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Structurally chiral materials hosting multifold fermions with large topological number have attracted consid-
erable attention because of their naturally long surface Fermi arcs and bulk quantized circular photogalvanic
effect (CPGE). Multifold fermions only appear in metallic states, and therefore most studies so far have only
focused on the semimetals in compounds with chiral crystal structures. In this work, we show that the structurally
chiral topological trivial insulators are also exotic states, which is interesting from the application point of
view, owing to their natural advantage to host a large bulk photovoltaic effect in the visible wavelength region.
In recent decades, the shift current in the visible wavelength region was limited to be 10 μA/V2 in all the
experimentally measured reports. By scanning the insulators with chiral structure, we found a class of compounds
with photoconductivity ranging from ∼20 to ∼80 μA/V2, which is comparable to the largest reported shift
current. This work illustrates that the compounds with chiral structure can host both quantum CPGE and a
strong shift current in the second-order optical response. Moreover, this work offers a good platform for the
study of the shift current and its future application by putting the focus on insulators with chiral lattices, so far
overlooked in photovoltaic technologies.
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I. INTRODUCTION

Topological semimetals with multifold fermions protected
by chiral crystal structures are becoming a new research fron-
tier in topological materials. Differently from Dirac and Weyl
semimetals, the crystal symmetry protects new quasiparticles
with large Chern numbers and naturally long surface Fermi
arcs [1–6]. Because of the lack of mirror symmetry, a quan-
tized circular photogalvanic effect (CPGE) was theoretically
proposed [5,7,8]. The new fermions in chiral crystals have
attracted significant attention in the last few years, and the
quantized CPGE was experimentally observed very recently
[9]. Since multifold fermions only appear in metallic states,
considerable attention has been focused on semimetals in this
class of compounds, whereas much less attention has been
paid to the insulators. Because the chiral crystal structure nat-
urally breaks the inversion symmetry strongly, insulators are
ideal candidates for the bulk photovoltaic effect (BPVE) for
visible wavelengths. In this work we find strong nonlinear op-
tical response in chiral crystal insulators, which offers another
interesting phenomenon from the application point of view.

The utilization of solar energy has been considered as one
of the most convincing strategies for future sustainable energy.
To date, converting light to electricity via a p-n junction based
solar cell is the most powerful technology for solar energy
storage. The output of the solar cell is constrained by the
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detailed balance limit: the probability of photoexciting an
electron to a conduction band is balanced by its decay back
to a valence band [10]. Hence, searching for new mechanisms
to convert the light to electricity is an important and necessary
topic. Steady BPVE based on second-order optical response
is one of the most promising candidates, where the intrinsic
photocurrent is generated by the polarized light in noncen-
trosymmetric materials [11–22]. The power conversion rate
scales quadratically with the BPVE conductivity. Further, the
BPVE is determined by the intrinsic electronic band structure
of a single crystal, and a photovoltage above the band gap
can be achieved via BPVE [19,23]; this is a potential way to
overcome the extrinsic limitations for solar power conversion.

Limited by the mechanism of the second-order response,
the size of the BPVE generated current is generally much
smaller than that from conventional p-n junction photovoltaics
[24–26]. In the typical ferroelectric materials of BaFeO3

[24,25], BaTiO3 [27,28], PbTiO3 [24], heterocyclic polymer
[29], etc., the shift currents are limited below 10 μA/V2 in the
visible spectrum. Recently, two theoretical predictions with
effective three-dimensional shift current of approximately
100 μA/V2 were reported, one with the design strategy of
tuning the tight binding (TB) model parameters, and the other
with the real compounds of LiAsS2, LiAsSe2, NaAsSe2, and
graphitic BC2N [26,29–33]. However, a real measurement is
still absent, which might be due to difficulty in the integration
of compounds in experiments. Therefore, real materials with
large shift current are desired for both fundamental study and
potential applications.
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FIG. 1. Representative crystal lattice and electronic band struc-
tures for the class of chiral materials discussed in the main text. (a,b)
Crystal structure of this class of compounds MXY (M = Ni, Pd, Pt,
Rh, and Ir; X = P, As, Sb, and Bi; Y = S, Se, and Te) viewed from
different directions. (c,d) Energy dispersions along high symmetry
lines for RhBiS and IrBiSe, respectively. The bands without and with
the inclusion of spin orbital coupling (SOC) are represented by a
solid black line and dashed red line, respectively.

In this work, we have found a group of insulators with
chiral lattices where the photoconductivity ranges from ∼20
to ∼80 μA/V2, comparable to the largest reported photocon-
ductivity in the insulators and semiconductors. This class of
materials is defined by a chiral lattice structure that cannot be
obtained by a small interpolation between centrosymmetric
and noncentrosymmetric structures. Since the lattice constant
is close to the widely used semiconductor CdTe, it should
be easy to integrate them into heterostructures for further the
study of photovoltaic technologies.

II. CRYSTAL STRUCTURE AND METHOD

This group of compounds were first synthesized by Hul-
liger in 1963, with a cobaltite structure belonging to space
group P213 (No. 198), with a cubic setting, as presented in
Figs. 1(a) and 1(b) [34]. By substituting the three atoms in
CoAsS by different elements, a class of new compounds MXY
(with M = Ni, Pd, Pt, Rh, and Ir; X = P, As, Sb, and Bi; Y = S,
Se, and Te) with the same crystal symmetry were synthesized.
With the absence of an inversion center, they allow for a
nonzero shift current. By considering the different electron
fillings, one can further classify them into two subgroups of
insulators (M = Rh and Ir) and metals (M = Ni, Pd, and Pt).

The crystal structure in Figs. 1(a) and 1(b) shows that
only the transition metal (M) sites can be tuned to inversion
positions by a small shift (∼3.5% of lattice constants). For the
sites X and Y , all the atoms are far away from the inversion
sites. The atoms need to be moved by ∼50% of the lattice con-
stants for at least four atoms (two X and two Y ) to preserve the
inversion symmetry. Therefore, the crystal lattice structure in
this class of compounds is far away from inversion symmetry.

Furthermore, the atoms at the X and Y sites are nearly
in the ionic form with strong local charge and spin orbital
coupling (SOC). Therefore, both giant spin-orbit splitting
and large shift currents are expected. Very recently, a giant
Dresselhaus spin-orbit splitting at the top of the valence
bands was observed in one of these compounds, IrBiSe,
via a good agreement between angle-resolved photoemission
spectroscopy (ARPES) measurements and density functional
theory (DFT) calculations. This implies the accuracy of the
first principles in this class of compounds [35].

The shift current Jshift (ω) is generated by an electrical
field �E (t ) = �E (ω)eiωt + �E (−ω)e−iωt with photon energy h̄ω

via the second-order response Jc
shift (ω) = σ c

ab(ω)Ea(ω)E∗
b (ω)

[11,13,14,18]. The photoconductivity σ c
ab is calculated by the

quadratic response theory in the clean limit [11,13,14,36],

σ c
ab = |e|3

8π3ω2
Re

⎛
⎝ ∑

Eω=±h̄ω

∑
l,m,n

∫
BZ

d3k( fl − fn)�abc
l,m,n(ω)

⎞
⎠,

(1)

�abc
l,m,n(ω) = 〈n|v̂a|l〉〈l|v̂b|m〉〈m|v̂c|n〉

(En − Em − iδ)(En − El + Eω − iδ)
, (2)

where |n〉 is an eigenvector of the Hamiltonian with eigen-
value En at point �k and v̂a = p̂a

m0
is the velocity opera-

tor. The details of deriving the formalism were discussed
in Ref. [11,13,14,36] To calculate the second-order photo-
conductivity, we projected the ab initio DFT Bloch wave
function into atomic-orbital-like Wannier functions [37] with
diagonal position operator, as performed in the code of the
full-potential local-orbital (FPLO) minimum basis [38,39].
To ensure the accuracy of the Wannier projection, we have
included the outermost d , s, and p orbitals for transition
metals (such as the 5d , 6s, and 6p orbitals for Ir) and the
outermost s and p orbitals for main-group elements. Based on
the highly symmetric Wannier functions, we constructed an
effective tight-binding model Hamiltonian and calculated the
photoconductivity by following formula (1). A dense k grid of
480 × 480 × 480 was used for the integral.

III. RESULTS AND DISCUSSION

Because all these compounds share the same symmetry
operations and similar electronic band structures, we consider
only two cases as examples for detailed analysis. One of
them is RhBiS, with the largest shift current in this family
of materials, and the other is IrBiSe, with already confirmed
band structure by recent ARPES measurement [35]. The
energy dispersions of RhBiS and IrBiSe are shown in Figs.
1(c) and 1(d), respectively. Both of them are semiconductors
with band gaps around 0.5 eV. Because the tops of the
occupied bands are dominated by the Bi-6p orbital, SOC
leads to a large spin splitting on the top of the valence bands,
owing to the absence of an inversion center, which is fully
consistent with recent ARPES measurements. In addition,
these classes of compounds host interesting band structures
of triple point fermions protected by the c3 rotation symmetry
and Weyl points with opposite chiralities at different Fermi
levels because of the absence of mirror symmetry. These side
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products of our work will be discussed in detail in future
independent reports.

In these compounds, the indirect band gap with SOC is
smaller compared to the case without SOC due to the spin
split (see the dispersion in the �-M direction), and the size
of the decrease depends on the strength of SOC. In addition,
a direct result of the SOC spin splitting is the decrease in the
density of states (DOS) near the top of the valence bands, from
which we expect the decrease in the joint DOS and the size of
the photoconductivity for frequencies close to the band gap.

Based on the second-order response theory, Jc
shift (ω) =

σ c
ab(ω)Ea(ω)E∗

b (ω), the photoconductivity obtains a negative
sign by inverting each of the indices. For the specified point
group T , the three c2 symmetries with respect to the x, y,
or z axes play the crucial role of deciding the shape of the
photoconductivity tensor. For example, the rotation operation
of c2z will change the sign of the tensor elements with even
multiples of the z index, and therefore force them to be
zero. A similar rule also applies to c2x and c2y. Further,
because of the D2 subgroup, the three indexes give the same
photoconductivity, and there is only one independent tensor
element for the photoconductivity tensor in the shape of

σ x =
⎛
⎝0 0 0

0 0 σ

0 σ 0

⎞
⎠, σ y =

⎛
⎝0 0 σ

0 0 0
σ 0 0

⎞
⎠,

σ z =
⎛
⎝0 σ 0

σ 0 0
0 0 0

⎞
⎠. (3)

Our calculated results are fully consistent with the sym-
metry analysis. Without considering SOC, RhBiS obtains the
maximum value of ∼ − 100 μA/V2 with photon energy ∼1.5
eV; see Fig. 2(a). SOC shifts the whole curve of the energy
dependent photoconductivity to a lower frequencies by an
amount ∼0.3 eV. The peak is moved to a relatively small
photon energy of ∼1.4 eV, and the maximum value is reduced
to ∼80 μA/V2. Similar behavior can be also found in IrBiSe;
see Fig. 2(b). Without including SOC, the photoconductivity
presents two peak values that can reach 100 μA/V2 with
photon energies of ∼2.1 and ∼2.5 eV, respectively. After
taking SOC into consideration, the photoconductivity reduces
to only ∼50 μA/V2. This decrease is larger than that in
RhBiS, possibly due to stronger SOC. Hence, SOC plays a
negative role for the shift current, as expected from band
structure analysis.

The comparison of photoconductivity among the com-
pounds reported in the previous literature and the semiconduc-
tors in this work is given in Fig. 2(c). Two typical cases are the
ferroelectrics BaTiO3 and PbTiO3, in which the photoconduc-
tivities are ∼5 μA/V2 for photoenergy in the visible range. So
far, the largest photoconductivity in the visible spectrum range
is ∼6 μA/V2, observed in SbSI [41] in 2018. In the class
of semiconductors of the present work, the photoconductivity
can range from ∼20 μA/V2 to ∼80 μA/V2, comparable to
the largest reported photoconductivity in the semiconductors.

Normally, the decrease of photoconductivity by SOC only
works in simple band structures, where we assumed that the
system contains a few bands only and that the subbands after
the SOC spin split do not mix with each other. If the band

FIG. 2. Three-dimensional shift currents for the insulators in the
class of compounds MXY considered here and other real materials
reported previously. (a,b) Energy-dependent shift current for RhBiS
and IrBiSe, respectively. (c) Comparison of the maximum values of
shift currents with visible spectrum among the insulators obtained
in this work and those reported in previous works. The calculated
results without and with the inclusion of SOC are presented by
black and red lines, respectively. VLHHP means vinylene-linked
hybrid heterocyclic polymer. The data for the shift currents are from
[24–29,40,41].

structure is complicated and has strong hybridization, SOC
might change the band orders and contribute positively to
the shift current. SOC also complicates the hybridization of
different bands for this class of compounds; see Figs. 1(c) and
1(d). As shown in Fig. 2(c), the photoconductivity decreases
after the inclusion of SOC for most of the insulators in this
class of compounds. The only two exceptions are IrSbTe and
IrBiS, in which different effects from spin splitting compete
and almost cancel each other.
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FIG. 3. Comparison of energy dispersions of RhBiS calculated
from GGA and hybride functionals. (a) The comparison for the
valence bands. (b) The comparison for the conduction bands. The
calculations were performed using the Vienna Ab initio Simulation
Package (VASP) [42,43]

245206-3



ZHANG, de JUAN, GRUSHIN, FELSER, AND SUN PHYSICAL REVIEW B 100, 245206 (2019)

Pd
Bi

Se
Pt

Sb
Se

Pt
Sb

S
N

iB
iS

e
Pd

Sb
Se

Pt
Bi

Te
Pt

Bi
Se

Pd
Sb

S
Pd

A
sS

N
iS

bS
N

iS
bS

e
N

iA
sS

0
10
20
30
40
50
60
70
80
90

100

Sh
ift

 C
ur

re
nt

 ( 
 A

/V
2)

no-SOC
SOC

μ

FIG. 4. Peak value of three-dimensional shift currents in the
visible spectrum of metals studied in this work. The calculated results
without and with the inclusion of SOC are presented by black and red
lines, respectively.

Because the DFT calculations with generalized gradient
approximations (GGAs) normally underestimate the band gap
in insulators [39], we double checked the band structures by
using a more accurate hybrid functional [44]. It is found that
the only difference in the band structures from the two types
of approximations is the band gap, and the shapes of the bands
almost do not change for both valence and conduction bands
near the band gap; see Fig. 3. Hence, we believe that the
maximum values of the photoconductivity should also shift
to higher frequencies, while keeping the magnitude almost
unchanged. The comparison between the band structures from
the hybrid functional and GGA calculations yields that the
frequency shift is around 0.5 eV.

Very recently, considerable interest regarding BPVE was
devoted to metallic systems, as the natural requirement of

inversion symmetry breaking for BPVE can also lead to
topological Weyl semimetals (WSMs) with monopoles of
Berry curvature and linear energy dispersion [30,45–47]. The
gapless electronic band structure with inversion symmetry
broken provides the possibility to extend BPVE into the long
wavelength range. Indeed, strong shift current can be also
obtained in inversion-symmetry-broken metals. In this class of
compounds, there are 12 metals with a transition metal atom
sitting at M = Ni, Pd, and Pt, where the photoconductivity
can range from ∼30 to ∼60 μA/V2 in the visible spectrum
range, around one order magnitude larger than that reported
for ferroelectrics. Similar to the insulators, SOC also plays a
negative role most of the time; see Fig. 4.

IV. SUMMARY

In summary, we theoretically predicted strong shift cur-
rents in chiral crystal materials. The three-dimensional photo-
conductivity can range from ∼20 to ∼80 μA/V2, comparable
to the largest reported photoconductivity in the insulators
and semiconductors. Via electronic band structure analysis,
we found that SOC plays a negative role in most cases for
the shift current. This class of compounds provides a good
platform to study the mechanism of the PBVE and its future
applications. It illustrates that chiral crystals can host not only
quantized CPGE but also a strong shift current, which is of
great technological importance.
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