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Noncoplanar magnetic states with a scalar spin chirality have been intensively studied in con-
densed matter physics, since they exhibit fascinating physical phenomena. We theoretically propose
the generation of such noncoplanar magnetic states by using a circularly polarized electric field.
By performing the micromagnetic simulation, we investigate a time evolution of a classical kagome
magnet irradiated by the circularly polarized electric field. As a result, we find that the noncopla-
nar magnetic states are induced as a nonequilibrium steady state irrespective of the ground-state
spin configurations. We show that the induced scalar spin chirality is controlled by the amplitude,
frequency, and polarization of the electric field. In addition, we clarify that the mechanism of the
noncoplanar magnetic states is accounted for by effective field-induced three-spin interactions by
adopting the Floquet formalism in the high-frequency regime. We also show a condition to en-
hance the scalar spin chirality. Our results present a new reference for controlling the noncoplanar
magnetic states and related phenomena by the circularly polarized electric field.

I. INTRODUCTION

Engineering of physical properties by a time-periodic
field has attracted much attention in various fields of con-
densed matter physics. A time evolution by the time-
periodic field has been studied by the Floquet formal-
ism, which provides a framework for understanding the
time-periodic evolution by using a time-independent Flo-
quet Hamiltonian [IH3]. Since the Floquet Hamiltonian
exhibits a variety of effective terms depending on the am-
plitude, frequency, and polarization of the time-periodic
field, its radiation becomes a source of rich physical prop-
erties compared to the radiation of a static field.

In magnetic systems, the effect of the time-periodic
field radiation appears as field-induced magnetic inter-
actions in the Floquet Hamiltonian. For example, the
radiation of the time-periodic electric field on Mott in-
sulators induces and modifies exchange interactions [4-
15] and multiple-spin interactions [I6HI9]. Such changes
in the interactions also occur in spin systems [20H20]
and other itinerant electron systems [27] as a result of
the time-periodic field radiation. It was theoretically
shown that physical properties such as a magnetiza-
tion [20] 211 25] and states of the matter such as a quan-
tum spin liquid [I5] 17, 19, 22], a helical state [23], 25],
and a skyrmion [24] 27] can be controlled by the field-
induced magnetic interactions. This indicates that the
time-periodic field radiation is one of the powerful tools
to control magnetic states and related electromagnetic
responses.

In this paper, we propose the possibility of controlling
magnetic properties by a time-periodic field. We espe-
cially focus on a field-induced scalar spin chirality under
noncoplanar magnetic states, which becomes the origin
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of the topological Hall/Nernst effect [28H33]. Although
the scalar spin chirality by the time-periodic electric field
has been studied in quantum spin systems [I6HI9] 22, 26],
the analyses in the classical spin limit has not been eluci-
dated. Since the scalar spin chirality is usually controlled
by a static magnetic field via the Zeeman coupling in the
classical spin systems, the dynamical electric field sheds
light on another possibility of controlling the scalar spin
chirality. For that purpose, we radiate a circularly po-
larized electric field on a collinear or coplanar classical
magnet without the scalar spin chirality in the kagome-
lattice structure, where we suppose that the electric field
is coupled to spins via a spin-dependent electric polariza-
tion mechanism. By calculating a time evolution based
on the micromagnetic simulation, we show that the cir-
cularly polarized electric field induces noncoplanar mag-
netic states and their scalar spin chirality is controlled by
the amplitude, frequency, and polarization of the electric
field. In addition, we derive a time-independent Floquet
Hamiltonian based on the Floquet formalism in order to
investigate the origin of the field-induced scalar spin chi-
rality. As a result, we clarify that the scalar spin chirality
originates from effective field-induced three-spin interac-
tions under the circularly polarized electric field. We also
discuss a way of enhancing the scalar spin chirality via
the time-periodic electric field.

The paper is organized as follows. In Sec. we in-
troduce a static model for a classical kagome magnet
and discuss the ground states under no external fields.
Then, we introduce a dynamical Hamiltonian by taking
into account the effect of a circularly polarized electric
field in Sec. [[ITA] We also outline methods to analyze
the dynamical model based on the micromagnetic sim-
ulation and the Floquet formalism in Secs. [ITB| and
[IIC] respectively. In Sec.[[V] we show the origin of the
field-induced scalar spin chirality and its dependence on
model parameters by performing the micromagnetic sim-
ulations. Section [V] summarizes the paper and discusses
a possible experimental situation.
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FIG. 1. (a) Kagome network consisting of three sublattices
1-3 under the point group 6m2. The indices 1-5 and a—
f represent the site indices used to denote the interaction
and the electric polarization; see the main text in detail. (b)
Local cartesian spin coordinates (z,y, z) for the (1,2) bond,
(z',y',2") for the (2,3) bond, and (z”,y"”,2") for the (3,1)
bond [26].

II. STATIC MODEL

In Sec. [TA] we introduce a static Hamiltonian for a
classical kagome magnet. The ground states of the static
model are shown in Sec. [ Bl

A. Hamiltonian

We consider a static model for a classical kagome mag-
net with the point group 6m2 by implicitly supposing
the different sizes of the upward and downward trian-
gles, which is the so-called breathing kagome magnet.
The Hamiltonian is given by

Ho =% 927 (mems +mg'mE +mg"m{")

A apB
+ 33 (gl g mf +mg "), (1)
v o8

where m; is the local magnetic moment at site j with
|m;| =1, o, 8 = z,v, z, the summation ZA(V) is taken
over all the upward (downward) triangles on the kagome
network, and sites 1, 2 and 3 (1, 4, and 5) on each upward
(downward) triangle are labeled in the counterclockwise
order [see Fig. [I[a)]. We use local cartesian spin coordi-
nates (x,y, z) for the (1,2) and (1,4) bonds, (z’, 3/, 2’) for
the (2,3) and (4, 5) bonds, and (z”,y”, 2") for the (3,1)
and (5,1) bonds, as shown in Fig. [[{b). The nearest-
neighbor interaction matrices for the upward and down-

xy-FM
3-2-101 2 3

D ¥ ¥

3 L ~ ~ =, < > e

FIG. 2. (a) Ground-state phase diagram for the static model
in Eq. with F¥ = —1 [36]: 2-FM (pink region), xy-FM
(gray region), vortex (cyan region), and antivortex (green re-
gion). The phase boundaries L1-L6 are denoted by yellow
and white lines. Magnetic configurations for (b) z-FM, (c)
zy-FM, (d) vortex, and (e) antivortex phases. The arrows
and their colors show the local magnetic moments and the z
components, respectively. The red and white colors represent
the local magnetic moments with m} = 1 and m; = 0, re-
spectively.

ward triangles are generally given by

FZ D7 0
Jn=|—-Dia FX 0 |, (2)
0 0 FX
FS D 0
Jy=|-Di FS 0 |, (3)
0 0 FZ
respectively. Here, FZ(V)’ FZW)? and F&v) are sym-

metric anisotropic exchange interactions, and DZ(V)
is the Dzyaloshinskii-Moriya (DM) interaction [34, [35]
for upward (downward) triangles. The components in
Egs. and satisfy the point group symmetry 6m2
of the lattice.

B. Ground states

We discuss the ground states of the static model
in Eq. . We simplify the static model by setting
FR = Fg EFZ,FZ.:Fg = F} :Fg = F', and
D7 = Dzv = D?; this model corresponds to conven-
tional kagome model with the point group 6/mmm; the
effect of the difference between the upward and down-
ward triangles will be considered in a dynamical model
in Sec. [ITA] In addition, it is noted that the model has
accidental global U(1) symmetry around the z axis in
spin space. Then, the ground states are obtained by an
analytical calculation [36].

We show a ground-state phase diagram on the D?-
F+ plane for the static model with F? = —1 in
Fig. a). There are four long-range ordered phases
with an ordering wave vector of ¢ = 0, whose three-



sublattice magnetic configurations are described by us-
ing the magnetic configurations on an upward triangle,
m = (my,my, m3), as follows:

(i) Out-of-plane ferromagnetic (2-FM) phase. The
magnetic configuration is given by

m~™ = +(0,0,1,0,0,1,0,0,1), (4)
whose ground-state energy per unit cell is given by
BT — =, (5)

There is a degeneracy between the states with pos-
itive and negative z components. The z-FM con-
figuration with positive z components is shown in

Fig. [(b).

(ii) In-plane ferromagnetic (xy-FM) phase. The mag-
netic configuration is given by

zy-FM

m =(cos,sin b, 0, cosf,sinb, 0,

cosf,sin6,0), (6)

with an angle 6 (0 < # < 27). The ground-state
energy per unit cell is given by

EvIM — gt (7)

which is independent of § due to the U(1) symmetry
of the model. The xy-FM configuration for 6§ = 0
is shown in Fig. 2{c).

(iii) Vortex (Antivortex) phase. The magnetic configu-
ration for the vortex (antivortex) state is given by

m¥( @) ={sin(f + 021/3), cos(f + o21/3),0,
sin(f — 027/3), cos(6 — o27/3),0,
sinf, cos 9,0}, (8)

witho = 41 (—1) and 6 (0 < 6 < 27). The ground-
state energy per unit cell is given by

EY =3(—F* 4+ 0V3D?). (9)

The negative (positive) D* favors the vortex (an-
tivortex) state. Similar to the xy-FM state, the
ground-state energy is independent of # due to the
U(1) symmetry of the model. The vortex and
antivortex configurations for § = 0 are shown in

Figs. d) and e), respectively.

Among the four states, the z-FM and xy-FM states are
categorized into the collinear state, while the vortex and
antivortex states are categorized into the coplanar state.

The ground states at the phase boundaries are given
by superposing the z-FM, zy-FM, vortex, and antivortex
states. At the phase boundary L1, since the energies of
the z-FM and vortex states are degenerate, the ground
state is given by superposing them as

L1 z-FM

m- =c,m +c,m”, (10)

with ¢2 +¢2 = 1. The magnetic configurations for ¢, # 0
and ¢, # 0 are categorized into the noncoplanar state
with nonzero scalar spin chirality, i.e., mq-(msxms) # 0
and my - (my x ms) # 0, which we call a scalar chiral
state. Similar to the phase boundary L1, the ground
state at the phase boundary L2 becomes a noncoplanar
magnetic state by superposing the z-FM and antivortex
states. At the phase boundary L3, a superposition of
the z-FM and zy-FM states becomes the ground state,
which is categorized into the collinear state. At the phase
boundaries L4, L5, and L6, magnetic states with ordering
wave vectors g # 0 become the ground states [36].

III. DYNAMICAL MODEL

We introduce a dynamical Hamiltonian for the classi-
cal kagome magnet irradiated by a circularly polarized
electric field in Sec. [ITA] Then, we outline two meth-
ods to analyze the dynamical model. One is the analysis
based on the Landau-Lifshitz-Gilbert (LLG) equation in
Sec. [[II Bl and the other is the analysis based on the Flo-
quet formalism in Sec. [[ITC}

A. Hamiltonian

We consider the effect of the circularly polarized elec-
tric field on the classical kagome magnet. The Hamilto-
nian under the circularly polarized electric field is given
by

H(t) = Ho — E(t) - P, (11)

where H, is given in Eq. and P represents an electric
polarization coupled to the circularly polarized electric
field E(t) = Eo(6 cos Qt, —sin Qt, 0); Ey is the amplitude
of the field, Q is the frequency, and § = +1 (—1) rep-
resents a right circular polarization (RCP) [left circular
polarization (LCP)]. We suppose that the electric polar-
ization originates from spin-dependent electric dipoles on
the nearest-neighbor bonds as

P = Z(pw + P23 + pa1) + Z(PM + P15 + ps1), (12)

A v
with
P12 = —Apeiz X (Mg X my), (13)
P23 = —Apegs X (Mg X my), (14)
P31 = —Aaesz; X (m3 x my), (15)
P14 = 7/\v614 X (m1 X m4), (16)
Pas = —Ag€ss X (Mg X ms), (17)
P51 = —Agest X (ms x my). (18)

Here, the electric dipole pj;; for the nearest-neighbor
bond (4, k) is induced by the spin-current mechanism [37-
39); Aa(v) is the magnetoelectric coupling constant and



eji is the unit vector from the site j to the site k. The
electric polarization by the spin-current mechanism was
experimentally observed in multiferroic materials with
distorted kagome structures [40H43]. It is noted that
the form of p12 (p14) satisfies the point group symme-
try mm?2 of the bond (1,2) ((1,4)) [44], and the forms of
P23 and p31 (pas and ps;) are determined to satisfy the
threefold rotational symmetry of the upward (downward)
triangle under the 6m2 symmetry. It is noted that there
is no symmetry constraint between Aa and Ay under the
point group 6m2 (breathing kagome structure), while Aa
is equivalent to Ay under the point group 6/mmm (con-
ventional kagome structure).

B. Landau-Lifshitz-Gilbert equation

We calculate a time evolution of the dynamical Hamil-
tonian H(t) in Eq. by numerically solving the LLG
equation. The LLG equation is given by

dmj _ Y eff
i = T M x B
+agm; x {m; x Bfﬁ(t)}] , (19)

with the gyromagnetic ratio 7, the Gilbert damping con-
stant ag, and the effective magnetic field B;-’H(t) =
—0M(t)/0m;. The first term represents the precession
around the effective magnetic field, and the second term
describes the relaxation to the effective magnetic field.
The value of ag is typically set to aqg < 1.

The effective magnetic field for m; is given by

OH
Bﬁﬂ(t) - 870 —Aa Z My X {E(t) X ejkNN}
" knnEA
- )‘V Z My X {E(t) X ejk'NN}7 (20>
kNNEV

where knn € A(W) represents the nearest-neighbor site
on the upward (downward) triangle. The first term is
independent of time, while the second and third terms
are time-periodic with a period of T' = 27/).

To judge whether noncoplanar states are induced by
the electric field, we calculate the scalar spin chirality at

each time as
Z m1

FEmin

where N is the number of unit cells. After a long time
to, the system reaches a non-equilibrium steady state
(NESS). To characterize the NESS, we calculate an av-
eraged scalar spin chirality, which is given by

Xsc = {m2 ) X m3(t)}

{ma(t) x ms(t)}, (21)

N,
1 ave
Xsc = Nave Zl Xsc tO + nA) (22)

Here, N,y and A represent the number of samples and
the time step, respectively.

C. Floquet analysis

Since the LLG equation in Eq. is time-periodic,
we can adopt the Floquet formalism for the classical sys-
tems [25], which results in a time-independent effective
magnetic field and Floquet Hamiltonian. By solving the
LLG equation within the Floquet formalism, one obtains
a magnetic state with a local energy minimum of the
Floquet Hamiltonian. The obtained magnetic state is
expected to be consistent with the NESS when the fre-
quency 2 is large and the amplitude Ej is small compared
to the energy scale of the static model.

With this in mind, we perform the Floquet analysis
when the frequency €2 is large enough compared to the
energy scale of the static model in Eq. . By using
the high-frequency expansion in the Floquet formalism,
a time-independent effective magnetic field up to Q=1 is
obtained as

[Beﬁ_ 7Beff ]
Bcf‘f Bcff J,—n Js+n . 23
w0t T;) nQ(1+ o) (23)

Here, n is an integer and BST = T~! fOT dtBST (t)ein$
is the Fourier component of the time-periodic effective
magnetic field. The relation [A, B] is defined as

[B5™,. BS'L,]

=B B+ (B, LOBSL,
ket
with Ly = =37, eag,,mf(@/amZ) (o, B,n = z,y,2).
We ignore terms proportional to ag by assuming small
agG.
The Fourier components of B;?H (t) in Eq. are given
by

OH
eff 0
25
7,0 — 8mj’ ( )
B] +1 — An Z My X Eil X eJkNN)
knNEA
- )‘V Z My X Eil X eJkNN) (26)
kENNEV

with By, = Eo (0, £4,0)/2; the other Fourier components
are zero. By substituting Eqgs. and into Eq. ,
we obtain a time-independent effective magnetic field of
the present model.

A time-independent Floguet Hamiltonian HY is con-
structed from a relation B;?H = —OHY¥/Om;, which is



given by

HFZ”HO—I—TAZmme><m3+7'v2m1~m4><m5
A

4
+7To les(mb xmy)® + 5;(me x mg)*
O
+ SZ(mg x myp)® + S5(m. x m,)?
+ S (my x mq)® + Sj(ma x me)7], (27)
with
V3y6(An Eo)?
o= "4+ a) (28)
\/3'75()\on)2
7= T+ aq)? (29
V3G B2
To=- 10(1+ ag)? (30)

The summation )~ is taken over all the hexagons on
the kagome network, and sites a, b, ¢, d, e, and f on each
hexagon are labeled in the counterclockwise order [see
Fig. [[fa)]. The Floquet Hamiltonian includes the field-
induced three-spin interactions with 7, 75, and 7o in
addition to the static Hamiltonian Hqy. In particular,
the three-spin interactions with 7o and 75, are directly
coupled to the scalar spin chirality. The amplitude of
the field-induced terms is controlled by the amplitude
of the electric field Ey and the frequency €2, and their
sign is controlled by the polarization §. It is noted that
they cannot be induced by a linearly polarized electric
field with § = 0. Similar three-spin interactions were
obtained in Mott insulators [I6HI9] and quantum spin
systems [22] [26].

In the following calculations, we set £y = EpAa =
—FEgAy for simplicity, where the opposite sign for the
upward and downward triangles is allowed by the 6m2
symmetry. When the model is reduced to the conven-
tional kagome model under the 6/mmm symmetry, Aa
is equivalent to Ay,. This situation does not induce the
scalar spin chirality; see the results in Sec. [[V] for details.

IV. SIMULATION RESULTS

In this section, we show that the circularly polarized
electric field induces the scalar spin chirality in NESSs by
numerically solving the LLG equation. We consider the
static model in Eq. with a system size of N = 3% under
the periodic boundary condition [45]. The energy scale
and time scale are set as Fgg and E{;é, respectively; Fas
is the absolute value of the ground-state energy. Since we
take EgAan = —EpAy, the relation as 7 = Ta = Ty =
—70 holds in the Floquet Hamiltonian in Eq. (27). From
the viewpoint of the effective interactions, one finds that
the scalar spin chirality is not induced in the dynamical
model for the conventional kagome magnet with Aan =
Ay, since the effects of T, Ty, and To are canceled out.
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FIG. 3. (a) Time evolution of the scalar spm ch1rallty in
Eq . ) for the dynamical model in Eq. (| with F* =

F+ =05, D* = =2, Eq4 = 0.5EGs, and Q = 4Fgs. The
initial state is set as the vortex state in Eq. (8]) and the static
energy scale is given by Egs = 3| — F- 4+ v/3D?|. The red
(blue) line shows the time evolution by the electric field with
the RCP (LCP). (b) [(c)] Snapshot of the magnetic configu-
ration in the NESS by the RCP (LCP). The arrows and their
colors show the local magnetic moments and the z compo-
nents, respectively.

Thus, the difference between the upward and downward
triangles is essential to induce the scalar spin chirality in
kagome magnets. In the LLG equation in Eq. we
set v = 1 and ag = 0.05; similar results are obtained for
different av (< 1) since T changes very little, as expected
from Eqs. (30). We calculate a time evolution for a
long time, ty = 80000EG 160000EGS, to obtain NESSs.
After that, we calculate the averaged scalar spin chirality
in Eq. by setting Naye = 50000 and A = 0.002Eq3.
We use an open software DifferentialEquations.jl [46] to
solve the LLG equation.

In the following, we discuss the effect of the circularly
polarized electric field on the vortex and z-FM states in
Secs. [[V'A] and [[VB] respectively. In Sec. [V C| we show
the dependence of the field-induced scalar spin chirality
on D? and Ejy.

A. Radiation on a vortex state

First, we show the results when we radiate the cir-
cularly polarized electric field on the vortex state. We
set F* = —1, Ft = —05, and D* = —2 in the
static model. Then, the ground state becomes the vor-
tex state in Eq. and the energy scale is given by
Egs = 3| — F+ +V/3D3|.

The red line in Fig. [3(a) shows a time evolution of
the scalar spin chirality in Eq. under the electric
field with the RCP, where the field parameters are taken
as Fq = 0.5FEgs and Q) = 4FEqgs. At t = 0, the scalar
spin chirality is zero because of the coplanar structure in
the vortex state. After the electric field radiation, the
scalar spin chirality is continuously induced and the sys-
tem reaches a NESS with a positive scalar spin chirality



at t ~ 500Eé§. We show a snapshot of the NESS in
Fig. b), where positive z components of the magnetic
moment are induced in the coplanar vortex configura-
tion. Thus, this magnetic configuration is characterized
by the scalar chiral configuration in Eq. . It is noted
that the NESS exhibits a small in-plane magnetization
compared to the out-of-plane one by around 1073.

Meanwhile, when the polarization is reversed so as to
have the LCP, the negative scalar spin chirality is devel-
oped, as shown by the blue line in Fig. a). After a long
time, the system reaches a NESS with a negative scalar
spin chirality, whose snapshot is shown in Fig. c); the
NESS corresponds to the scalar chiral state with negative
z components of the magnetic moment. Similar to the
case with the RCP, a small in-plane magnetization also
appears in this case.

The microscopic origin of the scalar spin chirality is
attributed to the effective field-induced three-spin inter-
actions appearing in the Floquet Hamiltonian in Eq. ;
the negative T is induced by the electric field with the
RCP and it favors the positive scalar spin chirality. In-
deed, we find that the behavior of the scalar spin chirality
in the dynamical model in Eq. is well fitted by the
Floquet model in Eq. , as detailed below. Similarly,
the opposite sign of the scalar spin chirality by the LCP
is owing to the positive 7. These results indicate that
the sign of the scalar spin chirality is controlled by the
polarization of the electric field.

Let us comment on the electric field radiation on the
antivortex state in Eq. (8, which is stabilized by taking
the positive DM interaction D?* = 2; the other parame-
ters are the same as the previous ones. In this situation,
a NESS with a positive (negative) scalar spin chirality
is induced by radiating the electric field with the RCP
(LCP), which is similar to the radiation on the vortex
state in Fig. a). Meanwhile, magnetic configurations of
the NESSs are different from those in Figs. [3{b) and Bf(c);
with the RCP (LCP) negative (positive) z components
of the magnetic moment are induced in the coplanar an-
tivortex configuration.

Next, we show the behavior of the scalar spin chirality
while changing the amplitude E4q and the frequency 2.
In Fig. [4a), we show the E4 dependence of the averaged
scalar spin chirality under the electric field with the RCP
and = 4Fqg; the red and blue lines show the results for
the dynamical and Floquet models, respectively. The re-
sults for both models show their good agreement except
for the large Eq region. This indicates that the effec-
tive field-induced three-spin interactions 7 play an im-
portant role in inducing the scalar spin chirality ysc, and
higher-order contributions, such as terms proportional to
EgQ’z, are almost negligible in the small Eq region. The
scalar spin chirality increases with increasing E4 propor-
tional to E? in the small F4 region, which is also consis-
tent with the expression of 7 in Egs. 7. When Ey
is further increased, the scalar spin chirality approaches
the maximum value of xg = 2.

In Fig. b)7 we show the 2 dependence of the averaged
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FIG. 4. Electric-field parameter dependence of the averaged
scalar spin chirality xsc in Eq. (22) in the dynamical and
Floquet models with F* = —1, F—~ = —0.5, D* = —2, and
6 = 1: (a) Eq dependence at Q = 4Egs and (b) Q dependence
at Eq = 0.5Fgs. The initial state is set as the vortex state
in Eq. and the static energy scale is given by Fgs =
3| — F+ + v/3D*|. The red (blue) line shows the results for
the dynamical model in Eq. [Floquet model in Eq. ]

scalar spin chirality under the electric field with the RCP
and Eq = 0.5Egg. Similar to the result in Fig. (a), one
finds that the results for the dynamical and Floquet mod-
els are consistent with each other; the small derivation in
the low Q region is due to the higher-order contributions
in the high-frequency expansion, such as terms propor-
tional to E3Q72. The behavior of the scalar spin chirality
proportional to Q7! is understood from the effective in-
teraction T in Egs. 7. It is noted that a similar
behavior of the scalar spin chirality in Fig. [ is obtained
when the electric field radiation on the antivortex state
is considered.

B. Radiation on a z-FM state

Next, we investigate the effect of the circularly po-
larized electric field radiation on the z-FM state. We
set F* = —1, F+ = —0.5, and D* = —1.2 in the static
model, where the ground state becomes the z-FM state in
Eq. and the energy scale is given by Egg = |6F?#| = 6.

We show a time evolution of the scalar spin chirality
after introducing the electric field with the RCP (LCP),
E4 = 0.5Egs, and Q = 4Egg by the red (blue) line in
Fig. a). The system irradiated by the electric field with
the RCP (LCP) reaches a NESS with a positive (nega-
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FIG. 5. (a) Time evolution of the scalar spin ch1rahty in
Eq . ) for the dynamical model in Eq. . ) with F* =

Ft = —0.5, D* = —1.2, Bq = 0.5FEgs, and Q2 = 4Fgs. The
initial state is set as the z-FM state and the energy scale is
given by Egs = |6F7|. The red (blue) line shows the time
evolution under the electric field with the RCP (LCP). (b)
[(c)] Snapshot of the magnetic configuration in the NESS by
the RCP (LCP). The arrows and their colors show the local
magnetic moments and the z components, respectively.

tive) scalar spin chirality at ¢ ~ 15()0Eéé. The sign of
the scalar spin chirality is explained by the sign of the
field-induced three-spin interactions 7. This indicates
that the scalar spin chirality is controlled by the polar-
ization, which is similar to the result for the vortex (an-
tivortex) state in Sec. [VA] We show a snapshot of the
NESS induced by the electric field with the RCP (LCP)
in Fig. [f|b) [Fig. [5c)], where a coplanar vortex config-
uration is additionally induced in the 2z-FM state with
the positive (negative) z components so as to have the
positive (negative) scalar spin chirality. These magnetic
configurations correspond to the scalar chiral configura-
tion, which is realized as the static ground state at the
phase boundary L1 in Fig. [[a).

Let us comment on the initial states for Fig.
We introduce the small random deviation from the

magnetic configuration in Eq. at t = 0
as follows: We set the initial state as m; =
[\/1— (m']’f)2 cos¢j, (/1 —(m ) sin ¢, £(1 — a;)], where

aj (0 <a; <1073%) and ¢; (0 < ¢; < 2m) are random
variables [47]. This is because no effective magnetic field
is generated under the electric field in Eq. when the
magnetic configuration is initially set as m; = (0,0, +1).
It is also noted that the positive (negative) z component
of the magnetic moment in the initial state is related to
the finite scalar spin chirality by the electric field with
the RCP (LCP). In other words, no scalar spin chirality
is induced when the electric field with the RCP (LCP) is
applied to the z-FM state with negative (positive) z-spin
polarization.

In Fig. [6fa), we show the Eq dependence of the av-
eraged scalar spin chirality induced by the electric field
with the RCP and 2 = 4Fqg; the red and blue lines show
the results for the dynamical and Floquet models, respec-

2.0 ' ' :
1.5
21
N .0
0.5 dynamical model —>¢—
Floquet model —©— 1
0.0 ] | .
0.2 0.4 0.6 0.8 1.0
Eq/EGs
) 20f ——————————
dynamical model —¢— |
1.5 Floquet model —©— |
2 1.0 |
ao
0.5
0.0 | L | N4 hd b b
3 4 5 6 7 8 9 10

Q/Egs

FIG. 6. Electric-field parameter dependence of the averaged
scalar spin chirality xsc in Eq. in the dynamical and
Floquet models with F* = —1, I~ = —0.5, D* = —1.2, and
6 = 1: (a) Eq dependence at Q = 4Egs and (b) Q dependence
at Fq = 0.5FEgs. The initial state is set as the z-FM state
and the static energy scale is given by Eas = |6F*|. The
red (blue) line shows the results for the dynamical model in

Eq. [Floquet model in Eq. ]

tively. In the dynamical (Floquet) model, the scalar spin
chirality is not induced in the Eq < 0.3 (Eq < 0.4) region.
As E4 increases, both models exhibit nonzero scalar spin
chirality. The enhancement of the scalar spin chirality
for large FEq is owing to the relatively large three-spin
interactions 7 Eg. This qualitative behavior is similar
to that in Fig. (a), while there is no quantitative agree-
ment between the dynamical and Floquet models. The
scalar spin chirality in the dynamical model tends to be
larger than that in the Floquet model, which might be
attributed to the fact that the higher-order contribution
than E2Q~! included in the dynamical model favors the
scalar spin chirality.

We also show the ) dependence of the averaged scalar
spin chirality induced by the electric field with the RCP
and Eq = 0.5Egg in Fig. @(b) At Q = 3, the scalar
spin chirality is induced in the dynamical and Floquet
models. The scalar spin chirality decreases monotoni-
cally with increasing §2 due to the three-spin interactions
T o« Q7. By further increasing €, the scalar spin chi-
rality approaches zero. Similar to the Eq dependence,
the results for the dynamical and Floquet models show
qualitative agreement, but not quantitative agreement.
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FIG. 7. Parameter dependence of the averaged scalar spin
chirality ysc in Eq. in (a) the dynamical model in Eq.
and (b) the Floquet model in Eq. . We change D* and
Eq4 while fixing F* = —1, F+ = —0.5, § = 1, and Q = 4FEgs.
The initial states are set as the vortex state for D* < D** =
—2.5/4/3, the scalar chiral state for D* = D** and the z-
FM state for D* > D**. The vertical dashed line shows
D? = D?**. The right panel shows the results around D**.

C. Dependence on D* and Eq

Finally, we discuss the averaged scalar spin chirality
induced by the circularly polarized electric field in terms
of D* and Eq4. In Fig.[fa) [7[b)], we show the averaged
scalar spin chirality with changing D* and Eq4 in the dy-
namical (Floquet) model with F? = —1, F+ = —0.5,
d =1, and Q = 4FEgs [8]. The initial states are set as
the vortex state for D* < D** = —2.5/+/3, the scalar chi-
ral state in Eq. with xsc = 2 for D* = D** and the
z-FM state for D* > D**. The results for both models
show the similar parameter dependence.

For D* < D?#*| the radiation of the circularly polarized
electric field on the vortex state induces the scalar spin
chirality irrespective of D* and Eq4. The induced scalar
spin chirality becomes large in the large Fq region for a
fixed D* < D**, as discussed in Sec. [[VA] In addition,
one finds that the scalar spin chirality tends to become
large as D* increases. Especially, as shown in the right
panels of Figs. a) and b), the scalar spin chirality
is strongly enhanced in the vicinity of D**. This might
be attributed to the fact that the magnetic configuration
with the large scalar spin chirality is realized when the
weights of the vortex and z-FM states in the scalar chiral
configuration in Eq. are comparable to each other.

In the region for D* > D**, the z-FM state is stabilized

as the ground state within the static model. The scalar
spin chirality is also induced when the amplitude of the
electric field is larger than the critical value of E}, as
discussed in Sec. [[VB] Such a tendency is found for any
D*. For a fixed Ejq, the scalar spin chirality is enhanced
near D** for the same reason in the D* < D** region;
see the right panels of Figs. [[a) and [7|(b).

At D* = D** the static ground state is a superposition
of the vortex and z-FM states, where magnetic states
with |xsc| < 2 are energetically degenerate. By radiating
the electric field in such a region, this degeneracy is lifted
by the three-spin interactions 7; the magnetic state with
Xsc = 2 has the lowest energy in the Floquet model. Such
a tendency holds for any Fgy.

V. SUMMARY AND DISCUSSION

In summary, we have studied how to generate and con-
trol the scalar spin chirality by the circularly polarized
electric field by exemplifying the classical kagome mag-
net. By taking into account the coupling of the elec-
tric field and the spin-dependent electric polarization, we
have elucidated the generation of the scalar spin chiral-
ity irrespective of the collinear and coplanar spin config-
urations in the ground state. We have shown that the
microscopic origin of the scalar spin chirality is the effec-
tive field-induced three-spin interactions, which can be
analytically obtained in the high-frequency regime based
on the Floquet formalism. Furthermore, we have shown
that the sign and magnitude of the scalar spin chirality
are controlled by the amplitude, frequency, and polar-
ization of the circularly polarized electric field. We have
also shown that the scalar spin chirality tends to be en-
hanced near the phase boundary between the coplanar
vortex phase and the collinear z-FM phase. Our results
indicate the possibility of inducing the scalar spin chiral-
ity by the electric field rather than the magnetic field,
which would provide an alternative root of controlling
topological spin textures.

Let us discuss a possible experimental situation. In
order to induce the scalar spin chirality by the circularly
polarized electric field, considering insulating magnets is
important since the coupling between the electric field
and the electric polarization plays an essential role. As-
suming a magnet with an exchange interaction of 1 meV,
our Floquet analysis in the high-frequency regime is valid
for 2 > 1 THz; a typical magnitude of the terahertz elec-
tric field is estimated as Ey = 1-10 MV/cm. Meanwhile,
Q should be smaller than a band gap in the order of eV
to avoid heating effects by the electric field radiation. To
estimate Fg4, we approximate the magnetoelectric cou-
pling constant Aa(gy by 1072¥-1072¢ ;Cm, where we
consider multiferroic materials with the electric polariza-
tion |P| = 1-100 xC/m? [9] and the volume of the unit
cell 100 A3. Then, E, is estimated to be 107°Ey—10"3E
meV. This estimate and the results in Fig. [{]indicate that
the experimental observation would be possible by apply-



ing the intense electric field to the z-FM state near the
phase boundary or the (anti)vortex state.
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