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Weyl semimetals and nodal line semimetals are characterized by linear band touching at zero-
dimensional points and one-dimensional lines, respectively. We predict that a circularly polarized light
drives nodal line semimetals into Weyl semimetals. The Floquet Weyl points thus obtained are tunable by
the incident light, which enables investigations of them in a highly controllable manner. The transition from
nodal line semimetals to Weyl semimetals is accompanied by the emergence of a large and tunable
anomalous Hall conductivity. Our predictions are experimentally testable by transport measurement in film
samples or by pump-probe angle-resolved photoemission spectroscopy.
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It has become well known that topological concepts
underlie many fascinating phenomena in condensed matter
physics. After in-depth investigations of topological insula-
tors [1–3], considerable attention is now focused on topo-
logical semimetals. Unlike topological insulators, whose
gapless excitations always live at the sample boundary,
topological semimetals host gapless fermions in the bulk.
The two major classes of topological semimetals under
intense study are (i) nodal point semimetals and (ii) nodal
line semimetals (NLSM). The nodal point semimetals
include Dirac semimetals (DSM) [4–14] and Weyl semi-
metals (WSM) [15–31]. The main feature of the band
structures of DSMs and WSMs is the linear band-touching
points (“Dirac points” and “Weyl points”), which are
responsible formost of their interesting properties, including
novel phenomena induced by the chiral anomaly [32–44].
NLSMs [45–63] differ in that they contain band-touching
lines or rings [64], away from which the dispersion is linear.
In this Letter we show that driving NLSMs by a circularly

polarized light (CPL) creates WSMs, namely, nodal lines
become nodal points under radiations. Our work was
motivated by recent progress in Floquet topological states
[65–84], in particular, Ref. [85] showed that incident light can
shift the locations of Weyl points in WSMs. The effect we
predict in NLSMs is more dramatic: band-touching lines are
driven to points; thus, the dimension of the band-touching
manifold is changed. Meanwhile, a large anomalous Hall
conductivity tunable by the incident light emerges.Unlike the
photoinduced Hall effect in WSMs [85], which is propor-
tional to intensity of incident light, the Hall conductivity in
our systems is large and quite insensitive to the light intensity
at low temperature, though it depends sensitively on the
incident angle of light. The surface Fermi arcs of the Floquet
WSMs have a simple interpretation, namely, it comes from
tilting the drumhead surface dispersion of NLSMs.
The Floquet WSMs derived from NLSMs are highly

tunable, in particular, the Weyl points can be freely tuned to

any locations on the nodal line. Hopefully this tunability
will motivate further investigations of fascinating properties
of topological materials.
Recently, there have appeared experimental evidences of

nodal lines in PbTaSe2 [55], ZrSiS [86–89], ZrSiTe [90],
and PtSn4 [91], and quite a few theoretical proposals in
Cu3PdN [53,54], Ca3P2 [56,61], Hg3As2 [92], and three-
dimensional graphene networks [52]. Thus our prediction
can be experimentally tested in the near future.
Drive nodal line semimetals to Weyl semimetals.—

NLSMs with negligible spin-orbit coupling (SOC) can
be regarded as two copies of spinless systems; thus, we first
consider spinless models for notational simplicity. Near the
nodal line, the physics can be captured by two-band models
[53,54,59]. Our starting point is the model Hamiltonian
Ĥ¼P

kΨ̂
†
kHðkÞΨ̂k with Ψ̂k ¼ ðĉk;a; ĉk;bÞT and (ℏ ¼ c ¼

kB ¼ 1),

HðkÞ ¼ ½m − Bk2�τx þ vkzτz þ ϵ0ðkÞτ0; ð1Þ
where a, b refer to the two orbitals involved and m, B are
positive constants with the dimension of energy and inverse
energy, respectively; v refers to the Fermi velocity along z
direction; k2 ¼ k2x þ k2y þ k2z , and τx;y;z are Pauli matrices
and τ0 is the identity matrix. Although quite simple, this
two-band model well describes several candidates of
NLSMs [53,54] in which the spin-orbit coupling can be
neglected. The form of ϵ0ðkÞ is not crucial and is specified
later. When ϵ0 ¼ 0, the energy spectra of this Hamiltonian
read

E�;k ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m − Bk2�2 þ v2k2z

q
: ð2Þ

The nodal ring, on which the two bands touch, is located at
the kz ¼ 0 plane and determined by the equation
k2x þ k2y ¼ m=B. The nodal ring is protected by a mirror
symmetry, MHðkx;y; kzÞM−1 ¼ Hðkx;y;−kzÞ, with M ¼
iτx [93].
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We study the effects of a periodic driving. For the sake
of concreteness, suppose that a light beam comes in
the x direction, with the vector potential AðtÞ ¼
A0½0; cosðωtÞ; sinðωtþ ϕÞ� [96]. The choice ϕ ¼ 0 and
ϕ ¼ π corresponds to right-handed and left-handed CPL,
respectively. The electromagnetic coupling is given by
HðkÞ → H½kþ eAðtÞ�. The full Hamiltonian is time
periodic; thus, it can be expanded as Hðt;kÞ ¼P

nHnðkÞeinωt with
H0ðkÞ ¼ ½m − Be2A2

0 − Bk2�τx þ vkzτz;

H�1ðkÞ ¼ −eA0½2Bðky ∓ ie�iϕkzÞτx � ie�iϕvτz�=2;
H�2ðkÞ ¼ −Be2A2

0ð1 − e�i2ϕÞτx=4; ð3Þ
and Hn ¼ 0 for jnj > 2. In the limit where the driving
frequency ω is large compared to the other energy scales, a
proper description of the system is the effective time-
independent Hamiltonian [66,97–100], which reads

HeffðkÞ ¼ H0 þ
X
n≥1

½Hþn;H−n�
nω

þO
�

1

ω2

�

¼ ½ ~m − Bk2�τx þ vkzτz þ λkyτy þ…; ð4Þ
where λ ¼ −2e2BvA2

0 cosϕ=ω and ~m ¼ m − Be2A2
0. The

main effect of the driving manifests in the λkyτy term,
which is nonzero as long as cosϕ ≠ 0, though circular
polarizations (ϕ ¼ 0 or π) maximize jλj. The energy spectra
of Heff are given by

~E�;k ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ ~m − Bk2�2 þ v2k2z þ ðλkyÞ2

q
: ð5Þ

Once λ ≠ 0, the energy spectra immediately become gapped
except at the two Weyl points K� ¼ �ð ffiffiffiffiffiffiffiffiffiffi

~m=B
p

; 0; 0Þ (see
Fig. 1). We can expand Heff around the Weyl points as
H�ðqÞ ¼

P
ijvijqiτj with q ¼ k −K� referring to the

momentum relative to the gapless points, with vxx ¼
∓ 2

ffiffiffiffiffiffiffi
~mB

p
, vyy ¼ λ, vzz ¼ v, and all other matrix entries

are 0. The chirality of the Weyl points at K� is

χ� ≡ sgn½detðvijÞ� ¼ �sgnðcosϕÞ. The appearance of
cosϕ implies that the chirality has a simple dependence
on the handedness of the incident laser beam; thus, reversing
the handedness causes the reversing of the chirality of Weyl
points. Moreover, the locations of the Weyl points are
tunable by changing the direction of the incident laser
beams. For instance, the two Weyl points are located at
�ð0; ffiffiffiffiffiffiffiffiffiffi

~m=B
p

; 0Þ if the laser beam is along the y direction.
If one considers a nodal ring of generic shape and the

incident light along the x direction, one can show that Weyl
points are created around the local maxima and local
minima of kx on the nodal ring, and the chirality of the
Weyl point is opposite on the maxima and minima. Since
the numbers of local minima and local maxima are equal on
a ring, the Nielsen-Ninomiya theorem [101] stating the
equality of the numbers of Weyl points with opposite
chirality is automatically satisfied.
Anomalous Hall effect (AHE).—One of the significant

consequences of the topological transition from NLSM to
WSM is the emergence of the AHE characterized by a
nonzeroHall conductivity. The conductivity can be obtained
from the linear response theory [67], which leads to

σμν ¼ e2ϵμνρ

Z
d3k
ð2πÞ3

X
α

fαðkÞ½∇k ×AαðkÞ�ρ; ð6Þ

where μ, ν, ρ ¼ x, y, z and ϵμνρ ¼ �1 for the even (odd)
permutation of ðx; y; zÞ, α≡ ði; nÞ, with i referring to the
original band index andn referring to the Floquet index [67];
AαðkÞ is the Berry connection, and fα is the occupation
function. Thus theHall conductivity depends not only on the
Berry curvature but also on the fermion occupation, the latter
of which is nonuniversal, being dependent on details of the
systems (e.g., the coupling between the systems and the
bath). Belowwe focus on the case inwhich the occupation is
close to equilibrium, namely, fði;nÞ ¼ δn0niðEi;kÞ, where
niðEi;kÞ is the Fermi-Dirac distribution. For the incident
light beams along the x direction, the interesting component
of the Hall conductivity is σyz, which can be found as
(Supplemental Material [96])

σyzðT; μ; λÞ ¼
e2

2

Z
d3k
ð2πÞ3

�
d̂ ·

�∂d̂
∂ky ×

∂d̂
∂kz

��
ðnþ − n−Þ

¼ e2

2

Z
d3k
ð2πÞ3

λvð ~m − 2Bk2x þ Bk2Þ
~E3
þ;k

ðnþ − n−Þ;

ð7Þ

where d̂ ¼ d=jdj with d ¼ Tr½~τHeff �=2, and n� ¼
1=½eð ~E�;k−μÞ=T þ 1� is the Fermi-Dirac distribution with μ
denoting the chemical potential. For nonzero temperature
(T ≠ 0) or doped system (μ ≠ 0), analytic simplification of
Eq. (7) is not available, and we need to treat Eq. (7)
numerically (see Fig. 2). From Fig. 2(a) we can see that
σyzðT; 0; λÞ increases and saturates as λ is increased. The

Weyl points

nodal ring

CPL

FIG. 1. Conceptual illustration. A Dirac nodal line semimetal
has band-touching lines or rings and linear dispersion in the two
transverse directions. CPL lifts all the band touching except at
two isolated points, near which the dispersion of the Floquet
bands is linear in all three directions, i.e., Weyl points. The
different colors of the Weyl cones represent different
chirality (�1).
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saturation occurs at smaller λwhenT is lower. AsT → 0, the
σyz − λ curve approaches a step function, jumping from
σyz ¼ 0 at λ ¼ 0 to a nonzero value σyzð0; 0; λ ≠ 0Þ at λ > 0.
Taking μ ¼ T ¼ 0 in Eq. (7) leads to

σyzð0; 0; λ ≠ 0Þ ¼ e2

πh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
B
− e2A2

0

r
sgnðcosϕÞ; ð8Þ

where we have restored the Planck constant h. It is readily
seen that σyzð0; 0; λ ≠ 0Þ is proportional to the distance
between the two Weyl points. The Hall conductivity can be
easily tuned by the incident angle of light. For instance, the
nonzero component is σxz instead of σyz if the incident light
is along the y direction.
This behavior is remarkably different from the light-

inducedHall effect inWeyl semimetals [85]. The proposal of
Ref. [85] is to separate existing Weyl points in WSMs by
light, while ours is to create Weyl points from NLSMs. The
former is a second-order effect proportional to A2

0, while the
AHE in the present work is a zeroth-order effect, which
should bemuchmore pronounced in experiment. In general,
the distance between the two photoinducedWeyl points is of
the order of 2π=a, a referring to the lattice constant; thus, we
have the estimation σyz ∼ ðe2=hÞð2π=aÞ.
Fermi arc as the descendent of drumhead states.—The

dispersion of the surface states of the NLSM takes the shape
of a drumhead or a bowl, i.e., a nearly flat band bounded by
the projection of the bulk nodal line to the surface Brillouin
zone. When ϵ0 ¼ 0, the dispersion becomes exactly flat.
Since theNLSMis driven to aWSMphase in our study, it is a
natural question how aFermi arc comes froma drumhead (or
bowl). We consider a semi-infinite geometry, namely, the
sample occupies the entire z > 0 half-space. The k-space
energy eigenvalue problem is translated to the real space as
Heffðkx;ky;−i∂zÞΨðx;y;zÞ¼Eðkx;kyÞΨðx;y;zÞ, under the
boundary conditions Ψðz ¼ 0Þ ¼ 0 and Ψðz → þ∞Þ ¼ 0.
We find that the surface mode wave function takes the

form of

Ψðx; y; zÞ ¼ N eikxxeikyy sinðκzÞe−γzχ; ð9Þ

with

Eðkx; kyÞ ¼ −λky þ ϵ0ðkx; kyÞ; ð10Þ

where χ ¼ ð1;−iÞT= ffiffiffi
2

p
, N is a normalization factor,

and γ ¼ ðv=2BÞ, κ ¼ ð1=2BÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4B½ ~m − Bðk2x þ k2yÞ� − v2

q
.

Implicit here is that 4B½ ~m − Bðk2x þ k2yÞ� − v2 > 0, so that κ
is real valued; in the cases of 4B½ ~m−Bðk2xþk2yÞ�−v2<0,
the solution can be obtained by replacing sinðκzÞ by
sinhðjκjzÞ, namely, Ψðx;y;zÞ¼N eikxxeikyysinhðjκjzÞe−γzχ.
It is found that the normalizability requires

k2x þ k2y < ~m=B; ð11Þ
which determines the region where the surface modes exist.
It is notable that the dispersion given by Eq. (10) shows a
chiral nature in the y direction. As a comparison, we note
that the surface states of the NLSM can be recovered by
letting λ ¼ 0, which, according to Eq. (10), leads to the
dispersion of the drumhead or bowl states: Eðkx; kyÞ ¼
ϵ0ðkx; kyÞ. The region of the drumhead or bowl is given by
Eq. (11) with ~m replaced by m, namely, k2x þ k2y < m=B.
An illustration is given in Fig. 3(a), in which the surface
state of the pristine NLSM is represented by the shadow
area, and the surface states of the Floquet WSM for three
values of intensity of incident laser are enclosed by the
three dashed lines with different colors. Because of the
nonzero λ generated by the incident laser, which enters
Eq. (10), the dispersion of the drumhead or bowl states of
the pristine NLSM becomes tilted [see Fig. 3(b)].
Spinful NLSMs.—SOC can change the size and location

of nodal lines or gap them out. Let us first consider the first
case. For concreteness, we consider a model Hamiltonian
HsðkÞ ¼ ðm − Bk2Þτx þ vkzτz þ Δsoτxsz, where sz is the
Pauli matrix for spin, and Δso quantifies SOC. This model
hosts two nodal lines, and is relevant to the NLSM
candidate TlTaSe2 [60]. Using the method of the previous
sections, we can find the effective Floquet Hamiltonian
Hs;effðkÞ ¼ ðm − Bk2Þτx þ vkzτz þ Δsoτxsz þ λkyτy, with

spectrum E ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ~m� Δso − Bk2Þ2 þ v2k2z þ λ2k2y

q
, in

which the expressions for λ and ~m are the same as given
below Eq. (4). Thus the system is driven to the WSM phase
with four Weyl points at K�

1 ¼ �ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið ~mþ ΔsoÞ=B
p

; 0; 0Þ
and K�

2 ¼ �ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið ~m − ΔsoÞ=B
p

; 0; 0Þ.
Effect of a small gap.—In several candidates of NLSMs,

the nodal line can be gapped out if a small spin-orbit
coupling [53,54,92] is included. Below we show that such a
small gap introduces a threshold laser intensity. Let us
consider the model

HgðkÞ ¼ ðm − Bk2Þτx þ vkzτz þ λsoτysz; ð12Þ

(a) (b)

FIG. 2. The dependence of Hall conductivity on temperature
(T), chemical potential (μ), and the intensity of the incident light
beam λ. The common parameters in use are m ¼ 1, B ¼ 1,
ω ¼ 2, ϕ ¼ π, v ¼ 1, ϵ0 ¼ 0, and we have defined the shorthand
notation σ0 ¼ ðe2=πhÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiðm=BÞp

. (a) σyz at μ ¼ 0 as a function of
λ for several values of T; (b) σyz at T ¼ 0 as a function of λ for
several values of μ.
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where sz refers to the z component of spin, and the λsoτysz
term induces an energy gap 2jλsoj. With an incident laser,
the effective Hamiltonian reads

Hg;effðkÞ ¼ ðm − Bk2Þτx þ vkzτz þ λsoτysz þ λkyτy; ð13Þ

with spectrum E¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ~m−Bk2Þ2þv2k2z þðλky� λsoÞ2

q
.

There are clearly four generated Weyl points, located
at Q�

1 ¼ ð�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~m=B − ðλso=λÞ2

p
; λso=λ; 0Þ, and Q�

2 ¼
ð�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~m=B − ðλso=λÞ2

p
;−λso=λ; 0Þ. It is readily seen that

the main effect of the gap is a threshold laser intensity
λth ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2soB= ~m

p
, above which the Weyl points can be

generated. Below the threshold laser intensity the system
is gapped.
Experimental considerations.—Among other possibil-

ities, it should be feasible to test our predictions in the film
of NLSMs. The incident light has a finite penetration depth
δ, and it is most efficient to measure the Hall conductivity
in film with thickness ∼δ. The estimation of δ becomes

simple when the Fermi velocities along the z direction and
the x − y direction are the same, namely, when 2

ffiffiffiffiffiffiffi
mB

p ¼ v,
and the optical absorption rate can be straightforwardly
estimated following Ref. [102], leading to δ ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B=ðmα2Þ

p
,

where α ∼ 1=137 is the fine structure constant. Sinceffiffiffiffiffiffiffiffiffiffi
B=m

p
is the inverse of the radius of the nodal ring, we

expect that it is of the order of a few lattice constants, thus
δ∼ several hundred lattice constants. Taking the NLSM
candidate ZrSiS as an example, we have estimated that a
film of thickness 100 nm and size 100 μm × 100 μm can
generate a Hall voltage ∼1 mVwith a dc current of 100 mA
(Supplemental Material [96]), which can be readily mea-
sured experimentally.
In the pump-probe experiments [79], 2e2v2A2

0=ω ∼
50 meV is attainable at photon energy ℏω ¼ 120 meV
(Ref. [79]); therefore, if we take v2=B ∼ 0.5 eV, we have
jλj ∼ 0.1v. Sincewehave shown that theFermivelocity of the
Fermi arc is λ,we can see that,within the current experimental
feasibility, it can reach a tenth of the bulkFermivelocity of the
NLSMs. This can be detected by the pump-probe angle-
resolved photoemission spectroscopy (ARPES) [79,80].
Conclusions.—Wehave shown thatNLSMsare tailor-made

materials for optically creating Floquet Weyl points.
Remarkably, polarized light with infinitesimal intensity is
sufficient in principle. The resultant Floquet WSMs have a
large AHE controllable by the laser beams, e.g., reversing the
handedness of the incident light changes the sign of the
anomalous Hall conductivity. The Fermi arcs of the Floquet
WSMs have an appealing interpretation, namely, they come
from tilting the drumhead surface dispersion of NLSMs. The
photoinducedFermi arcs and bulkWeyl points can be detected
in pump-probe ARPES, and the AHE can be measured in
transport experiments. Our proposal can be generalized to
cold-atom systems [103] by shaking lattice [104–106].
Apart from potential applications of the large and tunable

AHE in high-speed electronics, the tunability of the Floquet
WSMs also facilitates the future investigations of many
novel physics therein by techniques absent in the static
systems (e.g., spatial modulation of light [107]). From a
broader perspective, our work suggests that Floquet topo-
logical semimetals are fruitful platforms in the study of
topological matters.

This work is supported by NSFC under Grant
No. 11304175.

Note added.—Recently, there appeared two related pub-
lications [108,109]. In the overlapping parts, their con-
clusions are consistent with ours.
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