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FIGURE 1.5: (a) Dispersions for type-I Weyl fermion near Fermi energy. The WPs are labelled
by yellow and green dots. (b) Type-II Weyl semimetal with electron and hole pockets touching
at two different energies. (c1) Calculated dispersion along the X − Γ − X direction. (c1&2)
Measured dispersions along the X− Γ−X direction with horizontal and vertical polarizations
at photon energy of 32.5 eV. (d) Calculated spectral function at Fermi energy. (d1&2) Intensity
maps measured at Fermi energy with p polarization using a 6.3 eV laser source with light
polarizations perpendicular to the b and a axis respectively. The electron and hole pockets are

highlighted by blue and green colour. Reprinted figure with permission of [27]

Other than the transport measurements of unusual magnetoresistance [35], the in-

version symmetry breaking property also inspires the possibility of nonlinear optical

response. such as the second harmonic generation, photovoltaic and photogalvanice

effect. In this thesis, we will focus on the nonlinear optical response, especially the

photogalvanic effect in type-II Weyl semimetal.

1.2 Photogalvanic Effect

Photogalvanic effect (PGE) is the phenomenon of a direct current (dc) generated in

a homogeneous medium under uniform illumination, which occurs in media lacking

of centrosymmetry. PGE has been widely studied in a lot of materials such as fer-

roelectircs, piezoelectrics and gyrotropic crystals for probing the symmetry and band

information as well as potential electronics applications.
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1.2.1 Phenomenological Description

For a phenomenological description, the electric current in a homogeneous medium

can be expanded in a power series of the electric field:

ji = σ0
ijEj + β0

inlElEn + σ0
ilnmElEnEm + γilnmElE′nE′∗m + βilnE′l E

′∗
n (1.5)

where E is the electric field and E′(ω) = E′∗(−ω) is the intensity of illumination. The

first three terms represents the conductivity considering the nonlinear correction. The

fourth term is the photoconductivity, defined as jph
i . PGE is described by the last term

with second order of E and the property of PGE is governed by the photogalvanic

tensor βiln(ω). [36]

Since the current jph
i should changes sign under inversion but E′l E

′∗
n keeps the sign,

βiln(ω) needs to consist of centrosymmetric breaking elements. Besides, for real jph
i ,

photogalvanic tensor satisfies βiln(ω) = β∗inl(ω), indicating real component of βiln(ω)

is symmetric with index l and n. The independent components is determined by the

crystal structure. In the crystals of class T and Td, there is only one independent com-

ponent in the tensor. [36] The type-II Weyl semimetal, such as the MoTe2 and MoWTe2

alloys with Td phase, is expected to exhibit PGE in principle.

1.2.2 Circular Photogalvanic Effect

Among all PGE, we mainly focus on the circular photogalvanic effect (CPGE) which

descibes the helicity-dependent photocurrent. Photocurrent of CPGE only appears un-

der the exciation of circularly polarized light and the photocurrent direction is reversed

while changing the sign of circular polarization. The CPGE photocurent can be under-

stood by a simple explanation that the photon angular momenta is transformed into the

motion of a free carrier for two reasons: wheel effect and screw effect. [37] The photon

helicity can be described by the degree of circular polarization:

Pc =
Iσ+ − Iσ−
Iσ+ + Iσ−

(1.6)
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where Iσ± are the light intensity of right (σ+) and left (σ−) handed circularly polarized

light.

From the phenomenological equation of current response mentioned above, the ten-

sor β can be separated into two parts:

ji = βilnE′l E
′∗
n =

1
2
(βiln + βinl)E′l E

′∗
n +

1
2
(βiln − βinl)E′l E

′∗
n (1.7)

The first term is the symmetric part, describing the linear photogalvanic effect (LPGE);

while the second term is the antisymmetric part, describing CPGE, which can be written

as:

ji,CPGE =
1
2
(βiln − βinl)E′l E

′∗
n = βanti

iln PcE′l E
′∗
n (1.8)

The antisymmetric tensor βanti
iln is related to the point group and gyrotropy of the sys-

tem. In all 21 crystal classes breaking inversion symmetry, 3 of them are nongyrotropic

which are Td, C3h and D3h. [37] This effect, predicted by Ivchenko and Belinicher in

1978 [38,39], was experimentally obtained by Asnin [40] in the same year. Later on, this

effect was broadly studied in quantum well structures, topological insulators and other

materials due to the reduction of symmetry.

1.2.3 CPGE in Weyl Semimetal

The discovery of Weyl semimetal with topological band crossing motivated the

study of nonlinear optical response in these materials, including the CPGE. The theo-

retical calculation was proposed in 2017 by Chan, who predicted a significant photocur-

rent in Weyl semimetal with inversion symmetry breaking and tilted Weyl cone. [42]

As shown in the Fig 1.6, in the Dirac system, the electron in two branches will be

excited symmetrically by the circularly polarized light. The excited electrons have same

magnitude but opposite direction momentum resulting in zero net current. Different

from the Dirac system, the Weyl semimetal breaks either time reversal symmetry or

inversion symmetry, and each Weyl cone has finite chirality. In a single Weyl cone, the

asymmetric excitation by circularly polarized light allows the net photocurrent whose
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FIGURE 1.6: Schematics of photocurrent generations in Dirac and Weyl systems. Circularly
polarized photons propagating along the z axis induce spin-flip vertical transitions denoted
by the red arrows. (a) In an ideal 2D Dirac system, the excitations are symmetricabout the
node and thus the photocurrent vanishes. (b) In a 3D Weyl system with an upright crossing
spectrum, the extra dimension allows an asymmetric particle-hole excitation along qz and cre-
ates a chirality-dependent photocurrent from each Weyl cone. However, the chiral currents
from a monopole and an antimonopole negate each other, yielding no net current. (c) In the
presence of tilt along some direction qt , asymmetric excitations can happen when the system
is doped away from the neutrality. The resultant photocurrent is not just determined by the
node chirality and the total current is generically nonzero. Reprinted figure with permission

from reference [42] Copyright (2019) by the American Physical Society.

direction is governed by the chirality of this Weyl cone. However, the Weyl cones in

Weyl semimetal appear in pairs with opposite chairlaty, which means that a pair of

Weyl cones will generate the same magnitude of photocurrent but different sign, thus

vanish each other. As mentioned above, the type-II Weyl semimetal has tilted Weyl

cone which can further reduced the symmetry, making the net photocurrent possible.

For some Type-II Weyl semimetals, such as MoWTe2 family, the inversion symmetry

is broken but time reversal symmetry is preserved. Therefore, the monopoles and an-

timonopoles are not symmetry related but have different tilts, suggesting a finite net

current. The combination of inversion symmetry breaking and tilted Weyl cone allows

the existence of photocurrent, in other words, CPGE is expected in these materials. [42]

Shortly after this prediction, Ma observed the CPGE in TaAs, a type-I Weyl semimetal,

and concluded it as a direct observation of Weyl fermion chirality. To detect the chiral-

ity of Weyl fermion, sensitivity to the WF chirality is required, and CPGE is a good
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FIGURE 1.7: (a) Schematic illustration of the mid-IR photocurrent microscope setup. A laser
power about 10 mW was used throughout the main text. (b) A photograph of the measured
TaAs sample. The crystal axes a, b, c are denoted. Scale bar: 300 um. (c,d) Polarization-
dependent photocurrents at T=10 K measured along the b axis (c) or c axis (d) direction with
the laser applied at the horizontally (c) or vertically (d) aligned pink, black and blue dots in b.

LCP, left-handed circularly polarized. Reprinted figure with permission of [43]

option. TaAs has inversion symmetry breaking and the tilt of the Weyl cone was also

claimed to be large enough for net photocurrent according to Ma’s calculation. [43] Mid

IR laser with 10.6um wavelength was used in their experiments to excite electrons from

the lower part of Weyl cone to the upper part. Controlling the light polarization by a

quarter wave plate, they detected maximum current in b axis for RCP light, minimum

for LCP and zero for linearly polarized light, without considering the polarization in-

dependent current. The total photocurrent was a cosine function in agreement with the

CPGE behavior. In the c direction, the CPGE current was not observable because of the

symmetry. The photcurrent can be expressed as : [43]

Jα = ηαβγEβ(ω)E∗γ(ω) (1.9)


