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We theoretically study the circularly polarized light-induced Floquet state in line-node semimetals
with time-reversal symmetry and inversion symmetry. It is found that the Floquet state can show
the photovoltaic anomalous Hall effect when an applied circularly polarized light creates a gap the
line node in the bulk and leaves Weyl point nodes. The Hall conductivity is sensitive to the location
of the Fermi level: When the Fermi level is located at the node, the Hall conductivity depends on
the radius of the line node and is nearly independent of the intensity of the light. Far from the
line node, the Hall conductivity is dependent on the intensity of the light. The sensitive Fermi-level
dependence of the Hall conductivity in the presence of a laser of weak intensity can have applications
in phototransistors based on thin films of line-node semimetals.

I. INTRODUCTION

Topological matter has attracted enormous attention
in recent years because it can host exotic edge or surface
states protected by nontrivial bulk topologies. Topo-
logical insulators, which are well known examples, are
characterized by a fully insulating gap in the bulk and
symmetry-protected metallic states at the boundaries’?2.
Currently, research interest in topological materials has
shifted from insulators to semimetals, as semimetals with
topologically non-trivial Fermi surfaces can also sup-
port robust surface states. In general, the bulk band
structures of topological semimetals possess point or line
nodes in the momentum space®*. 3D Dirac semimetals
form one class of topological semimetals with four-fold
degenerate point nodes, where the electrons have linear
dispersions near the Dirac nodes. NagBi® and Cd3Asy®”
have been experimentally confirmed to be topological
Dirac semimetals, where the Dirac nodes are protected
by a crystalline symmetry. If inversion or time-reversal
symmetry is broken, each Dirac node splits into two Weyl
nodes that are separated in the momentum space, and
the systems become Weyl semimetals®. Weyl nodes with
distinct chiralities lead to a variety of exotic measurable
consequences such as Fermi arc surface states and chi-
ral anomalies. Weyl semimetals have become a hot topic
because real Weyl semimetal materials have been theo-
retically proposed®!® and experimentally discovered in
inversion-symmetry-breaking TaAs-class crystals'! 14,

Unlike Dirac/Weyl semimetals, in which the conduc-
tion band touches the valence band at discrete points in
the momentum space, the conduction and valence bands
in topological line-node semimetals touch each other on
closed lines, and symmetry protected drumhead sur-
face states emerge®*1°° 17, Recently, several theoretical
proposals'® 27 and experimental studies?~32 on line-node
materials have appeared. Because the dimension of line
nodes is different from that of point nodes in Dirac/Weyl
semimetals, we expect that line-node semimetals will ex-
hibit new topological transport and response phenom-
ena characteristics for line nodes. Several studies have

shown novel phenomena in line-node semimetals, e.g.,
minimal conductivity®2°, quantized Hall conductivity2®,
a flat Landau level3, plasmons®43°, and electric polariza-
tion and orbital magnetization®®. One method for real-
izing nontrivial transport phenomena in semimetals is to
irradiate the materials using light. Dirac/Weyl semimet-
als in the presence of circularly polarized light have been
theoretically studied within the framework of Floquet
theory3™ 39, The circularly polarized light couples to
electrons in a nontrivial way: the angular momentum of
the incident light interacts with that of electrons, which
can break the time-reversal symmetry. The anomalous
Hall effect due to the light-induced interaction, which is
called the photovoltaic anomalous Hall effect*?, occurs
when the Fermi level is located near the Weyl nodes.

In this paper, we study the transport phenomena of
line-node semimetals in the presence of circularly po-
larized light within the framework of Floquet theory.
We find that the light-induced interaction in line-node
semimetals, unlike that in Dirac/Weyl semimetals®” 39,
has a strong dependence on the direction of incident
light and is highly anisotropic. We show that photo-
voltaic anomalous Hall effect in line-node semimetals
with time reversal and inversion symmetries, such as
that in CazP322®, can be generated by applying circu-
larly polarized light. We calculate the Hall conductivity
o2HE(ep) as a function of Fermi level ep and tempera-
ture. We find that for eg = 0, which means that the
Fermi level is located at the line node, the Hall conduc-
tivity depends on the radius of the line-node, but that
it does not depend on the strength of the light-induced
interaction. For ep # 0, on the other hand, the Hall con-
ductivity depends on both the radius of the line-node and
the strength of light-induced interaction. As a result, the
magnitude of c2HF (ep) is sensitive to ep in the presence

zr
of weak-intensity incident light.

II. MODEL

We consider a line-node semimetal with time-reversal
and spatial-inversion symmetries that can be described



by a minimal two-band model. In the absence of an
applied electromagnetic field, the low-energy effective

model Hamiltonian of line node semimetal is expressed
hy20:21:41

Ho = 4} Hot, (1)
k
h2k?
Ho(k) = <% - mo) 7750 + vk, 1Ys% — ep0sY, (2)

where m is the effective mass of the electron; vg =
(V44 ¥4~ ¥y 4 1y )T is the annihilation operator with
spin up (1), down (), even- (+), and odd- (—) parity
orbitals under the mirror reflection with respect to the
z =0 plane; and k? = k2 + k7 + k2 holds. s™¥* (7%%)
and s° (7°) are the Pauli matrices and the identity ma-
trix in the spin (orbital) space, respectively. When the
bands are inverted (mgo > 0), a line node appears on the
circle of k2 + k) = 2mmg/h* and k. = 0. mg and v are
parameters corresponding to the radius of the line node
and the velocity in the z direction, respectively.

Additionally, we take the electromagnetic fields for
line-node semimetals into account. The total Hamil-
tonian is obtained using the Peierls substitution, i.e.,
k — k — eA/h. Keeping the first-order term expansion
about the vector potential A, the total Hamiltonian is
approximated by

H - HO + Hemq (3)
= vki - A (4)
Kk
where the charge current j is represented by
. eh 0 €U,
J—m(k QHA)TS hTseza (5)

where e < 0 is the elementary charge of an electron and
e, is the unit vector along the z direction. The elec-
tric field FE is obtained from the spatially-uniform vector
potential A; E = —0; A.

In Sec. III, we note that A = Ay,(t) and E = Ey, de-
note the vector potential and electric field of the incident
light, respectively. In Sec. IV, to consider the anoma-
lous Hall effect, a DC electric field (Eq.) is also included:
E=FE; + Eq. and A= Ay, + Aqe.

III. FLOQUET STATES

Based on the model Hamiltonian of Eqs. (1)-(4),
we consider the Floquet state in line-node semimetals
using the standard approach3” Y. Consider the time-
dependent vector potential A(t), which is a periodic func-
tion with a period of 27 /€. Then, the total Hamiltonian
Eq. (3) is also periodic, as H(t) = H(t + 27 /), with a
frequency of incident light of Q. Below, Ay, is assumed
to be the monochromatic frequency of the coherent light.
Then, the wave function of the Schrodinger equation

TABLE I. Effects of circularly polarized light along the z, x,
and y axes in a semimetal with a line node on the k, = 0 plane.
PAHE indicates the photovoltaic anomalous Hall effect.
PAHE

z 5mo7' s0 0

, — Lok, 8" oﬁZHE

, —Lykyms" gAIE

Axis Induced term

x  dmor?s®
y  dmor?s®

iDp0(t) = H(1) is given by (1) = 53, dye i(c/munt,
where € is the Floquet quasi-energy and u takes all in-
teger values. From the Schrodinger equation and the
Floquet equation, Z Hu, n¢n = (e + uhQ))¢, is ob-
tained. Here, Hy, = Q/(27r) I /(%)7{() lu=n)Q gy 4

wh€20,y is the block Hamiltonian in the Floquet state.

Using Eq. (1), the diagonal term becomes Hyuw =
W+ s o O M) dt = b+ Ho + | Av 7
the off-diagonal terms are Hyu41 = 'H,u flu =

—W OQ/(%)J Ap(t)e~ ¥ dt. The other off-diagonal
terms are identically zero. Each solution to the Floquet
equation is regarded as a periodic steady state. _

Next, we focus on the effective Hamiltonian H o, in-
tegrating out the higher-energy states ¢,>1. Hem renor-
malizes the parameters and introduces new terms into
Ho,0. Using the symmetry considerations, we find that
kym7sY (or k,77s") is the only time-reversal-symmetry-
breaking term induced by Hey, in 7:[070 without spin-orbit
interaction (see Appendix A for details). This term gives
rise to the photovoltaic anomalous Hall effect, as dis-
cussed in Sec. IV. In the following section, we derive the
light-induced terms in the effective Hamiltonian within
second-order perturbation theory.

We assume that, for perturbation theory, the energy
scale of the incident light (h€) is larger than the width of
the energy scale in Eq. (1). Then, the off-diagonal term
is regarded as a perturbation for Hg, and the effective
Hamiltonian Heg = Ho,o in the periodic steady state is
given by

2|AL|2 20 [Ho,—1,Ho,1]

L L0 o(4t). (6)

Heg = Ho+ —F—
The first and second terms are derived from the diagonal
term Ho,o. The third term is the second-order correc-
tion due to the off-diagonal terms. Note that the second
term and third term are newly added in the Hamiltonian.
Below, we consider the details of these terms and their
physical meanings, which are summarized in Table 1.

A. Light propagation along the z axis

When light propagates along the z axis, Ay, is given
by

Ar, = Ap(cos Qt, of sinQt,0), (7)



where Ap, = iFy,/Q and Ej, are the magnitudes of the
vector potential and the electric field of the light, respec-
tively. The spin angular momentum of light, of = +1,
indicates the chirality of right-handed and left-handed
circularly polarized light. Then, [Ho,—1,Ho,1] vanishes
and the effective Hamiltonian is given by

Het = Ho + Smor*s”, (8)
where
2B}
5m0 = 2mO2 . (9)

Thus, there is no time-reversal-symmetry-breaking term
in Heg. We find that in Eq. (8) the induced term is
proportional to 77s° and its sign is always positive mg >
0; therefore, this term plays a role in decreasing mg of
Eq. (1) by dmg. In other words, myg is renormalized into
mo;

mo — Mo = Mgy — 5m0, (10)

which means that applying light along the z direction
simply changes the radius of the line node, assuming dmyg
is smaller than mg.

A line node may induce the quasi-topological response
of the electric polarization P, and the orbital magneti-
zation M, along the z direction, which are proportional
to mo36. This result implies that the values of P, and
M. can be controlled through the application of circu-
larly polarized light along the z direction. We also find
that the changes of P, and M, are independent of the
chirality of the incident light.

B. Light along the y axis

When the incident light propagates along the y axis,
a new term, which breaks the time-reversal symmetry, is
induced, in addition to the dmg term, as shown below.
Ay, is represented by

Ayp = Ap (o7 sin 2, 0, cos Q). (11)

The off-diagonal term Ho —1(= 7—[&1) is given by

. 2 . .
Ho 1ely, ( —%[afz{% + k.| w ) 7

DY —iv B [of iks + k2]
(12)

and the third term in Eq. (6) becomes

1
hQ

2 12
vesEf

[(Ho,—1,Ho,1] = e

0 kT8, (13)
The above term is represented in the form of i€ x £ =
|E|?0f g, which indicates the direction of the light prop-
agation and the chirality of the incident polarized light,
where q is the unit vector of the incident light and £ and

E™ are the complex vector of the electric field and its com-
plex conjugate, respectively. When the light is along the
y axis, the complex vector is given by € = Fy(i,0,1)/v/2.
As a result, the effective Hamiltonian is obtained to be

Heor = Ho + dmo7?s® — Lk, 7757, (14)
with
L - ﬂ(s x £%) (15)
a=x,y,z — mh3 a-

Note that the light-induced term, L£,k,7%s%, in Eq.
(14) indicates the interaction depending on the spin an-
gular momentum of the light (of ), the orbital degrees of
freedom (77), and the momentum k. The magnitude of
the coefficient £, is proportional to both the laser inten-
sity and Q3. The sign of £, denotes the chirality and
the propagation direction of the light. It is also found
that nonzero L, is generated by nonzero v, which is cor-
responding to the velocity in the z direction in Eq. (2).

C. Light along the x axis

The effective Hamiltonian for the light along the x axis
is derived by the 7/2 rotation of that along the y axis.
Ay, is represented by

Ayr = Ar(0, cosQt, of sin Qt). (16)

The off-diagonal Ho—1 (=
75[Ho,-1,Ho,1], are found to be

terms, 7‘4,0) and

b _icEL (v 4 iof k] —ofv
REEYI) afv B kv +iofk?])
1 _ z 071y

hQ[HO’_l’HO’l] = —L,7°s"kY. (17)

Therefore, the effective Hamiltonian in the Floquet state
is given by

Heg(k) = Ho + 0mor7s® — EzkyT””sO.

Note that the third term denotes the coupling between
7% and k.

IV. PHOTOVOLTAIC ANOMALOUS HALL
EFFECT

Using the effective Hamiltonian in Eq. (14), we con-
sider the photovoltaic anomalous Hall effect, which is a
characteristic type of transport in the Floquet state in
the presence of both incident circularly polarized light
and an applied DC electric field. The direction of the
incident light and the applied electric field are along the
y direction and x direction, respectively, as illustrated in
Fig. 1. Note that before applying the circularly polarized
light, there is no anomalous Hall effect.
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FIG. 1. (Color online) Schematic illustration of the setup

for photovoltaic Hall effect measurement in a line-node
semimetal. The incident light travels along the y direction
and the DC electric field is applied along the x direction.
The photovoltaic anomalous Hall current flows along the z
direction.

The energy spectrum of Eq. (14) is found to be

h2 k2 2
Ei(k)=—er £ (% _m°> + vk + L3RS, (18)

which has Weyl points at k, = k. =0 and k, = ko;

o = Y20 (19)
h
The position of the Weyl point kg is slightly shifted by
the change of mg — my = mg — dmy, as shown in Fig. 2.
It is known that Weyl semimetals exhibit the anomalous
Hall effect??43; the present system under incident light
also exhibit this effect, as explained below.
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FIG. 2. (Color online) The energy dispersion of the line-node
semimetal in the Floquet state at k., = 0 and ep = 0 for
two finite values of £,. Realistic parameters, i.e., i*/(2m) =
4.5 eV-AZ7 v = 2.5 eV~A7 and mo = 0.184 eV for CasPa,
are used'®. (Left panel) The k, dependence of the energy
dispersion of Eq. (18) with fixed k», = 0. The position of
the Weyl point is slightly shifted by the change mo¢ — mo =
mo —dmo. (Right panel) The k, dependence of Eq. (18) with
fixed k, = 0. A finite £, value plays a role in opening the
band gap, and the line-node vanishes.
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FIG. 3. (Color online) Anomalous Hall conductivity o2
for (a) Fr, = 10 KeV/cm and for (b) Er, = 5 KeV/cm, as a
function of the Fermi level er and the temperature 7'. This
figure is based on realistic parameters for CaL3P2157 which are
the same those used in Fig. 2. The light frequency is set
to © = 100/(2w) THz. The light-induced terms are evalu-
ated as follows. (a) dmo = 0.82 meV, £, = 0.2 eV-A for
Er, = 10 KeV/cm, and (b) dmo = 0.21 meV, £, = 0.05 eV-A
for Er, = 5 KeV/cm, respectively. The two cases of (a) and
(b) correspond to the solid and dashed lines in Fig. 2, respec-
tively.

AHE
zx

The Hall conductivity o
Kubo formula:

3
AU _ _ip 2 / % C; o ()] 02 (B)] 5

o S ler + Ea(k)) — f (er — Ep(k))
[Ea(k) — Es (k)]

is obtained using the

: (20)

where f is the Fermi distribution function and v; =
(OH (k)/0k;)/h is the velocity matrix along the i-th axis.
oAHE g easily obtained for ep = 0 at zero temperature,
T = 0. Because the system is a two-dimensional insula-
tor for a fixed value of k, (except for k, = ko), the two-
dimensional Hall conductivity is quantized to e2/h x Z.
The Hall conductivity in the overall system is given by
an integral, i.e.,

2k
O'AHE e 0 (21)

2x |€F:T:0 =2x W?a

where the prefactor 2 is due to the spin degeneracy. This
expression is the same as that in a Weyl semimetal in
which the Weyl points are located at k, = £ko and k; =
k. = 0. Note that the above value depends only on the
location of the Weyl points, irrespective of the induced
time-reversal-symmetry-breaking term £,. For arbitrary
er and T, o2HF is numerically calculated, as shown in

Fig. 3. For eg — 0 and T — 0, the value of o2HE =
2¢2/h x ko/m = 0.5 mQ~! - em~! is reproduced for both
cases shown in Figs. 3(a), 3(b), and the solid line in
Fig. 4. The Hall conductivity is reduced by the effects
of finite temperature and Fermi energy, except for finite
Fermi energy in low temperatures.

The maximum of cAHF (Eq. 21) has a large value for
a large radius of the line node (m) and small |Fy,/Q)|,
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FIG. 4. (Color online) Temperature dependence of anomalous
Hall conductivity for er = 0 eV (solid line), er = 0.1 eV
(dashed line), and er = 0.2 eV (dotted line).

because of Egs. (10) and (19). For finite ep and T', on
the other hand, £, plays an important role: oAHE g
immediately suppressed when L, is weak, because L, is
proportional to the magnitude of the l1ght induced gap,
which is essential for ensuring the stability of the Hall
conductivity for ep # 0 and T # 0.

Figure 4 shows the temperature dependence of o
for three typical cases: (i) ep = 0, for which the Ferml
level is located only on the Weyl points; (ii) ep = 0.1 eV,
for which the carrier is moderately doped and the Fermi
surface forms a torus; and (iii) ep = 0.2, for which the
carrier is sufficiently doped and a conventional spherical
Fermi surface is realized. The Hall conductivity o2HE
monotonically and algebraically decreases as a functlon
of T for ep = 0 eV, whereas it slightly increases for fi-
nite Fermi energy (ep = 0.1 ¢V and 0.2 eV) in the low-
temperature regime and decreases to zero in the high-
temperature limit (not shown in the figures).

AHE

V. DISCUSSION AND CONCLUSION

In this section, we will discuss an experimental real-
ization of the circularly polarized light-induced effective
Hamiltonian Heg and nonzero value of UAHE. The ob-
tained result is verified when the energy scale of the inci-
dent light (h€2) is much larger than that of the low-energy
effective Hamiltonian Hy, i.e., h{2 > ep. The light along
the in-plane (zy) direction breaks the mirror-reflection
symmetry that protects the line-node on the k;k, plane;
therefore, the band gap opens, except at the Weyl points.
As a result, the nonzero anomalous Hall current, which is
a characteristic transport in the Floquet states, is driven
by an applied DC electric field on the zy plane, where
the line node is located and perpendicular to the light
direction.

Fig. 3 shows that the magnitude of o7 is signifi-
cantly reduced by having a finite value of eF, and that a
large value of £, is needed for the detection of a nonzero

AHE

o2HE in doped line-node semimetals. Recently, a method

for generating a large electric field, i.e., over 1 MV /cm, at
both infrared frequencies (72 THZ)44 and terahertz fre—
quencies (1 THz)* has been reported. This light induces
a giant orbital-momentum coupling £,, ~ 0.1 eV.A, which
enables one to observe a large value of o2HE in wide ep
and T regions [see Fig. 3(a)].

In a thin film of line-node semimetal, the Fermi level
can be manipulated by applying a gate voltage. Thin
films are also suitable for the irradiation of light, i.e., the
light extends over the entire system when the thickness
of the film is smaller than the wavelength of the light.
For example, one can use a 1-um (or thinner) film for
visible light of high energy (A ~ 1 eV > €p).

In addition, the anomalous Hall conductivity can be
detected, even if the intensity of the light is weak, because
o2HE has a very large value for ep ~ 0, as shown in Fig.
3. Additionally, Eq. (21) shows that the anomalous Hall
conductivity in the line-node semimetal is nearly inde-
pendent of the laser intensity, and it is unlike that in Weyl
semimetals: In Weyl semimetals with Floquet states, the
anomalous Hall conductivity depends on the laser inten-
sity, because the Weyl nodes are shifted by the circu-
larly polarized light; this shift is proportional to the laser
intensity3” 3. In addition, we find that, unlike the light-
induced effective Hamiltonian in Dirac/Weyl semimetals,
this result is highly anisotropic regarding the direction of
the incident light.

Finally, we consider applications of the photovoltaic
anomalous Hall effect to optical and electrical devices. In
the presence of a weak light, c2H® (ex) is roughly zero,
except for egp = 0, indicating that there are significant dif-
ferences between oAHF (ep # 0) and o2HE (ep = 0). The
Fermi level, ep, is controlled by the on-off gate voltage in
a thin film. Using the analogy to resistive random access
memory or phase random access memory, the magnitude
of the Hall conductivity c2HE (ep # 0) and o2HF (e = 0)
can be regarded as ”0” and ”1” logic signals. This large
difference in the Hall conductivity is applicable to optical
and electrical memory devices or phototransistors. The
basic mechanism could rely on the characteristic property
of line-node semimetals. Additionally, we noted that the
anomalous Hall effect is useful for the detection of the di-
rection of light, because the nonzero value of oAHE occurs
when the light is along the mirror-symmetry- breaking di-
rection of the line-node semimetal.

Note added— During the preparation of the
manuscript, we became aware of similar works by Z. Yan
et. al.,*®, C.-K. Chan et. al.,*”, and A. Narayan*®, which
discuss the transition from line-node semimetals to Weyl
semimetals.
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Appendix A: Symmetry consideration for effective
Hamiltonian induced by circularly polarized light

The form of the effective Hamiltonian in the Floquet
state is determined by the symmetry consideration, as
described below.

1. Symmetry of circularly polarized light

Circularly polarized light along the g direction is ob-
tained from the vector potential of

Ap, = R(§)Ar(cos Qt,0f sin Qt,0)1, Ap € iR, (A1)

where R(q) € SO(3) is the rotational matrix that rotates
z into q. The Hamiltonian describing the interaction be-
tween an electronic system and the light has the following
form

Hem(t) =—dJ- AL7 (A2)

where J denotes the charge current of the system.

Hen (t) has mirror-reflection My symmetry perpendic-
ular to g, and rotational symmetry along q. As a re-
sult, spatial-inversion symmetry is also retained. J is
time-reversal odd. Time-reversal 7, on the other hand,
reverses the chirality of the light, i.e., Hep (t) breaks time-
reversal symmetry. The two mirrors, Mg, and Mg,, are
parallel to q, as shown in Fig. 5; they also reverse the chi-
rality. Therefore, Hepy (t) is invariant for the composite
operation, namely, so-called magnetic reflection, Mg, T;

(Mg, 7)™ He () (Mg, T) = Hem(—1).  (A3)

Similarly, the magnetic-rotational C(7q;)7T symmetry
along g holds.

In summary, Hep(t) is invariant under the following
symmetry operations: C(6q), Mq, I, Mg, T, C(mq;)T.
For the realization of the photovoltaic Hall effect, the Flo-
quet effective Hamiltonian must have a time-reversal-odd
term of the A,y representation or its compatible ones.

TABLE II. 16 matrices in the minimal theory.
I M, My, M. T

0.0

0% 7% + + + + +
087 175 4 4 - — —
Y, 7%sY + — 4+ — —
O 14— - 4 —
s -+ 4+ -+
78" -+ - 4+ -
TvsY - - 4+ - -
T - - = = =
Y50 - 4+ o+ _
s — 4+ — o+ +
s — — 4+ 4+ +
Vs - — - - 4+
ke — — + + -
by — + - + -
ke -+ + - -

2. Minimal model for a line-node semimetal

A minimal (Doop) model hosting a line node consists of
even-parity (i.e., 7 = +1) and odd-parity (i.e., 7* = —1)
orbitals under mirror reflection with respect to the hori-
zontal plane. The symmetry operations, spatial inversion
I, and mirror reflection with respect to the x; = 0 plane
M, are represented by

I=71% M,=5s" My=5sY, M, =r1"s". (A4)

The 16 matrices 7#¢" in this theory are summarized in
Table II.

A Hamiltonian for a line-node semimetal, which has
an A4 representation, is given by

Hy(k) = c(k)7%5" + m(k)77s° + vk, 7Ys°, (A5)
where

c(k) = co + c1k? 4 co(k2 + ki), (A6)

m(k) = mo + mak? + ma(k2 + k7). (A7)

In Eq. (1), for simplicity, the ¢(k) term is ignored and
mq = me is assumed.

In the following, we derive the effective Hamilto-
nian based on the symmetry consideration. The Flo-
quet Hamiltonian shares the same symmetry as Hy(k) +
Hen (t). Hem(t) renormalizes the parameters in Ho(k)
and yields new terms Hem(k). Here, we focus on
the time-reversal-symmetry-breaking terms in Hem (K),
which may trigger the photovoltaic anomalous Hall ef-
fect.

a. Circularly polarized light along the z direction

Symmetry of the system under circularly polarized
light along the z direction is reduced to the point group



oo/mm/m’ from oo/mmm, where ' denotes the magnetic
operation. The time-reversal-symmetry-breaking terms
induced by the light belong to the time-reversal-odd As,
representation of co/mmm;

Heopy = (a0.7° + a..77)s* + AyTY (kg s® + kysY)
+ ay k. TYs* + O(K?). (A8)

The light may induce many spin-dependent terms only
when the system has a spin-orbit interaction.

b. Along the x direction

The symmetry of the system under circularly po-
larized light along the z direction becomes m'mm’

from oco/mmm. The time-reversal-symmetry-breaking
terms are the time-reversal-odd F(y,_1), representation
of oco/mmm:

Hem = (a0e™° + a.077)s% + TY(ayskes® + ayzk.s")

+ azoky 775 + O(k?). (A9)

Similar to the previous case of light along the z direc-
tion, many spin-dependent terms may be induced in the
presence of a spin-orbit interaction. Note that the last
term arises, even in the absence of a spin-orbit interaction
because it is independent of spin.

' M. Z. Hasan, and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).

2 X.-L Qi, and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).

3 A. A. Burkov, M. D. Hook, and L. Balents, Phys. Rev. B
84, 235126 (2011).

4 C-K. Chiu, J. C. Y. Teo, A. P. Schnyder, and S. Ryu,

arXiv:1505.03535.

Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng,

D. Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai,

Z. Hussain, Y. L. Chen, Science 343, 864 (2014).

6 7. K. Liu, J. Jiang, B. Zhou, Z. J. Wang, Y. Zhang, H. M.
Weng, D. Prabhakaran, S-K. Mo, H. Peng, P. Dudin, T.
Kim, M. Hoesch, Z. Fang, X. Dai, Z. X. Shen, D. L. Feng,
Z. Hussain, and Y. L. Chen, Nat. Mater. 13, 677 (2014).

7 M. Neupane, S.-Y. Xu, R. Sankar, N. Alidoust, G. Bian,
C. Liu, I. Belopolski, T.-Ro. Chang, H.-T. Jeng, H. Lin,
A. Bansil, F. Chou, and M. Z. Hasan, Nat. Commun. 5,
3786 (2014).

8 X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
Phys. Rev. B 83, 205101 (2011).

9 S.-M. Huang, S.-Y. Xu, I. Belopolski, C.-C. Lee, G. Chang,
B. Wang, N. Alidoust, G. Bian, M. Neupane, C. Zhang, S.
Jia, A. Bansil, H. Lin, and M. Z. Hasan, Nat. Commun. 6,
7373 (2015).

10 H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai,
Phys. Rev. X 5, 011029 (2015).

1'S-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, C.
Zhang, R. Sankar, S.-M. Huang, C.-C. Lee, G. Chang, B.
Wang, G. Bian, H. Zheng, D. S. Sanchez, F. Chou, H. Lin,
S. Jia, and M. Z. Hasan, Science 349, 613 (2015).

12 B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao,
J. Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen,
7. Fang, X. Dai, T. Qian, and H. Ding, Phys. Rev. X 5,
031013 (2015).

13 S-Y. Xu, N. Alidoust, I. Belopolski, Z. Yuan, G. Bian,
T.-R. Chang, H. Zheng, V. N. Strocov, D. S. Sanchez, G.
Chang, C. Zhang, D. Mou, Y. Wu, L. Huang, C.-C. Lee,
S.-M. Huang, B. Wang, A. Bansil, H.-T. Jeng, T. Neupert,
A. Kaminski, H. Lin, S. Jia, and M. Z. Hasan, Nat. Phys.
11, 748 (2015).

ot

M1, X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang, T.
Zhang, B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn, D. Prab-
hakaran, 7Z. Hussain, S.-K. Mo, C. Felser, B. Yan, and Y.
L. Chen, Nat. Phys. 11, 728 (2015).

15 Y -H. Chan, C.-K. Chiu, M. Y. Chou, and A. P. Schnyder,
Phys. Rev. B 93, 205132 (2016).

16 C.-K. Chiu and A. P. Schnyder, Phys. Rev. B 90, 205136
(2014).

17 C. Fang, Y. Chen, H.-Y. Kee, and L. Fu, Phys. Rev. B 92,
081201(R) (2015).

8 M. N. Ali, Q. D. Gibson, T. Klimczuk, and R. J. Cava,
Phys. Rev. B 89, 020505 (2014).

191, S. Xie, L. M. Schoop, E. M. Seibel, Q. D. Gibson, W.
Xie, R. J. Cava, arXiv: 1504.01731.

20 Y. Kim, B. J. Wieder, C. L. Kane, and A.M. Rappe, Phys.
Rev. Lett. 115, 036806 (2015).

2L R. Yu, H. Weng, Z. Fang, X. Dai, and X. Hu, Phys. Rev.
Lett. 115, 036807 (2015).

22 @. Bian, T.-R. Chang, H. Zheng, S. Velury, S.-Y. Xu, T.
Neupert, C.-K. Chiu, D. S. Sanchez, I. Belopolski, N. Ali-
doust, P.-J. Chen, G. Chang, A. Bansil, H.-T. Jeng, H.
Lin, and M. Z. Hasan, arXiv: 1508.07521.

23 H. Weng, X. Dai, and Z. Fang, arXiv:1603.04744.

24 H. Huang, J. Liu, D. Vanderbilt, and W. Duan, Phys. Rev.
B 93, 201114(R) (2016).

25 K. Mullen, B. Uchoa, and D. T. Glatzhofer, Phys. Rev.
Lett. 115, 026403 (2015).

26 G. Bian, T.-R. Chang, R. Sankar, S.-Y. Xu, H. Zheng, T.
Neupert, C.-K. Chiu, S.-M. Huang, G. Chang, 1. Belopol-
ski, D. S.Sanchez, M. Neupane, N. Alidoust, C. Liu, B.
Wang, C.-C. Lee, H.-T. Jeng, A. Bansil, F. Chou, H. Lin,
and M. Z. Hasan, arXiv:1505.03069.

2T 1. M. Schoop, M. N. Ali, C. StraBer, V. Duppel, S. S. P.
Parkin, B. V. Lotsch, and C. R. Ast, arXiv:1509.00861.

28 L. S. Xie, L. M. Schoop, E. M. Seibel, Q. D. Gibson, W.
Xie, and R. J. Cava, APL Mater. 3, 083602 (2015).

29 M. Neupane, I. Belopolski, M. M. Hosen, D. S. Sanchez, R.
Sankar, M. Szlawska, S.-Y. Xu, K. Dimitri, N. Dhakal, P.
Maldonado, P. M. Oppeneer, D. Kaczorowski, F. Chou,
M. Z. Hasan, and T. Durakiewicz, Phys. Rev. B. 93,
201104(R) (2016).



30Y. Wu, L.-L. Wang, E. Mun, D. D. Johnson, D. Mou,
L. Huang, Y. Lee, S. L. Bud’ko, P. C. Canfield and A.
Kaminski, Nat. Phys. 12, 667 (2016).

31 J. Hu, Z. Tang, J. Liu, X. Liu, Y. Zhu, D. Graf, Y. Shi, S.
Che, C. N. Lau, J. Wei, and Z. Mao, arXiv:1604.06860.

32 D. Takane, Z. Wang, S. Souma, K. Nakayama, C. X. Trang,
T. Sato, T. Takahashi, Y. Ando arXiv:1606.07957.

33 J-W. Rhim and Y. B. Kim, Phys. Rev. B 92, 045126
(2015).

34 J-W. Rhim and Y. B. Kim, New. J. Phys. 18, 043010
(2016).

35 7. Yan, P-W. Huang, and Z. Wang, Phys. Rev. B 93,
085138 (2016).

36 S, T. Ramamurthy and T. L. Hughes, arXiv:1508.01205.

37 §. Ebihara, K. Fukushima, and T. Oka, Phys. Rev. B 93,
155107 (2016).

38

39

40
41

42

43
44

45

46
47

48

C. K. Chan, P. A. Lee, K. S. Burch, J. H. Han, and Y.
Ran, Phys. Rev. Lett. 116, 026805 (2016).

K. Taguchi, T. Imaeda, M. Sato, and Y. Tanaka, Phys.
Rev. B. 93, 201202(R) (2016).

T. Oka and H. Aoki, Phys. Rev. B 79, 081406(R) (2009).
H. Weng, Y. Liang, Q. Xu, R. Yu, Z. Fang, X. Dai, and Y.
Kawazoe, Phys. Rev. B. 92, 045108 (2015).

K.-Y. Yang, Y.-M. Lu, and Y. Ran, Phys. Rev. B 84,
075129 (2011).

A. A. Burkov Phys. Rev. Lett. 113, 187202 (2014).

A. Sell, A. Leitenstorfer, and R. Huber, Opt. Lett. 33,
2767 (2008).

H. Hirori, A. Doi, F. Blanchard, and K. Tanaka, Appl.
Phys. Lett. 98, 091106 (2011).

Z. Yan and Z. Wang, arXiv:1605.04404v2.

C.-K. Chan, Y.-T. Oh, J. H. Han, and P. A. Lee, arXiv:
1605.05696v1.

A. Narayan, arXiv: 1607.02503v1.



