal TaIrTe4

 

  

Outline
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Search for non-trivial response: graphitic BC2N

Space group 25 Pmm2,
A2 polytype: no inversion symmetry
Pan, Sun & Chen, PRB 2006

Top view of adjacent layers

z

Side view

Weakly coupled layers

Quasi-2D properties

Large shift current response expected
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Band structure

Band edge
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Shift-current spectrum
● Large magnitude for a semiconductor
● Peaks in the suitable energy range

(106 k-points needed to converge integrals)
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Shift-current spectrum

Band-edge region:
current only flows 

perpendicular to field

(parallel) (perp.)

J

E J

E

… why?

Band-edge region:
current only flows 

perpendicular to field
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Back to the structure

Mirror
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Band-edge mirror eigenvalues

Band edge

Opposite
parities

+

+

Mirror-invariant line

Band-edge states have 
definite mirror parity:

two possible eigenvalues
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Microscopic matrix element

1. States have same parity 2. States have opposite parity

+

+

+

Dipole selection rules, distinguish two cases:
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Microscopic matrix element

Dipole selection rules, distinguish two cases:

1. States have same parity 2. States have opposite parity

+

+
J

E

+

 Perpendicular flow

J

E

Parallel flow
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Material realization

1. States have same parity 2. States have opposite parity

+

+

+

Realized in monolayer GeS

Rangel et. al., PRL 2017
Cook et. al., Nat. Comm. 2017

Realized in graphitic BC2N

J

E

 Perpendicular flow

J

E

Parallel flow



First-principles scheme: 

● Wannier interpolation of the shift photocurrent

Applications: 

● Dipole selection rules in graphitic BC2N

● Variety of nonlinear responses in Weyl semimetal TaIrTe4

 

  

Outline



130 mA/W: ranks amongst largest photoresponses reported to date

Optical measurements in TaIrTe4



TaIrTe4: basic facts

• Type II Weyl semimetal
• Space group Pmn21, acentric
• 4 metallic bands 
• 2 pairs of Weyl points are in the kz = 0 

plane, ~70 meV above Fermi level



Shift-current transition matrix element between Weyl bands

(3 x 106 k-points employed)



Shift-current transition matrix element between Weyl bands

Pronounced enhancement of integrand at the Weyl points



Shift-current transition matrix element between Weyl bands

... but they do not contribute due to occupation factors

Large enhancement of integrand at the Weyl points



Third-order contribution: d.c. electric field (“built-in”)

Beyond the quadratic response



Accounting for a d.c. field: competing effects

● Semiclassical prescription:

→ ”current-induced” shift and injection currents



● Semiclassical prescription:

→ ”current-induced” shift and injection currents
● Intrinsic third-oder d.c. current: the jerk current

Accounting for a d.c. field: competing effects



● Semiclassical prescription:

→ ”current-induced” shift and injection currents
● Intrinsic third-oder d.c. current: the jerk current

Accounting for a d.c. field: competing effects



Size and polar distribution of the various third-order terms

Estimates for the d.c. field and relaxation time:



Size and polar distribution of the various third-order terms



First-principles scheme: 

● Wannier interpolation of the shift photocurrent

Applications: 

● Dipole selection rules in graphitic BC2N

● Variety of nonlinear responses in Weyl semimetal TaIrTe4

● Many body effects 

 

  

Bonus!



Garcia-Goiricelaya, Krishna, IA PRB 107, 205101 (2023)
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