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Intrinsic photocurrent generation – second-order response



Intrinsic photocurrent: a broadband approach

Ma, et al., Nature Materials 20, 1601 (2021) Review article
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Different mechanisms for intrinsic photocurrent
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Berry curvature dipole effect
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Nature 565, 337–342 (2019); Nature Physics 14, 900 (2018)

Intraband and interband Berry curvature dipole
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Circular photogalvanic effect (CPGE)

Dipole distribution of Berry curvature

Optical selection rules
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Scanning Photocurrent Microscopy

Electrical current driven solely by the light
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14Ma, et al., Nature Nano. (2019)

Photocurrent in graphene with broken symmetry
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Topological Weyl semimetal
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Shift current in Type I Weyl TaAs
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Shift current in Type II Weyl TaIrTe4

Approaching commercial 
low-temperature detectors



Chiral light and Chiral fermion
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Berry curvature (Chirality) selection rules in Weyl semimetals
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Cancellation can be lifted if the crystal symmetry allows the response.

k // light

Berry curvature

0

+

-

𝜒 = +1

EF

𝜒 = −1

A dramatic example will be shown. 

Pauli Blockade



TaAs

ka
kb

kc𝑱𝐂𝐏𝐆𝐄

Ma, et. al., Nature Phys. (2017)
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A dramatic example of the effect of Pauli blocking



Symmetry transformation of the chirality of Weyl nodes

χ = +1

Mirror symmetry

χ = -1

χ = -1χ = +1 andWith mirror symmetries, must be at the same energy. 
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The circular photogalvanic e↵ect (CPGE) is the part of a photocurrent that switches depending
on the sense of circular polarization of the incident light. It has been consistently observed in
systems without inversion symmetry and depends on non-universal material details. We find that
in a class of Weyl semimetals (e.g. SrSi2) and three-dimensional Rashba materials (e.g. doped Te)
without inversion and mirror symmetries, the CPGE trace is e↵ectively quantized in terms of the

combination of fundamental constants e3

h2c✏0
with no material-dependent parameters. This is so

because the CPGE directly measures the topological charge of Weyl points near the Fermi surface,
and non-quantized corrections from disorder and additional bands can be small over a significant
range of incident frequencies. Moreover, the magnitude of the CPGE induced by a Weyl node is
relatively large, which enables the direct detection of the monopole charge with current techniques.

Introduction.- When the Fermi surface of a solid is close
to a linear crossing of two bands, the low-energy quasi-
particles are relativistic Weyl fermions [1–3]. This lin-
ear crossing, known as a Weyl node, is protected from
becoming gapped because it carries a monopole source
of Berry curvature, which leads to many unique experi-
mental consequences. Materials with this band structure
have recently been predicted [4, 5] and discovered [6–9],
primarily through observation in angle-resolved photoe-
mission of an unusual surface state known as a Fermi
arc. However, so far it has been challenging to find
truly quantized signatures induced by the existence of
the monopole, which would be analogous to the quantum
Hall e↵ect in two-dimensional systems or the half-integer
Hall e↵ect at topological insulator surfaces [10, 11]. The
principle that quantized e↵ects can exist in metallic sys-
tems is demonstrated by graphene, where for a broad
range of frequencies the transmission of incident light is
1�↵, where ↵ = e2/4⇡~c✏0 is the fine structure constant
[12].

A feature of Weyl fermions examined recently as a
potentially quantized linear response is the anomaly in-
duced chiral magnetic e↵ect [13–19]: the generation of
a current by an applied magnetic field. While it is now
clear that there is no equilibrium current [20], a finite cur-
rent is possible in the transport limit with the frequency
! ! 0 after the transferred momentum q = 0 [21–25].
This current has the same origin as natural optical activ-
ity or gyrotropy [26, 27]. It is determined by orbital mo-
ments rather than the chiral anomaly and its magnitude
depends on a non-universal material-dependent property:
the energy splitting between Weyl points. Other poten-
tial probes of the chiral anomaly are nonlinear responses
to both E and B [28, 29], which present a characteris-
tic angular dependence measurable in magnetotransport
experiments. Current measurements show a strong angu-
lar dependence [30, 31], albeit not consistent with chiral

anomaly based models. Other promising scattering pro-
posal could access distinct Weyl node properties [32, 33].

The main finding of this paper is that in a Weyl
semimetal where nodes of opposite chirality lie at dif-
ferent energies, the circular photogalvanic e↵ect (CPGE)
becomes a truly quantized response that depends only
on fundamental constants and the monopole charge of a
Weyl node. The CPGE is the part of a DC photocurrent
that switches with the sense of circular polarization. It
has been measured in a variety of conventional semicon-
ductors [34, 35] and more recently in topological insu-
lators [36, 37]. The typical magnitude of the CPGE at
low frequency corresponds to an observed switchable pho-
tocurrent j ⇠ 10 � 100 pA for incident intensity of I ⇠ 1
W over a cm-sized sample in quantum wells that have
time-reversal symmetry but low spatial symmetry [34].
It has been obtained theoretically as a Berry phase ef-
fect [38–40], possibly the first in nonlinear optics, but
there is no quantization: the e↵ect measures the strength
of the leading allowed Berry curvature term, which in
three-dimensional (3D) materials [40] can be viewed as
the dipole moment of Berry curvature.

In contrast, we find that that the CPGE induced cur-
rent for a Weyl point is quantized and given by

1

2


dj�
dt

�
dj 
dt

�
=

2⇡e3

h2c✏0
ICi =

4⇡↵e

h
ICi, (1)

where ↵ is the fine structure constant defined above, Ci is
the integer-valued topological charge of Weyl point i and
I is the applied intensity. In this equation, the currents
for left and right circular polarization j�, j are perpen-
dicular to the polarization plane, and summed over three
mutually orthogonal planes. As with optical transmission
in graphene, the quantization we find is not expected to
be exponentially protected as in gapped systems like in
the quantum Hall e↵ect, but it is still remarkable that
the monopole charge can be extracted from a standard
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CPGE in topological chiral crystal RhSi and CoSi

Flicker, et. al., PRB (2018)
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The circular photogalvanic e↵ect (CPGE) is the part of a photocurrent that switches depending
on the sense of circular polarization of the incident light. It has been consistently observed in
systems without inversion symmetry and depends on non-universal material details. We find that
in a class of Weyl semimetals (e.g. SrSi2) and three-dimensional Rashba materials (e.g. doped Te)
without inversion and mirror symmetries, the CPGE trace is e↵ectively quantized in terms of the

combination of fundamental constants e3

h2c✏0
with no material-dependent parameters. This is so

because the CPGE directly measures the topological charge of Weyl points near the Fermi surface,
and non-quantized corrections from disorder and additional bands can be small over a significant
range of incident frequencies. Moreover, the magnitude of the CPGE induced by a Weyl node is
relatively large, which enables the direct detection of the monopole charge with current techniques.
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1�↵, where ↵ = e2/4⇡~c✏0 is the fine structure constant
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! ! 0 after the transferred momentum q = 0 [21–25].
This current has the same origin as natural optical activ-
ity or gyrotropy [26, 27]. It is determined by orbital mo-
ments rather than the chiral anomaly and its magnitude
depends on a non-universal material-dependent property:
the energy splitting between Weyl points. Other poten-
tial probes of the chiral anomaly are nonlinear responses
to both E and B [28, 29], which present a characteris-
tic angular dependence measurable in magnetotransport
experiments. Current measurements show a strong angu-
lar dependence [30, 31], albeit not consistent with chiral

anomaly based models. Other promising scattering pro-
posal could access distinct Weyl node properties [32, 33].

The main finding of this paper is that in a Weyl
semimetal where nodes of opposite chirality lie at dif-
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becomes a truly quantized response that depends only
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has been measured in a variety of conventional semicon-
ductors [34, 35] and more recently in topological insu-
lators [36, 37]. The typical magnitude of the CPGE at
low frequency corresponds to an observed switchable pho-
tocurrent j ⇠ 10 � 100 pA for incident intensity of I ⇠ 1
W over a cm-sized sample in quantum wells that have
time-reversal symmetry but low spatial symmetry [34].
It has been obtained theoretically as a Berry phase ef-
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Time-resolved photocurrent measurement - THz emission
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Front. Optoelectron. 15, 12 (2022)
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CPGE measured through THz emission in chiral fermions

Flicker, et. al., PRB (2018)

Theoretical computation
of quantized CPGE in RhSi

Quasi-steady state
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Structure chirality controls the electronic chirality
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Chiral charge density wave

Quantum spin liquid  1T-TaS2

H. Fang, et al., Phys. Rev. Lett. 129, 156401 (2022)

J. Yin, et al., Nature Materials 20, 1353 (2021)

Kagome correlated metal KV3Sb5

Correlated semimetal TiSe2



current

Our approach: nonlinear photocurrent

Longitudinal CPGE Material chirality

Chiral crystal CoSi

Ma et. al., unpublished
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Longitudinal CPGE
CPGE current generated along the light propagation direction
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No CPGE during dark cooling

250 K

CO2 laser: 120 meV

34Nature 578, 545-549 (2020)



250 K

50 K

No CPGE during dark cooling

35Nature 578, 545-549 (2020)



250 K

50 K

No CPGE during dark cooling

• No chiral phase
• Technique not sensitive enough 
• Signal averaged out by domains of opposite chirality
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Large CPGE after optical training/induction

37Nature 578, 545 (2020)
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Large CPGE after optical training/induction

38Nature 578, 545-549 (2020)
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Photon energy dependence of the training and detection
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magneto-photocurrents
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