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We present a first-principles theoretical study employing nonlinear response theory to investigate the dc pho-
tocurrent generated by linearly polarized light in the type-II Weyl semimetal TaIrTe4. We report the low-energy
spectrum of several nonlinear optical effects. At second order, we consider the shift and injection currents.
Assuming the presence of a built-in static electric field, at third order we study the current-induced shift and
injection currents, as well as the jerk current. We discuss our results in the context of a recent experiment
measuring an exceptionally large photoconductivity in this material [J. Ma et al., Nat. Mater. 18, 476 (2019)].
According to our results, the jerk current is the most likely origin of the large response. Finally, we propose
means to discern the importance of the various mechanisms involved in a time-resolved experiment.
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I. INTRODUCTION

Efficient generation of clean energy has become one of the
major goals for future sustainability, and renewed attention
has been drawn towards the physical processes that transform
light into electricity. The bulk photovoltaic effect (BPE) is
the nonlinear optical effect that relates the generation of a dc
photocurrent to light absorption in a homogeneous material. It
has its origin in the imbalance of carrier motion along different
directions of the Brillouin zone (BZ) [1]. At variance with
standard methods used for current generation, such as p-n
junctions, this effect is not tied to the band gap of the material,
thus giving rise to large measured photovoltages [2,3].

The quantum mechanical description of nonlinear optical
properties is based on response theory, a framework that re-
lates a generated photocurrent density j to the illumination
field E via a photoresponsivity tensor [4,5]. The contributions
to the photocurrent are organized in powers of E, where the
response tensors at each order relate the photocurrent contri-
bution to the corresponding power of E. The BPE is first found
at second order in the illumination field, where the shift [6,7]
and injection [5] currents are the most relevant contributions.
Further orders in perturbation theory can also contribute to the
BPE. Recently, attention has been drawn towards third-order
effects, which have led to the discovery of current generation
mechanisms such as the jerk current, a novel photocurrent
effect arising from the divergence of the third-order suscep-
tibility that grows quadratically with illumination time [8].
While the shift current is intuitively understood as an effect
that arises from a charge shift accompanying an interband
photoexcitation, the jerk current may be interpreted as arising
from interband transitions together with the dc field accelerat-
ing the Bloch electrons.

*alvaro.ruiz@ehu.eus

The progress in materials synthesis undergone in the past
years [9–11] has allowed measuring the BPE in new struc-
tures, like nanotubes [12], distorted semiconductors [13],
surfaces [14,15], or Weyl semimetals, which exhibit remark-
able optical properties [16,17]. One of the most notable
examples corresponds to the type-I Weyl semimetal TaAs,
where the quadratic BPE ranks among the largest ever mea-
sured [2]. An exceptionally large BPE has also been recently
measured in the type-II Weyl semimetal TaIrTe4 [17]. But,
unlike in TaAs, the BPE in TaIrTe4 cannot be explained as a
second-order effect due to symmetry arguments. In the experi-
mental setup reported in Ref. [17] the current was measured in
the xy plane, as sketched in Fig. 1. Due to point-group selec-
tion rules, the second-order photoresponsivity tensor vanishes
for the in-plane current for a xy linearly polarized laser (this
will be further discussed in Sec. IV). As a consequence, the
measured photocurrent was attributed to a third-order BPE.

In this work, we analyze the photocurrent response of
TaIrTe4 using first-principles calculations. We combine den-
sity functional theory (DFT) [18,19] with the so-called
Wannier interpolation scheme [20,21], which allows us to cal-
culate the photoresponsivity tensors precisely and efficiently.
Our analysis is conducted up to third order; in addition to
the current-induced shift and injection currents considered in
Ref. [17], we study in detail the aforementioned jerk current.
As our main result, we find that the jerk current can account
for the reported photocurrent data of Ref. [17] under rea-
sonable experimental conditions. Moreover, we propose an
experimental means of verifying the mechanism at play by
ultrafast terahertz measurements.

The paper is organized as follows. In Sec. II we summarize
the methodology used in our calculations and provide the cal-
culation details. In Sec. III we review the electronic structure
of TaIrTe4, presenting the energy bands and the position of
Weyl points (WPs). In Sec. IV we present our results for the
second-order contribution to the BPE, given by the shift and
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FIG. 1. Sketch of the measurement setup and unit cell of TaIrTe4

with the a, b, and c axes along the x, y, and z axes of the main
figure, respectively. We show a sample of TaIrTe4 illuminated by a
xy linearly polarized laser. The depicted E0 is a built-in electric field
whose origin and implications are discussed in Sec. V.

injection currents. In Sec. V we introduce three possible ori-
gins for the large measured photocurrent: the current-induced
shift and injection currents, and the jerk current. In Sec. V C
we further report a comparison between the current generated
by each of the considered mechanisms, and the experimen-
tally measured photocurrent. Lastly, in Sec. VI we present a
summary and the main conclusions of this work.

II. METHODS

In this section we describe the steps used in our cal-
culations. Our first step consisted of a density functional
theory calculation of TaIrTe4 using the package QUANTUM

ESPRESSO [19] to obtain the ground state of the system using
a 9 × 3 × 3 self-consistent field k mesh. Later, we calcu-
lated the energy eigenvalues and Bloch eigenfunctions on
a 18 × 6 × 6 non-self-consistent field mesh in the BZ. The
core-valence interaction was treated by means of fully rela-
tivistic projector-augmented-wave pseudopotentials that had
been generated with the Perdew-Burke-Ernzerhof exchange-
correlation functional. The pseudopotentials were taken from
PS library, generated using the “atomic” code by A. Dal Corso
v.5.0.2 svn rev. 9415, and the energy cutoff for the plane-wave
basis expansion was set at 70 Ry.

In the next step we constructed maximally localized Wan-
nier functions using the WANNIER90 package [22]. After
discarding the 224 lowest-lying bands, we considered a set of
176 disentangled Wannier functions around the Fermi level to
span the “inner” energy range [23] [−5.2, 2.8] eV. As initial
projections, we considered l = 2 atom-centered orbitals for
Ta and Ir atoms, and l = 1 orbitals for Te atoms.

To compute the shift, injection and jerk current spectra
from Eqs. (3), (8), and (11) below, we employed Wannier
interpolation to calculate the transition matrix elements and
considered a dense 300 × 100 × 100 mesh in the BZ together
with the adaptive broadening scheme, described in Ref. [24],
to handle the Dirac delta functions.

FIG. 2. Band structure of TaIrTe4 along the primitive orthorhom-
bic fundamental path [27] on the kz = 0 plane. The four bands
crossing the Fermi level are highlighted. We note that the energy
separation of the bands is much larger in the �-X or X-S path
than in the �-Y path. The inset shows the band structure along
the (kx, ky = 0.058, kz = 0) Å−1 line, where two of the four WPs
lying on the kz = 0 plane are located. The symbol ξ0 refers to the
(kx = 0, ky = 0.058, kz = 0) Å−1 point, and the arrow denotes the
positive kx direction.

To calculate the jerk current response tensor, we imple-
mented the needed transition matrix elements within the
WANNIER90 package. In particular, we followed the prescrip-
tion of Ref. [24] to evaluate the inverse effective mass in
the Wannier basis. To avoid numerical problems near de-
generacy points, we regularized energy denominators of the
non-Abelian part of the Berry connection gauge transforma-
tion [see Ref. [24], Eq. (32)] according to

1

εn − εm
−→ εn − εm

(εn − εm)2 + η2
, (1)

and we chose η = 40 meV.

III. CRYSTAL, BAND STRUCTURE,
AND TOPOLOGICAL PROPERTIES

TaIrTe4 is a thoroughly studied type-II Weyl semimetal
[25], with space group Pmn21 (No. 31, noncentrosymmet-
ric). It is formed by a layered structure with octahedrally
coordinated Ir and Ta atoms, and the orthorhombic lattice
has experimental constants a = 3.80 Å, b = 12.47 Å, c =
13.24 Å. Figure 2 shows the interpolated band structure in
the neighborhood of the Fermi level εF . Inspection of the
figure reveals metallic character along the �-Y path while
describing insulating character along those points far away
form � in the �-X and �-S paths. We attach a comparison
between the DFT energy eigenvalues and those obtained in
the Wannierization procedure in the Appendix in Fig. 10.

The space group Pmn21 has four different symmetry op-
erations, 1, Mx, {C2z|( 1

2 , 0, 1
2 )}, and {My|( 1

2 , 0, 1
2 )} [26]. The

point-group symmetry operations associated with these space-
group operations form a little group when combining with
time-reversal symmetry and allow degeneracies to occur at
the symmetry-invariant planes. These degeneracies give rise
to WPs in the band structure.
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We find that TaIrTe4 hosts a total of 12 WPs close to
the � point and near εF , four of which are in the kz = 0
plane at WP1 = {(±0.189,±0.058, 0)} Å−1, and the other
eight at WP2 = {(±0.079,±0.021,±0.053)} Å−1, in good
agreement with a previous calculation [25]. The first four WPs
lie ≈70 meV above εF , while the other eight lie ≈70 meV
below εF . In Fig. 2, we show the band structure of the crystal
along high-symmetry lines on the kz = 0 plane, highlighting
the bands that give rise to the WPs (labeled W1, W2) and their
spin-doubled bands (labeled W ∗

1 , W ∗
2 ).

IV. SECOND-ORDER RESPONSE

In this section we analyze the second-order mechanisms
that generate a BPE. We take into account the well-known
shift- and injection-current mechanisms.

A. Shift current

The shift current corresponds to the intrinsic interband dc
part of the second-order BPE [28]. Its photocurrent density is
expressed as

ja
shift = 2

∑
bc

σ abc(ω)Re[Eb(ω)Ec(−ω)], (2)

where a, b, and c are Cartesian indices and σ abc is the shift-
current photoconductivity tensor, which is symmetric under
the b ⇔ c exchange and transforms like the piezoelectric ten-
sor [29]. It is given by [6,28]

σ abc(ω) = − iπe3

4h̄2

∫
BZ

d3k
(2π )3

∑
nm

fnm
[
rb

mnrc
nm;a

+ (b ⇔ c)
] × [δ(ωmn + ω) + δ(ωmn − ω)]. (3)

Here fnm = fn − fm is the difference between the Fermi occu-
pation factors and ωnm = (εn − εm)/h̄ (the optical excitation
frequency). The other relevant quantities appearing in the in-
tegral involve the dipole matrix elements and its “generalized
derivative.” These are given by

ra
nm = (1 − δnm)Aa

nm, (4)

ra
nm;b = ∂bra

nm − i
(
Ab

nn − Ab
mm

)
ra

nm, (5)

respectively, where Aa
nm is the Berry connection,

Aa
nm = i 〈n|∂a|m〉 . (6)

In the equations above we have omitted the k dependence
and ∂a stands for ∂/∂ka, and |n〉 , |m〉 denote the cell-periodic
Bloch states.

Due to the orthorhombic crystal structure, only a few of
the tensor components are symmetry allowed and independent
[30]. These are xxz, yyz, zxx, zyy, zzz; therefore, we note that
σ abc vanishes if the indices a, b, c = {x, y}. The nonzero ten-
sor component spectra and the joint density of states (JDOS)
are shown in Fig. 3. Inspection of the figure reveals that σ zxx is
the dominant component in the [0, 350] meV energy region,
reaching up to 500 µA/V2 at ≈200 meV, which also corre-
sponds to a maximum of the JDOS. We highlight that these
spectra are an order of magnitude larger than the dominant
response of most materials, such as GaAs [6] or BaTiO3 [31],

FIG. 3. (a) Spectra of all the symmetry-allowed components of
the shift current tensor for TaIrTe4. (b) Joint density of states (JDOS).

and comparable to the dominant response in the type-I Weyl
semimetal TaAs [2] and of single-layer monochalcogenides
Ge and Sn [32].

It has been previously shown [6,33,34] that the shift current
can be strongly enhanced by topologically protected band
crossings, such as Weyl nodes. To check if this is the case
for TaIrTe4 as well, in Fig. 4 we display the matrix element
2rx

mnrx
nm;z for n = W1, m = W2 transition across the kz = 0

plane. The heat map shows clear peaks in the neighborhood of
the WPs (marked with red circles). Closer inspection reveals
secondary peaks at the (kx, ky) projections of the other eight
WPs (marked with dashed red circles) at kz �= 0. But despite
their large magnitude, direct transitions to and from the WPs
do not contribute to the shift current due to the occupation
factors, as can be deduced from the Fermi cuts in Fig. 4. The
net shift current at low energies is instead determined by other

FIG. 4. Matrix elements 2rx
mnrx

nm;z in the kz = 0 plane for the
bands n = W1 and m = W2. The Fermi contours for the W1 and W2

bands are highlighted along the plane with dotted and solid lines, re-
spectively. The regions where the W1 and W2 bands are, respectively,
occupied and unoccupied fall in-between dashed and solid Fermi
cuts. The largest values (>105 Å3) appear in the neighborhood of
the WPs, which are marked with solid (WP1) or dashed (WP2) red
circles.
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FIG. 5. Spectra of the two symmetry-allowed independent com-
ponents of the antisymmetric part of the injection-current tensor for
TaIrTe4.

regions in the BZ where transitions between metallic bands
are allowed.

B. Injection current

The injection current corresponds to the rate of change of
the intrinsic interband dc part of the second-order BPE [28].
The photocurrent density reads as

ja
inj = τ

∑
bc

ηabc(ω)Eb(ω)Ec(−ω). (7)

In writing Eq. (7), we have assumed that the relaxation time
is characterized by a lifetime τ , which is expected to be of the
order of momentum relaxation time τ = 10−14 s [17]. ηabc(ω)
in Eq. (7) is the injection current photoconductivity tensor,
which has no definite parity under the b ⇔ c exchange. It is
given by [5]

ηabc(ω) = −πe3

h̄2

∫
BZ

d3k
(2π )3

∑
nm

fnm
∂ωmn

∂ka
rb

nmrc
mn

× δ(ωmn − ω). (8)

By virtue of Eq. (7), the injection-current mechanism can
generate a photocurrent regardless of the light polarization.
We proceed as in Ref. [35] and separate ηabc into symmetric
and antisymmetric components under the b ⇔ c exchange,

ηabc
S (ω) = 1

2 [ηabc(ω) + ηacb(ω)], (9a)

ηabc
A (ω) = 1

2 [ηabc(ω) − ηacb(ω)]. (9b)

The tensors ηabc
A , ηabc

S are purely imaginary and real, respec-
tively. The antisymmetric (A) part describes a current that
is equal and opposite for left- and right-circularly polarized
light, and hence it vanishes for linearly polarized light. As for
the symmetric (S) part, it generates equal currents for left- and
right-circularly polarized light.

Due to the crystal structure, only the xxz and yyz compo-
nents of ηabc

A are nonzero and independent. The spectra are
shown in Fig. 5 and are similar in magnitude to the dominant
response of other bulk materials, such as CdS and CdSe [36],
but more than an order of magnitude smaller than type-I Weyl
semimetals RhSi and PtAl [37]. We recall that the contribution
to the photocurrent due to ηabc

A vanishes under application of
linearly polarized light and as such is not directly relevant for
comparison with the experiment of Ref. [17]. In the case of

ηabc
S , all the components vanish given that it is odd under the

time-reversal symmetry operation [38].

V. THIRD-ORDER RESPONSES

Owing to the point-group symmetry of the TaIrTe4 crystal,
the shift and injection currents studied in the previous sec-
tion feature nonzero tensor components only if at least one of
the tensor indices a, b, c equals z. In the experiment reported
in Ref. [17], however, current could only be measured for
the “in-plane” components jx and jy under light polarized
in the xy plane. Therefore, as noted in Ref. [17], the shift
and injection-current mechanisms are unable to account for
the measured “in-plane” photocurrent, which must have a
different origin.

In this section we study three particular contributions to the
third-order BPE: the jerk current, and the current-induced (CI)
shift and injection currents. These effects require the presence
of a E0 dc field in the material, and feature symmetry-
allowed tensor components that can potentially account for
the measured “in-plane” photocurrent [17]. The CI shift- and
injection-current mechanisms were proposed in Ref. [17] (al-
though not named as such), and arise from carrier imbalance
generated by E0 in the shift and injection currents. On the
other hand, the jerk current originates from the combined
effects of optical pumping by a laser field E(ω), and the dc
field E0 accelerating Bloch electrons.

The presence of the static field is argued in Ref. [17] to be
a consequence of the experimental configuration employed,
having a possible origin in the work-function difference
between the sample and the metal contacts used for mea-
surement, as we illustrate in Fig. 1. While the magnitude of
E0 cannot be experimentally controlled, the expected realis-
tic values lie within the E0 ∈ [104, 106] V/m range and the
direction is taken to be aligned within the crystallographic a
axis [17].

A. Jerk current

We begin by considering the jerk current, a third-order
response recently described in Refs. [8,39,40]. This dc current
originates from the action of an optical field in combination
with a dc bias. The induced current density is

ja
jerk = τ 2

∑
bcd

gabcd
jerk (ω)Eb(ω)Ec(−ω)Ed (0), (10)

with the jerk current tensor gabcd
jerk (ω) [39,40]:

gabcd
jerk (ω) = 2πe4

h̄3

∫
BZ

d3k
(2π )3

∑
nm

fnm
∂2ωnm

∂ka∂kd
rb

nmrc
mn

× δ(ωnm − ω). (11)

The fourth-order response tensor in Eq. (11) is symmetric
under a ⇔ d and b ⇔ c exchanges, and it can be inter-
preted using a simple phenomenological model [39,40]: the
∂2

adωnmEd
0 term corresponds to carrier acceleration along the

BZ which involves the difference between the inverse ef-
fective masses of the bands n, m, while fnmrb

nmrc
mnδ(ωmn −

ω)Eb(ω)Ec(−ω) corresponds to carrier pumping from a filled
to an empty band.
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FIG. 6. Spectra of the “main-axis” and the “in-plane” elements
of the jerk current tensor for TaIrTe4.

Due to point-group arguments, only those components with
indices all equal, or equal in pairs, are symmetry allowed
[26]. In Fig. 6 we show the “main-axis” elements (those with
all indices equal) and the symmetry-allowed elements that
partake in the generation of “in-plane” current (those with
a, b, c, d = {x, y}). In Fig. 11 in the Appendix we show all
the other nonzero components. We highlight that the gxxxx

jerk
“main-axis” spectrum is the dominant one, being an order of
magnitude larger than the rest, and three orders of magnitude
larger than recently studied materials such as GeS [40].

We have verified that approximately half of the contribu-
tion to the jerk current in the low-energy range has its origin
in transitions between the Weyl bands. The corresponding
matrix element for the n = W1 ↔ m = W2 transition in the
kz = 0 plane is shown in Fig. 7. The hot spots close to the
Y point dominate the heat-map plot. The origin of these

FIG. 7. Matrix elements ςnm(k) = |rx
nm|2 εnm,xx appearing in the

integrand of Eq. (11) corresponding to the n = W1 ↔ m = W2 transi-
tion for the gxxxx

jerk component in the kz = 0 plane. The Fermi contours
for the bands W1, W2 are highlighted along the plane with dotted and
solid lines, respectively. The regions where the W1 and W2 bands are,
respectively, occupied and unoccupied fall in-between dashed and
solid Fermi cuts. Note that there are no special contributions from
the WPs and that the hot spots near the kx = 0 line are responsible
for major contributions. The inset shows the shape of the bands
responsible for this transition in the proximity of the hot spots.

hot spots can be traced back to a constructive interference
between the dipole matrix element |rx

nm|2 and the inverse ef-
fective mass term εnm,xx, which takes place in a region where
εW2 − εW1 � 100 meV. This electronic structure effect is
mainly responsible for the major peak of the “in-plane” gxxxx

jerk
spectrum in Fig. 6.

B. Comparison with current-induced contributions

In this section we consider again the shift- and injection-
current mechanisms, and we generalize them to account
for the presence of a dc electric field. Such a field allows
electron transport across the BZ, breaking the equivalence
between k and −k (time-reversal symmetry breaking) and
thus shifting the Fermi occupation factors according to
fn(k) −→ fn(k + k0). The k shift is given by the semiclassical
prescription

k0 = − e

h̄
τE0. (12)

If the magnitude of the shift is small enough when compared
with the dimension of the BZ, the Fermi occupation factors
may be expanded in a Taylor series. Keeping terms up to linear
order in E0,

fn(k + k0) ≈ fn(k) +
∑

i

ki
0 · ∂ fn(k)

∂ki

= fn(k) +
∑

i

h̄ki
0v

i
nδ(εn − εF ), (13)

with vi
n = ∂iωn the band velocity. The first term corresponds to

the equilibrium occupation, while the second one, the (linear)
CI term, relates linearly to the static field E0. Note that the
delta function is to be understood as a Gaussian distribution
centered at the Fermi energy with a thermal smearing of
25 meV [17]. Previous works [41] have employed a similar
method to calculate the contribution to the photocurrent of the
bands that cross the Fermi surface.

In the case of the CI shift current, the photocurrent density
is obtained by replacing the equilibrium occupation factors fn

in Eq. (3) by the second term in the right-hand side of Eq. (13),
leading to

ja
CI sc = 2τ

∑
bcd

gabcd
sc (ω)Re[Eb(ω)Ec(−ω)]Ed (0), (14)

with gabcd
sc given by

gabcd
sc (ω) = iπe4

4h̄2

∫
BZ

d3k
(2π )3

∑
nm

[
rb

mnrc
nm;a + (b ⇔ c)

]

× [
vd

n δ(εn − εF ) − vd
mδ(εm − εF )

]
× [δ(ωmn + ω) + δ(ωmn − ω)]. (15)

We note that ja
CI shift grows linearly with the momentum relax-

ation time.
To investigate the linear CI injection current, we consider

ηabc
S given in Eq. (9a), which is activated by the broken time-

reversal symmetry under the dc bias E0 and, unlike ηabc
A in

Eq. (9b) it is capable of generating a photocurrent under lin-
early polarized light. The corresponding photocurrent density
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FIG. 8. Comparison between the tensor components gxxxx
jerk , gxxxx

ic ,
and τ−1gxxxx

sc , corresponding to jerk, CI injection-, and CI shift-
current generation mechanisms, respectively.

is expressed as

ja
CI ic = 2τ 2

∑
bcd

gabcd
ic (ω)Re[Eb(ω)Ec(−ω)]Ed (0), (16)

with gabcd
ic given by

gabcd
ic (ω) = πe4

2h̄2

∫
BZ

d3k
(2π )3

∑
nm

∂ωmn

∂ka

[
rb

nmrc
mn + (b ⇔ c)

]

× [
vd

n δ(εn − εF ) − vd
mδ(εm − εF )

]
× δ(ωmn − ω), (17)

which is obtained by replacing fn in Eq. (8) by the second term
in Eq. (13). At variance with the shift contribution, ja

CI inj. in
Eq. (16) grows quadratically with momentum relaxation time
and gic in Eq. (17) has the same units as the jerk current tensor
gjerk.

Both tensors gabcd
sc,ic feature symmetry-allowed “in-plane”

components [26] which may generate “in-plane” current un-
der the action of light polarized in the xy plane. In order to
investigate the magnitude of their current, we focus on the
dominant components τ−1gxxxx

sc , gxxxx
ic and compare them to the

jerk current contribution gxxxx
jerk in Fig. 8.

The figure shows that the jerk current is larger than the CI
injection (shift) current by a factor of at least 102 (105) in the
[50, 200] meV energy range. For energies above 200 meV,
the CI contributions become at least an order of magnitude
smaller. We note that the divergence of τ−1gxxxx

sc as ω −→ 0
is a numerical artifact caused by the implementation of the
“generalized derivative” ra

nm;b, and it tends to disappear for
increasing k-point grids. Therefore, according to our results,
the jerk current dominates over the CI shift and injection
currents in the whole low-energy range.

C. Angular dependence of the photocurrent

Given the finite magnitude of the “in-plane” jerk, CI in-
jection and CI shift-current components, we now proceed
to estimate the photocurrent generated by these mechanisms
under the experimental conditions of Ref. [17]. In that work,

linearly polarized light in the xy plane was employed, E =
E (ω)(cos θ x̂ + sin θ ŷ) + H.c.

The total current generated by any of the above-mentioned
mechanisms can be generically written as

Ja
mec(θ, ω) = E0Cτ ngaxxx

mec (ω) cos2 θ

+ 2E0Cτ ngaxyx
mec (ω) cos θ sin θ

+ E0Cτ ngayyx
mec (ω) sin2 θ, (18)

where mec = jerk, ic, or sc. In writing Eq. (18) we have ex-
ploited the b ⇔ c symmetry of the tensors, and the exponent
n contains the time dependence of the absorption process of
the considered mechanism: n = 1 for gmec = gsc, and n = 2
for gmec = gjerk, gic. The constant C is given by

C = Ssec|E (ω)|2 = Ssec

Sspot

2P

cε0
. (19)

In addition to the speed of light c and the vacuum permittivity
ε0, C encompasses the characteristics of the experimental
setup: Ssec is the cross section of the sample, while Sspot

and P are the spot size and the power of the incident laser,
respectively.

The experiment of Ref. [17] considered two different
power regimes for measurements. In the low-power regime,
ranging from nWs to μWs, the reported photoresponsivity
κ [34] was of the order of κ ≈ 100 mAW−1, while in the
high-power regime, ranging from μWs to mWs, the pho-
toresponsivity was of the order of κ ≈ 1 mAW−1. Since our
approach is based on perturbation theory with respect to the
amplitude of the electric field, we focus on understanding the
low-power regime.

We use the experimental value for the laser power P =
480 nW, and estimate the ratio Ssec/Sspot with the aid of
Fig. 2(b) of Ref. [17]. We do this by using Ssec/Sspot = J/κP,
which relates the photocurrent to laser power via the photore-
sponsivity κ [34]. Figure 2(b) of Ref. [17] reports that for
P ≈ 200 nW, J ≈ 5 nA and κ ≈ 130 mAW−1, hence Ssec/

Sspot ≈ 0.18. Using Eqs. (18) and (19), we have calculated
the angular polarization dependence of the photocurrent gen-
eration mechanisms and compared it with the experimental
data.

For the built-in static electric field E0, we have consid-
ered a moderate value of E0 = 2.82 × 105x̂ V/m, which lies
in the middle of the experimentally expected range E0 ∈
[104, 106] V/m [17]. We show the comparison between the-
oretical and experimental values in Fig. 9 as a function of the
polarization angle θ . This is done for two different excitation
energies h̄ω = 100 meV and h̄ω = 300 meV in the case of
the jerk current, which correspond to the peak of the jerk
current (Fig. 6) and the experimentally measured peak [17],
respectively. In addition, we also show the analogous polar
plot for the CI injection and shift currents at h̄ω = 300 meV,
respectively. As expected from Fig. 8, the jerk current is the
dominating contribution to the photocurrent.

The jerk current curve shows an elongated shape around
θ = 0 for both frequencies. This is due to the large magni-
tude of gxxxx

jerk as compared to the rest of the “in-plane” jerk
current tensor components (Fig. 6). It is remarkable that un-
der reasonable assumptions for the magnitude of E0 and τ ,
the calculated jerk current matches both the value as well

205204-6



AB INITIO STUDY OF THE NONLINEAR … PHYSICAL REVIEW B 107, 205204 (2023)

FIG. 9. Comparison between the experimentally measured pho-
tocurrent (black) at h̄ω = 300 meV, the jerk photocurrent at h̄ω =
100, 300 meV (yellow solid, orange dashed) excitations, the CI in-
jection current (magenta) at h̄ω = 300 meV, and the CI shift current
(blue) at h̄ω = 300 meV. We have assumed values for the dc electric
field and lifetime of E0 = 2.82 × 105x̂ V/m and τ = 10−14 s. Factor
of 5.5, 400, 107 have been applied to the 300 meV jerk, current-
induced (linear) injection, and shift excitations, respectively, which
may be absorbed in the value of E0.

as the angular dependence of the experimentally measured
photocurrent, with only small deviations at polarization angles
θ = π/2, 3π/2. While the frequency of the peak jerk current
differs by ≈200 meV with the experimental one, it is on the
expected range of accuracy for a DFT excitation energy. Our
results therefore indicate that the jerk current is a likely can-
didate for the large photoresponsivity measured in Ref. [17].
In the case of the CI injection current, the shape agrees
nicely with the experimental measurement, but it would re-
quire an unreasonably large electric field of E0 > 107 V/m to
account for the experimentally measured current magnitude.
As for the CI shift current, the shape is significantly tilted
at around θ ≈ 15◦ and the size is orders of magnitude too
small.

We conclude with a comment on the momentum relaxation
time τ and its possible effect on the hierarchy of the ana-
lyzed physical processes. For the above discussion we have
considered τ = 10 fs, a typical value for metals assumed also
in Ref. [17]. Previous works have reported a wide range in
other materials, from �2 fs in BaTiO3 [42] to hundreds of
femtoseconds in CrI3 [38]. We note that, even if we con-
sider τ ∈ [1, 103] fs for TaIrTe4, the jerk current remains the
dominant third-order dc contribution in the whole range; the
ratio to the CI injection current is unchanged since both are
proportional to E0τ

2 [see Eqs. (10) and (16)], while the CI
shift current, which is proportional to E0τ [see Eq. (14)], is
�4 orders of magnitude smaller than the jerk current even for
τ = 1 fs. Therefore, our conclusions hold for a wide range of
the momentum relaxation time.

VI. CONCLUSION AND OUTLOOK

We have analyzed three different third-order contributions
to the dc photocurrent of type-II Weyl semimetal TaIrTe4,

and discussed them in the context of recent experimental
measurements [17]. These mechanisms are the jerk current,
CI injection current, and CI shift current. The first is a cur-
rent generation mechanism proposed recently in [8,39,40],
and the other two are generalizations, proposed in Ref. [17],
of the well-known injection- and shift-current mechanisms.
All the above-mentioned mechanisms assume the presence
of a dc field acting on the material. Our method is based on
employing ab initio calculations to obtain the band structure
and the Berry connection of the material. These quantities
are later used to calculate the optical response spectra us-
ing Wannier interpolation. We have found that out of the
considered mechanisms, the jerk current matches both the
value as well as the shape of the experimental data under
reasonable assumptions for the magnitudes the built-in static
electric field E0 and of the relaxation time τ . Our calculations
show that the large magnitude of the jerk photocurrent is
caused by an electronic structure effect, associated to a con-
structive interference between the dipole matrix element and
the difference between the inverse effective masses of Weyl
bands.

According to the definition of the jerk current in Eq. (10)
and the definition of the CI injection current in Eq. (16), the
generated current grows quadratically with illumination time
in both cases. As a characteristic difference between these two
mechanisms, the CI injection current can generate a circular
photogalvanic effect whereas the jerk current cannot. As for
the CI shift current, it grows linearly with illumination time
and cannot generate a circular photogalvanic effect. We pro-
pose these differences to discern the origin of the main source
of the third-order BPE in TaIrTe4. This could potentially be
achieved by using fast laser pulses, which are nowadays ca-
pable of measuring the time evolution of the signal in the
picosecond to femtosecond scale [43–47].
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APPENDIX: SUPPLEMENTARY NUMERICAL RESULTS

In this Appendix we provide further information regarding
the agreement between the ab initio and the Wannierized
bands and show further nonzero components of the jerk cur-
rent tensor in Eq. (11). The quality of the Wannierization
procedure described in Sec. II can be verified in Fig. 10,
where we plot the ab initio bands obtained using the QUANTUM

ESPRESSO package together with the bands obtained using
the WANNIER90 package. In Fig. 11 we show the rest of the
nonzero jerk current tensor components as a supplement to
Fig. 6. Inspection of the figure reveals that all components are
smaller in magnitude than the dominant gxxxx

jerk component, and
that the gxxzz

jerk , gzxxz
jerk , and gxzzx

jerk components are larger than the
“main axis” gzzzz

jerk component.
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FIG. 10. Comparison between the band structure obtained using
the DFT QUANTUM ESPRESSO package and the band structure ob-
tained from postprocessing the DFT results using the WANNIER90
package for TaIrTe4. We show the bands in the [−0.75, 1.00] eV
range, which accounts for most of the energy range where optical
transitions take place in the considered [−5.2, 2.8] eV “inner” en-
ergy range. The bands are shown along the primitive orthorhombic
fundamental path [27].

FIG. 11. Spectra of the remaining nonvanishing components of
the jerk-current tensor that were not included in Fig. 6.
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