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Symmetry analysis of light-induced magnetic interactions via Floquet engineering
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Anisotropic magnetic interactions become the origins of intriguing magnetic structures, such as helical
and skyrmion structures by the Dzyaloshinskii-Moriya interaction. In general, possible anisotropic exchange
interactions are restricted by crystal symmetry. Meanwhile, by lowering the crystal symmetry with light,
additional anisotropic magnetic interactions are expected according to its polarization and frequency. In this
study, we clarify a relation between anisotropic magnetic interactions and symmetry lowering in insulating
magnets irradiated by light. Based on the Floquet formalism, we find that a variety of anisotropic two-spin
and three-spin interactions are induced via spin-dependent electric polarizations activated by light irrespective
of the presence/absence of the space inversion symmetry; we systematically classify them in the hexagonal
point groups, tetragonal point groups, and their subgroups. Our symmetry analyses show that the light-induced
two-spin (three-spin) interactions are due to the reduction of the point group to a chiral point group (black
and white magnetic point group). We also demonstrate the effect of the light-induced magnetic interactions on
the magnetic structures in a triangular unit. Our results will be a symmetry-based reference for the Floquet

engineering of magnetic structures.

DOLI: 10.1103/PhysRevB.108.064420

I. INTRODUCTION

Floquet engineering of physical properties has attracted
much attention in various fields of condensed matter physics,
which gives us a framework to understand the time evolution
driven by a time-periodic field within a time-independent
Hamiltonian [1-3]. In magnetic systems, the effect of such
a time-periodic field appears in the modification of magnetic
interactions, which results in a variety of phase transitions and
associated material design. For example, a periodic electric
field to the Mott insulator brings about the change of the
sign and amplitude of exchange interactions [4-10] and the
induction of multiple-spin interactions [11-14] depending on
the intensity, polarization, and frequency of the light. More-
over, combined with the effect of the spin-orbit coupling,
the control of anisotropic exchange interactions by light is
possible, as demonstrated in the noncentrosymmetric magnet
[15] and the Kitaev magnet [16-20].

In general, possible anisotropic exchange interactions
are restricted by the crystal symmetry. For example, the
Dzyaloshinskii-Moriya (DM) interaction [21,22] appears only
when the space inversion symmetry in the lattice structure is
absent. Thus, it is difficult to control the type of anisotropic
exchange interactions once the crystal symmetry is deter-
mined. Meanwhile, by introducing the external field, one can
expect various symmetry lowerings depending on the direc-
tion and polarization of the light, which gives rise to additional
anisotropic exchange interactions that are prohibited in the
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underlying lattice structure. This leads to the possibility of en-
gineering any magnetic structures with desired functionalities,
which will provide a new guideline for Floquet engineering of
the magnetic structures.

This paper gives a symmetry-based understanding of light-
induced anisotropic magnetic interactions. Based on the
Floquet formalism in previous studies [23,24], we show that
a spin-dependent electric polarization activated by light can
be the origin of various types of anisotropic magnetic inter-
actions, such as anisotropic two-site two-spin interactions,
anisotropic two-site three-spin interactions, and anisotropic
three-site three-spin interactions, by performing group-theory
and perturbation analyses. We classify the light-induced mag-
netic interactions for the hexagonal point groups, tetragonal
point groups, and their subgroups in a systematic manner. As
a result, we show a comprehensive correspondence between
the emergent magnetic interactions and symmetry lowering
by light. We also demonstrate that the light-induced magnetic
interactions favor a noncoplanar spin structure with nonzero
spin scalar chirality on a triangular unit even without an
external static magnetic field. Our symmetry analysis of the
light-induced magnetic interactions will be a reference for
controlling magnetic structures by light.

The rest of this paper is organized as follows. We intro-
duce a static model and time-dependent light-driven model
in Secs. IT A and II B, respectively. We show that the time-
dependent model is mapped onto effective time-independent
magnetic interactions by using Floquet theory in Sec. II C. We
present symmetry-based understanding of the light-induced
two-site two-spin interaction, two-site three-spin interaction,
and three-site three-spin interaction under crystallographic
point groups in Secs. III A-IIIC. We apply the result to a

©2023 American Physical Society
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system consisting of a triangular unit in Sec. IV. We summa-
rize the paper in Sec. V.

II. MODEL

A. Static Hamiltonian

We consider a spin model with a generalized bilinear ex-
change interaction without time dependence, which is given

by
o= XY sl 0
i op
with
y
Ej E;+Dj; Ej;—Dj
z y
Jij = | Eij — Dj; £ Ej+Dj; |. 2
B, 4D, E-Dy B

Here, S; = (S}, S7, §%) is the quantum spin operator with ar-
bitrary spin length at site i, the summation is taken over
the bonds in the target lattice structure, and «, 8 = x, y, 2.
The coupling matrix J;; has nine independent components
in each (i, j) bond: three antisymmetric off-diagonal com-
ponents D;; = (D¥;, D},, D},), three symmetric off-diagonal

ij> i Ty
Ef), and three symmetric di-

components E;; = (Ef}, E}}, E;
F;). The antisymmetric

agonal components F;; = (F}}, Fli,

(symmetric) components are odd (even) with respect to the
interchange of two sites: D;; = —Dj;, E;; = Ej;, and F;; =
Fj;. The exchange interaction with J\° = (F} + F;; + F)/3
is isotr.opic ip spin space, while Df‘] Efj‘ an.d Fl? —Jiijs-o
are anisotropic in spin space. The anisotropic exchange

TABLE I. Symmetry analysis of Ji,, ¥}5, and Yly2 for the (1, 2)
bond along the x direction on the xy plane under 15 point groups. In
the point group G, the first, second, and third axes are taken along the
x,y, and z directions, respectively. || § (L #) for § = %, 9, Z means that
components parallel (perpendicular) to the f direction are symmetry
allowed, while the others are not allowed. All (0) means that all the
components are symmetry allowed (not allowed).

Ji2 16} Yy
G D, E, F. A, B, C, A, B, C(,
mmm 0 0 Al 0 0 0 |4 0 0
2mm 0 Al 0 0 Al |2 |4 0
m2m Iz 0 Al 0 Iz 0 Iz 0 All
mm2 Iy 0 Al O Iy 0 Nz Iz 0
222 | & 0 Al 0 || & 0 Il 2 Il y 0
2/m.. 0 £ Al | % 0 0 1z 0 0
2/m. 0 ly Al ||y 0 0 Ly 0 0
2/m 0 Nz All |2 0 0 Iz 0 0
m. L% % Al & L% 0 L& % Al
m. hy 1y A0l [y |y Al L1y Ly 0
.m Nz 1z Al |z |z Al |z 1z Al
2. I &% Al & & Al 1% 1% 0
2. 1y |y Al |y Ly 0 Ly |y Al
.2 1z 1z A1l |z Lz 0 Nz Lz 0
1 0 All Al Al 0 0 All 0 0

(b)

D> =(0,0,D53,)

¢

E ;=0

Fip = (F}y, F},, F%)

(c) o
< ply = BIF(SESY +575%)
2
Py = Y5 (81 X 82)% + €37 STS3

iy @Y ¢¥ YiZ ¢z ¢z
+C5 8785 + C{y7 87185

FIG. 1. Model parameters for (a) the (1, 2) bond with the point
group m2m: (b) Dy, = (0,0, D},), Ei» =0, and Fy; in Jy,, and (c)
A}, =0, B}, =(0,0,B), C}, =0 in Y}, and A}, = (0,0, A%),
B}, =0,and C}, in Y},.

interaction originates from the relativistic spin-orbit coupling.
Among them, D;; is called the DM interaction [21,22].

From the symmetry, the model in Eq. (1) is constructed
once the underlying crystal structure and symmetry of the
bond are given; the form of J;; is determined by the trans-
formation of the (i, j) bond. We consider a two-dimensional
system on the xy plane for simplicity, where the bond sym-
metry on the two-dimensional plane is classified into the
orthorhombic point group mmm or its subgroups without
two- and three-dimensional irreducible representations. It is
noted that the following result can be extended to a three-
dimensional case. In Table I, we show the constraints on J;,
for various point groups G, where the (1, 2) bond is taken
along the x direction. The symmetry of the (1,2) bond is
classified into 15 point groups shown in Table I except for
the point group G = 1, since point group symmetries leaving
the (1, 2) bond invariant in the one-dimensional irreducible
representation are given by a set of the space inversion (1),
mirror perpendicular to the o = x, y, z axis (m,), and twofold
rotation around the « axis (Cy,). Here, the point group is de-
noted as k1 k2k3 except for 1 with only the inversion symmetry,
where k1, k3, and k3 correspond to either of the symmetry m,
2, 2/m, or identity “.” for the x, y, z axes, respectively; for
example, ..2 (2..) means that the system has twofold rotational
symmetry around the z (x) axis. From Table I, one finds that
the bond with the point group m2m has Dy, = (0,0, D3,),
E\; =0, and Fy, = (F}5, F},, F,) owing to m, m,, and Cy,
symmetries as an example, as shown in Figs. 1(a) and 1(b).

064420-2
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The correspondence between G and hexagonal/tetragonal lat-
tice structures is given in Appendix A.

Table I shows that the crystal symmetry imposes con-
straints on D, and E;; but not on Fj,. The main difference
between D, and E;, is that D, becomes zero but Ej, is
symmetry allowed under the inversion symmetry, as shown
in the result for G = 1. The directions of D, and E;, are
determined by rotation and mirror symmetries, as shown in the
results for G = 2., .2., .2, m.., .m., and ..m. F|, is symmetry
allowed for all the point groups, since S{'S5 is invariant for
I, mg, and Cg, (B = x,y, z). Among the symmetry rules, the
rules for the DM interaction is called Moriya’s rule [22].

B. Time-dependent Hamiltonian

We take into account effects of an external circularly po-
larized light on the static model. The model H, in Eq. (1) is
transformed [24] as

H()=Ho—E@)-P—B()-S, 3)

where the time-dependent electric field E(t) and mag-
netic field B(¢) are coupled with the electric polarization
P and the total spin (magnetization) § =), S;, respec-
tively. We consider the circularly polarized light along
the z direction as E(t) = Ey(Scos Qt, —sin Q2¢,0) and
B(t) = Bo(—sin Qt, —§ cos ¢, 0), where €2 is the light fre-
quency and § = +1(—1) represents the right-circularly (left-
circularly) polarized light.

In contrast to the magnetization, the expression of the elec-
tric polarization depends on the lattice geometry, since it is
related to an even order of the spin product. We consider the
situation that the electric polarization originates from the spin-
dependent electric dipole on the (i, j) bond (i # j) [25,26] as

ISR NS LA
i.J

i.j By
Here, the polarization in the whole system is the total of the
electric dipole p;; = (p;;, plyj, pfj) at each (i, j) bond, where
the summation with respect to Z, j is taken over the bonds. The
o = x,y, z component of the electric dipole is characterized
by the third-rank ME tensor Yij“ﬂ ¥, which is given by

C;Xj;x Boz +A[x B(.l,;y —Aa’y

ij ij

Yi? — B:}lj;z _A;Jlj;z C;ij B;th;x +Afzj,x ) (5)
B;Yj;y +A?j;y B;Yj;x _A;lex Cflj;z

The third-rank ME tensor consists of antisymmetric off-

diagonal components A; = (A{;", A7, A{;°), symmetric off-

diagonal components B“ = (Bf‘]x, Bf‘]y , Bf;z ), and symmetric

diagonal components C = (G, G, C), where they sat-

isfy Af; = —A%;, Bf; = B, and C"‘ C?[ with respect to the
interchange of two sites. The polarlzation mechanism for A7;
is an extension of the inverse DM (spin current) mechanism
[27-31], Pij X e;;x(S8;xS;) with the bond vector e;;. Mean-
while, the mechanism based on the symmetric components
Cj?‘j includes the exchange striction mechanism described by
Cii* =7’ = € [32,33]. Similarly to the coupling matrix
Jij, symmetry allowed components in Y are determined by

the symmetry of the bond, as summarized for Y5 and Y{,

under 15 point groups in Table I [34,35]; it is noted that
there is no z-directional polarization, i.e., Y5, = 0 owing to
E*(t) = 0. In Fig. 1(c), we show the spin-dependent electric
dipoles under the G = m2m symmetry as an example.

The symmetry rules for ¥}, and ¥}, are different from those
for J1, owing to the different symmetry in the left-hand side
in Eqgs. (1) and (4); Ho corresponds to the scalar belonging
to the totally symmetric irreducible representation and P“
corresponds to the polar vector belonging to different irre-
ducible representations from Hy. As a result, the inversion
symmetry forbids (allows) the antisymmetric components D1,
(symmetric ones Ej, and F},) in Jj, and the symmetric ones
BY, and C{, (antisymmetric one A{,) in Y}, and Y}; see
G =1 as an example. The directions of Af,, B},, and C{,
are determined by rotation and mirror symmetries. A}; exists
for all the point groups, since p}, and A5 (S1S; — S vS") have
the same symmetry. In other words, A}5 in the third-rank ME
tensor is the counterpart of Fi, in the coupling matrix.

C. Effective time-independent Hamiltonian

We show specific expressions of light-induced anisotropic
magnetic interactions in Eq. (3) based on the Floquet the-
ory and the high-frequency expansion [36,37]. The effective
Hamiltonian up to the lowest order of Q7! is given by

1 [H—m’ H+m]
Heff=H0+§Z—~ (©)

m
m>0

Here, H,, is the Fourier transform of the time-periodic Hamil-
tonian, H(t) = Y, e " H,, with integer m, and [H_,,, Hy ]
is the commutation relation. Since the light-induced modu-
lation in the second term does not depend on H, within the
lowest order of 7!, the following results are not affected by
the original static Hamiltonian. The effective Hamiltonian in
Eq. (6) is valid when € is larger than the energy scale of the
static spin Hamiltonian Hy; €2 is in the terahertz regime since
the typical value of the exchange interaction is 0.1-10 meV.

The Fourier transform of the time-periodic Hamiltonian in
Eq. (3) is given by

E B
Hy = 7‘)(—5, i,0)-P+ 70(1', 5,0)-S, 7

E
H_| = ?0(—

. By, .

8, —1,0)~P+7(—1,8, 0)-8S, 8)
and H,,++1 = 0. Itis noted that Bessel functions do not appear
in Hy ], since we take into account the light effect as the direct
coupling to the polarization/magnetization in the localized
spin system rather than the Peierls phase of the electron hop-
ping. By substituting H,; and H_; into Eq. (6), the effective
Hamiltonian is given by [24]

Hett = Ho + %lspin + H2spin + 7'L3xspin» (&)
with

5 B2 SB?

Higpin = —- Sl 8 = 208 (10)
SE B, oy

Hopin = — o ([P*, $] + [P, §]), (11)

2Q

8E2

Haspin = —- S lP P (12)
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H1spin corresponds to an effective magnetic field along the z
direction coupled with S* and is irrespective of the third-rank
ME tensor; there is no dependence on the crystal structure. It
is noted that we use the quantum spin nature in the second
equation in Eq. (10). Meanwhile, Hagpin and Hagpin lead to
two-spin and three-spin interactions, respectively, by calculat-
ing the commutation relation, which depend on the third-rank
ME tensor including the information about the crystal struc-
ture. In other words, Hagpin and Hagpin give rise to a variety of
light-induced magnetic interactions depending on the crystal
symmetry. Indeed, previous studies have shown that the DM
interaction is induced in Hgpin Via the inverse DM mechanism
[24], a three-spin interaction related to the spin scalar chirality
is induced in Hispin via the exchange striction mechanism
on a honeycomb lattice [23], and a single-ion anisotropy is
induced in H3gpin via the d-p hybridization mechanism [38].
In Sec. III, we present a systematic classification of the light-
induced magnetic interactions based on the general third-rank
ME tensor that is applicable to any two-dimensional systems.

We estimate a value of the light-induced magnetic interac-
tions by rewriting the coupling between the light and system
as —gupBo - S and —AmpE, - P with the g factor g, the Bohr
magneton up, the strength of the third-rank ME coupling
AME, and the dimensionless polarization P. With respect to
the magnetic-field term, its typical magnitude to the terahertz
laser is By = 1-10 T. Then, the energy of the coupling to the
magnetic field is given by e = gugBy = 0.1-1 meV. With
respect to the electric-field term, Ayg approximately takes a
value of 10~28-102¢ uCm, where we take 100 A3 as the
volume of the unit cell, since the polarization in multifer-
roic materials is typically given by |[P| = 1-100 uC/m? [39].
Then, the energy of the coupling to the electric field is es-
timated as €g = AmpEp = 0.01-0.1 meV at the most. Thus,
both €p/J and €g/J range from 0.1-1; the light-induced in-
teractions in Egs. (10)—(12) are around 0.01—1]2/(29) at the
most. The previous study [24] showed that the light-induced
Hospin With a strength of 0.01J is sufficient to modulate the
spin texture, and its effects persist for a duration of 400/J.

Let us comment on details of the light-induced mag-
netic interactions [24]. First, the magnetic interactions in
Egs. (10)—(12) can be induced even though the light is el-
liptically polarized, while their amplitudes become smaller
than those by the circularly polarized light. It is noted that
the magnetic interactions in Egs. (10)—(12) vanish when lin-
early polarized light, i.e., § = 0, is considered. Second, the
light-induced magnetic interactions work for a finite time
(Floquet prethermal regime), and then they stop modulating
magnetic structures. Finally, although the magnetic interac-
tions in Egs. (10)—(12) are obtained based on the quantum
nature of the spin, they can be used to investigate the classical
spin dynamics by solving the Landau-Lifshitz-Gilbert (LLG)
equation for Hg in Eq. (9) with the classical spin [38,40].

In this study, we presume the use of terahertz light in the
order of meV in Eq. (6) in the insulating regime with the band
gap in the order of eV so that we can ignore a photon ab-
sorption and electron excitation. We also presume a negligible
spin-lattice (electron-phonon) coupling; we ignore the heating
effect. Besides, we do not consider the situation where intense
terahertz electric fields (in the order of MV/cm) resonate
with an infrared-active phonon mode and induce nonlinear

TABLE II. Change of point group G. Hagpin (Haspin) changes G
into the chiral point group G© (black and white magnetic point
group M). Hogin and Hjzein change G into chiral black and white
magnetic point groups M(©. The first, second, and third axes are
[100], [010], and [001], respectively.

G G© M M©
mmm 222 m'm'm 222
2mm 2. 2'm'm 2.
m2m 2. m'?2m 2.
mm?2 .2 m'm'2 .2
222 222 222 2122
2/m.. 2.. 2/m'.. 2.
2/m. 2. 2 /m'. 2.
.2/m 2 2/m 2
m.. 1 m'.. 1
m. 1 m' 1
..m 1 ..m 1
2.. 2. 2. 2.
2. 2. 2. 2.
.2 .2 2 .2
1 1 1 1

coupling between infrared-active and Raman phonon modes
[41,42], which can result in breaking the crystal symmetry
through the spin-lattice (electron-phonon) coupling.

III. SYMMETRY ANALYSIS VIA FLOQUET THEORY

We systematically derive a variety of light-induced mag-
netic interactions depending on crystal structures: anisotropic
two-site two-spin interactions in Sec. III A, anisotropic two-
site three-spin interactions in Sec. IIIB, and anisotropic
three-site three-spin interactions in Sec. IIIC. The former
two-spin interaction arises from Hagpin in Eq. (11), while the
latter two types of three-spin interactions arise from H3gpiy in
Eq. (12). Our symmetry analysis clarifies that the appearance
of the anisotropic two-site two-spin interactions (anisotropic
two-site three-spin and three-site three-spin interactions) is
due to the reduction of the point group G to chiral point group
G© (black and white magnetic point group M). We show
such a correspondence in Table II.

A. Anisotropic two-site two-spin interaction

First, we show the general expression of the light-induced
two-site two-spin interaction that originates from the commu-
tation of the electric polarization P and the magnetization S in
Eq. (11). By substituting the third-rank ME tensor in Eq. (5)
into Eq. (11), we obtain the light-induced two-site two-spin
interaction given by

Hogin = Y _ Y TiPsest, (13)
i,j o
with
"X 4 y Y
L &ij +:DU & — Dy
Ji=|&-1;,  F &+D5i|. (s
& +Di; &1y L
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Here, the summation is taken over the bonds and spin

components; D;; = (D}, Dlyj D;,) are light-induced DM in-

teractions, &;; = (&5, &, &%) are light-induced symmetric

ij> ~ijr vij
off-diagonal interactions, and F;; = (F, F;, ]-'fj) are light-

. - , UMM ;
induced symmetric diagonal interactions. The coupling matrix

Jij is related to the third-rank ME tensor as
2Q

sE.B D0 = A (15)
20 |

SEoB, Diyj = A (16)

5;330 Djj = —Aj + A (17)
e A D
e =B~ B, 0

3;;290 Fij = —2By, @1

5 ;0520 Fiy =283, 22)
20 L

sEB, U = 2B 2By (23)

where the antisymmetric (symmetric) interactions are induced
by the antisymmetric (symmetric) components in the third-
rank ME tensor since the parity with respect to the interchange
of two sites in Hagpin linearly depends on p; i Equations (15)—
(23) show that all the types of anisotropic two-site two-spin
interactions can be induced by the light depending on the
symmetry of the (i, j) bond.

To investigate the crystal-structure dependence of the
light-induced anisotropic two-site two-spin interaction,
we calculate the form of [Jj, for each point group, as
summarized in Table III. These results are obtained
by substituting the symmetry-allowed ME components
shown in Table I into Egs. (15)-(23). We find two main
characteristics. One is the absence of the light-induced
symmetric interactions under point groups with the inversion
symmetry, mmm, 2/m.., .2/m., ..2/m, and 1, since the
symmetric components in the third-rank ME tensor vanish
under the inversion symmetry. The other is the presence of
the light-induced chiral-type DM interaction Dy, irrespective
of the point group, since Aylz“ is symmetry allowed for
all the point groups. In other words, the light-induced
DM interactions are present irrespective of the inversion
symmetry, where they originate from A}, and A}, unrelated
to the inversion symmetry, as shown in Egs. (15)—(17) and
Table 1. From these observations, one can find the opposite
tendency of the symmetry-allowed interactions between
the light-induced two-site two-spin interaction J;; and that
of the static one J;; in Eq. (1); the inversion symmetry
forbids (allows) the static (light-induced) DM interaction,
while the inversion symmetry allows (forbids) the static
(light-induced) symmetric interaction. This means that

TABLE III. Two-site two-spin interactions 71, under point group
G. Components with v mean the light-induced ones via ¥;5 and Y},
shown in Table I.

G DL, D, Dy & & & Fih JFin F

AN

mmm
2mm v v
m2m
mm2
222

2/m..
2/m.
.2/m

3
NN N N N N NS NENENEN
\

\

magnetic structures favored by the static DM interaction in
noncentrosymmetric systems, such as a spiral state
and skyrmion crystal, can be realized in centrosym-
metric systems by applying the circularly polarized
light.

There are two effects of light on the two-site two-spin inter-
actions; modification of the static interaction included in J;»
and induction of new types of interactions not included in J;.
By comparing Tables I and III, we find that only the former
effect is observed in G = 222, 2.., .2., and ..2, while only the
latter effect is observed in the other G within the lowest-order
high-frequency expansion in Eq. (6). The latter interactions
result from the symmetry lowering from the original point
group by light. It is a different feature from previous studies
in the light-driven Mott insulators, where the modification
of the static interaction has been focused on [15-20]. As
an example of focusing on the latter interaction, it has been
shown that the chiral-type DM interaction in the order of
Q73 is induced by irradiating a specific polar metal with the
light [43].

We find that the appearance of the light-induced two-
site two-spin interactions corresponds to the change of the
point group G under Hogpin o i([P*, S*] + [P, §7]). Since P
is space-inversion odd and time-reversal even, while iS is
space-inversion even and time-reversal even, Hgpin holds the
time-reversal symmetry but breaks the inversion symmetry /.
Furthermore, the opposite parity for the mirror symmetry of P
and S means the breaking of all the mirror symmetries m,, m,,
and m; with keeping all the rotational symmetry Cy,, Cy,, and
C,. Accordingly, the point group G changes into the chiral
point group G'© by Hogin to accommodate the coupling
between the polar electric and axial magnetic fields [44]. We
show such a symmetry lowering in Table II, where G© is
obtained by extracting the symmetries {/, m,, m,, m;} from
G. We confirm that the appearance of the anisotropic two-
spin interaction by light based on the perturbation argument
is consistent with the reduction to the chiral point groups:
When considering the total coupling matrix J {gtal =Ji» + J12,

064420-5
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G=m2m — G© =

FIG. 2. The static and light-induced two-site two-spin interac-
tions, where the point group G = m2m shown in Fig. 1(a) is lowered
to the chiral point group G© = .2. by the electric field E(¢) (red)
and the magnetic field B(z) (blue).

symmetry-allowed components in J§ 19l are determined by the
chiral point group G©.! For example the point group m2m
[Fig. 1(a)] is reduced to the chiral point group .2. (Fig. 2).
Then, J{5' has light-induced DY, and &7, in addition to static
Fi» and Dzlz, all of which are allowed by GO = 2. (see
Table I).

B. Anisotropic two-site three-spin interaction

The anisotropic two-site three-spin interaction is obtained
from Hjispin in Eq. (12) as

zSEg
Ho = Z Pij» 17,]

Z Z O(S)aﬂr “ﬁS}/—l—Sl?/Qj.’ﬂ)

iLj a.py

+OMPY (QeP ST —STQP)), (24)

where the summation is taken over the bonds and spin compo-

nents; we introduce electric quadrupoles Qf‘ﬂ at site i, which
is defined as

Qﬂ}’ 1 (SﬁS}/ + S)’sﬂ) (25)

Thus, the two-site three-spin interaction is regarded as a
spin-quadrupole interaction between two sites. As well as
the anisotropic two-site two-spin interaction, the anisotropic
two-site three-spin interaction is divided into even and odd
components with respect to the interchange of two sites:
symmetric ones satisfying (’)(S)O”3 V= (’)(S)“ﬁ ¥ and antisym-

(’)(AS)O”S Y. In addition,
O(As)ﬂ “Y hold due to the

metric ones satisfying @(?S)aﬂy
O(S)aﬂy O(S)ﬂay and O(As)aﬁy

quadrupole nature
To derive a general expression of the two-site three-spin
interactions in terms of the third-rank ME tensor, we rewrite

vectors of the ME couplings as [11 (Af]“,Ai’j ,0), B =

(Bjj“,ij“,O) C; = (Ci*, ¢, 0) from Eq. (5), where A7

(Bl- and C ) is antlsymmetnc (symmetric) with respect to

"When the point groups do not have symmetries {I, m,, my, m.}
in G, such as 222, 2.., .2., and ..2, no symmetry reduction occurs;
no additional two-spin interaction appears but the static two-spin
interactions are modulated.

the interchange of two sites. Then, the symmetric two-site
three-spin interactions are given by

2Q
5200 =5 Zeaﬂy Al x Al — B xBl), (6)
0
29 > 7
Saap _ “ S BPY
2000 == Yo €5 < ). @
2Q2 S)a a 7P )z
6E2 O( Y = Eaﬁy(cij x Cij)z

= >y
+8(WZ€V§,](B?]~ xBl-j
n
in he4 B »B\Z
+A;; xAj; +C; xBij)
B0 BY
+ gy Zeyan(Bij x Bj;
"

=N b4 o HA\ T
+Al-ij[j+Cl-ij[j) , (28)
where €, is the Levi-Civita symbol and the z components of
the outer product of the vectors originate from [p};, p. i1 There

is no contribution fromA xBﬂ andA xCl iz since such prod-
ucts are antisymmetric w1th respect to the interchange of two
sites. By substituting the symmetry-allowed ME components
shown in Table I into the general expression, we calculate
the symmetric two-site three-spin interactions induced in each
point group, as summarized in Table IV.

The product of symmetric and antisymmetric ME com-
ponents gives rise to the antisymmetric two-site three-spin
interactions as

2Q
(AS)aar __ % Y Bz
WOU = E |eaﬁy| A X B +A X B ) , (29)

2Q

(AS)aap __ ~0 ~B\z
aEZOJ = (1= 8,)(C x ALY, (30)
2Q (AS)ap SV TVN\Z
5E20 14 2|€aﬂy|(Bij XAij)

+8uy Y leypyl (B, x Al
n

1N 334 B LAY

+Aj; x Bj; — Cj; x A;})

Y 1Y

+5ﬂyz|€yan|(3ij X Ay
n

+A], x B]; - C}, x A};)". (31)
These general expressions mean that the antisymmetric two-
site three-spin interactions vanish on the inversion-symmetric
bond, where all the symmetric ME components are zero, as
discussed in Sec. IT A. The antisymmetric two-site three-spin

interactions induced in each point group are shown in Table V.

2When the point groups do not have symmetries {m,, m, Cy, Coy}
in G, such as ..2/m, ..m, ..2, and 1, no symmetry reduction to the
black and white magnetic point group occurs; the three-spin interac-
tions appear through the breaking of the time-reversal symmetry.
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S)

TABLE IV. Symmetric two-site three-spin interactions (952 under point group G. Components listed here are induced by the light through
(Y5, Y},) shown in Table 1.

(S)apx (S)aBy (S)apz
G 012 012 012
mmm
(S)zxx (S)yzy (S)xxz (Shyyz
2mm Op Op 0, 0
(S)zxx (S)yzy (S)xxz ) (S)yyz
m2m On On 0n"" 0n
mm2 O(S)zxx O(S)yzy O(S)zzz
12 12 12
(S)zxx (S)yzy (S)zzz
222 (@5 (O3 (O3
(S)xyx  #y(S)zxx Shyyy  (S)yzy (S)zzz ) (S)yzz
2/m. 0. 0y 0. 0 0™, 0y
(S)xxx (S)zxx (S)yzy (S)xyy (S)zzz (S)zxz
2/m. (O N 0,7, 0), 05, 0,
2/m
(S)xyx (S)zxx (S)xxy (S)zzy A (S)yyy (S)yzy (S)xxz (S)yyz (S)zzz (S)yzz
m.. OIZ ’ 012 012 ’ OIZ OIZ ’ 012 OIZ ’ 012 ’ 012 ’ 012
S)xxx  (Shyyx ) (S)zzx ) (S)zxx (Shyzy 1 (S)xyy S)yxxz  Syyz  (S)zzz )(S)zxz
-m. 012 4 012 4 (912 k4 OIZ OIZ 4 012 (912 ’ 012 ’ 012 4 012
m OS))U, Og)zxx Og)yzy, Og)zxy Og)xxz, OS))‘_W’ Ogsz)xyz
(S)xyx (S)zxx (S)xxy (S)zzy ) (S)yyy (S)yzy (S)xxz (S)yyz (S)zzz (S)yzz
2. 012 ’ 012 OIZ ’ 012 012 ’ OIZ 012 ’ 012 ’ 012 ’ 012
2. O(S)Xxx O(S).Vy’f O(S)zzx O(S)wc O(S)yzy O(S)ny O(S)xxz O(S).Vyz O(S)zzz O(S)zxz
12 ’ 12 2 12 2 12 12 4 12 12 2 12 2 12 4 12
2 O(S)zxx O(S)yzy O(S)zzz
. 12 12 12
7 (S)xxx (S)xyx (S)zxx (S)yyy (S)xyy (S)yzy (S)zzz (S)yzz (S)zxz
1 012 ’ 012 ’ 012 012 ’ 012 ’ 012 OIZ 4 012 ’ 012

To understand the light-induced two-site three-spin in-
teractions based on the crystal symmetry, we investigate
symmetry reduction from the point group G under Hsgpin.
As shown in Eq. (12), Haspin is proportional to i[P*, P”],
which has the same symmetry with the magnetization along
the z direction. The z magnetization breaks the point group
symmetries {m,, my, Cy, C5y} but holds these point group
symmetries combined with the time-reversal symmetry de-
noted as {m, m;, C., éy}. Thus, Hzepin changes the point

group G into the black and white magnetic point group M
[45], as shown in Table II; M and G in Table II are related as
M = (G — G) + 0G, where G = G N {my,, my, Coy, C5y} and
6 is the time-reversal operation.” We show a symmetry rule
for the two-site three-spin interactions in Table VI and confirm
that the induced interactions in Tables IV and V satisfy the
symmetry rule. For example, the point group m2m [Fig. 1(a)]
is reduced to the black and white magnetic point group m'2'm
(Fig. 3), and (’)S)m, (’)g)y @ OS)”Z, OS)” * and (’)Ss)xy * are

TABLE V. Antisymmetric two-site three-spin interactions 0512\3) under point group G. Components listed here are induced by the light

through (Y%, Y},) shown in Table L.

G Oilz\s)ozﬂx OE/;S)D(,By Oi/;S)otﬂz
mmm
2mm Oigsmx OEI;S)yzy Oﬁf;smz, Oi/;S)yyz
m2m OGS
2 ngzxsmx OE?S)X)*_V ng;smz
222 OEQS)W Oilz\sb’yy Og‘s),vzr
2/m..
2/m.
2/m
.. OE/;S)XXX’ O;?S)yyx’ OSS)ZU’ Oigsmx Oi;\s)xyy’ OEIZXS)xyz, Oizzxsmz
. O%S)ﬂx, Oi/ZAS)yyx’ Oigsmx, OE/;S)zxx Oilzks)xyy’ Oi/;S)yzy OYZ\S)XXZ, Oigs)yyz’ OSS)ZZZ’ OYZ\S)m
m 05/2\5)7.,\0\‘ Oglzks)yzy ng;smz’ ngzxsmz’ ngzxsmz
2. OSS)XW’ (’)Y;‘Smx Oifz\s)xxy’ OE/Z\S»‘W’ O}/;S)w’ Oi/z\s)yzy OE’QS”‘”, 05’25)”", OY;S)ZZZ, OEQS)W
2. Oi/;S)ny, O{/;S)yu Oi/;S)XX.v, Oilz\s)y}'}" ng;s)zzy’ OEIQS)ny Oi/;S)Xyz’ OY;S)yzz
2 OYZ\S)xxx Oglzks)xyx ngzxsm-y, Og/zxsyyy 0512\5))’12, Oiés)zxz
1
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TABLE VI. Symmetry rules of the two-site three-spin interactions: {O\3/*%"*} =
{O(S/AS)ZZZ} _

S/AS)yy:
{052/ ),V),V}z

and {0/ =

{O(S/AS)xvx O(S/AS)xxv O(S/AS)yvy O(S/AS)zzy O(S/AS)yZZ}
{O(S/AS)\V O(S/AS) 2y O(S/Asm

}. All (0) means that all the components in {- -

(S/AS)xxx (S/AS)yyx (S/AS)zzx (S/AS)xyy (S/AS)zxz
{012 ’ 012 ’ 012 ’ 012 ’ 012 }’

(S/AS)zxx  ~(S/AS)yzy n\(S/ASIXxZ  A(S/AS)YYZ n(S/AS)zzz
{O 012 ’ 012 ’ 012 ’ 012 }’

- } are symmetry allowed (not allowed).

M e I (< T (o T (o T e M (< I 1< T
m'm'm 0 0 All 0 0 0 0 0
2’m'm 0 0 All 0 0 0 All 0
m'2'm 0 0 All 0 0 0 0 All
'm'2 0 0 All 0 All 0 0 0
222 0 0 All 0 0 All 0 0
2 /m’ 0 All All 0 0 0 0 0
2/ /m. All 0 All 0 0 0 0 0
2/m 0 0 All All 0 0 0 0
m'.. 0 All All 0 All 0 0 All
' All 0 All 0 All 0 All 0
.m 0 0 All All 0 0 All All
2. 0 All All 0 0 All All 0
2. All 0 All 0 0 All 0 All
.2 0 0 All All All All 0 0
1 All All All All 0 0 0 0

induced, where the symmetry-allowed O(S)ZZZ is not induced
in the present perturbation process.

Although the above results can be applied to spin systems
with any spin length, it is noted in the case of a spin-
half system; the electric quadrupole in Eq. (25) is given by
Qf‘ﬂ = 8qp/4. Then, the interaction in Eq. (24) becomes

ZZ O(S)aay Sy+SV)+O(AS)aaV(S}{
J

(i,j) @,y

=S}

(32)

where the first (second) term corresponds to a uniform
(staggered) magnetic field for two spins.

C. Anisotropic three-site three-spin interaction

The three-site three-spin interaction is obtained from the
commutation relation between the electric dipoles at different

G=m2m - M=m'2'm

(S)zxx ~(S)yzy
012 ’012 )

y2 (S)xxz A(S)yyz
012 ’ 012 ’

(AS)xyz
012 e

/
X

FIG. 3. The light-induced two-site three-spin interactions, where
the reduction from the point group G = m2m shown in Fig. 1(a) to
the black and white magnetic point group M = m'2'm occurs by the
electric field E(¢).

sites in H3zgpin in Eq. (12) as

(ARl

Jj o iFk
8E0
Q22 D e
JooiFk aBy.ton
xaBy vy yiaByxye UENS
X (V7P = YY) SESTSy

Hisite = 17& ])

(33)

Similarly to the anisotropic two-site two-spin and two-site
three-spin interactions, the form of the three-site three-spin
interaction is determined by the crystal symmetry via the
third-rank ME tensor. Meanwhile, the symmetry conditions
between them are different from each other: The anisotropic
two-site two-spin and two-site three-spin interactions depend
on the symmetry of the bond, while the three-site three-spin
interactions depend on the symmetry of the plaquette consist-
ing of the sites 7, j, and k. Thus, the presence of the three-site
three-spin interactions depends on the relative positions of
the sites i, j, and k, which indicates that they are not simply
classified by the point groups in Table I. From the symmetry
viewpoint, the emergence of the three-site three-spin inter-
actions is explained by the change of the symmetry of the
plaquette into the black and white magnetic point group, as
shown in Sec. IVB 4.

IV. APPLICATION TO A TRIANGULAR UNIT

We apply the above results to a triangular unit with
the point group m26 shown in Fig. 4. By starting from a
static Hamiltonian in Sec. IV A, we show the light-induced
one-spin, anisotropic two-site two-spin, anisotropic two-site
three-spin, anisotropic three-site three-spin interactions in
Secs. IV B 1-IV B 4, respectively. In each case, we discuss
the modulation of a spin structure under the light-induced
anisotropic interactions by taking the classical spin limit for
simplicity.
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(a) m, (b
y &_’ Q(
ZC ))26 \ : z"

X

C}’ 2 ) ’
M x» My x':?‘) . Z
Czli )" \

@ e ¢ = e

Cyo My % X

&

FIG. 4. (a) Triangular unit under the point group m26. (b) Local
Cartesian spin coordinates (x, y, z) for the (1, 2) bond, (x', y’, z') for
the (2, 3) bond, and (x”, y”, 7") for the (3, 1) bond.

A. Static Hamiltonian

We start from the static Hamiltonian in Eq. (1) in the 726
triangular unit, which is given by

Ho=Y_ (JisySy + I3 syst + I3 sysy)

a,p
=Y i (sysh + 5585 +sy'sT. (34)
a,B

The Hamiltonian in the first line is written in the global Carte-
sian spin coordinate S = (S$*, §¥, $%). We fix the spin length
|S;| = 1 in each site for simplicity. The coupling matrices J;‘f ,
and J;’lﬁ are related to Jf’z‘8 due to the threefold rotation around
the z axis. By using the local Cartesian spin coordinates S
for the (1,2) bond, §' = (S¥, S, §¢) for the (2, 3) bond, and
S" = (8¢,8", 5% for the (3,1) bond shown in Fig. 4(b),
the Hamiltonian is represented by the second line. Thus, the
Hamiltonian is characterized by Jj,, which is given by

F* D* 0
Jo=|-D F o]. (35)
0 0 F*

The form of Ji, is determined by the point group m2m of the
(1, 2) bond (see also Table I). J;‘f and J3; lﬂ written in the global
Cartesian spin coordinate are shown in Appendix B.

We discuss the ground-state spin configuration in Hg by
using the irreducible representation I" under the point group
m26: T = A}, A}, A|, A}, E', and E” shown in Table VII. The
arbitrary spin configuration S* = (S, S», S3) is expressed by

TABLE VII. Irreducible representations and character table for
the point group m26.

E m; 2CZ3 2S6 3Cy2 3’71)C
A 1 1 1 1 1
Al 1 1 1 1 -1 —1
Al 1 -1 1 -1 1 —1
A) 1 -1 1 -1 -1 1
E’ 2 2 —1 —1 0
E” 2 -2 -1 1 0 0

(a) Ag (b) AY (©) A7
b
A AN
_;_LA\ \\ L,/,,""
d) E; (e) Exym () Eipm
f xV2 ‘ ;
) ')
LN
N
oG—L
\ \

FIG. 5. Bases for the irreducible representations (a) A5, (b) A7,
(c) A7, (d) E], (e) Egy, and (f) Ejpy;. Top and bottom panels in
two-dimensional representations [(d)—(f)] correspond to the bases
with the same representation matrix as that for x and y, respectively.
The color shows the z spin components, where red, white, and blue
correspond to the positive, zero, and negative ones, respectively.
The spin length at each site is fixed as |S;| = 1 except for (d):
(811, 1521, 1S3]) = (1/+/2, 1/+/2, +/2) for the top panel in (d) and
(IS11, 1821, 1S31) = (372, /3/2, 0) for the bottom panel in (d). The
details of the spin configurations are shown in Appendix C.

bases S(I") for the irreducible representation I" as
§% = my S(A}) + marS(AY) + may S(AY)

+mg; - S(E)) + mgy, - S(Egy
+mpy - SEf), (36)

where S(I') is the nine-dimensional vector, whose compo-
nents are given by the spin configurations shown in Fig. 5, and
mr is the order parameter of S(I"). We use S(I'") = (S}, Siv,)
and mr = (mf., myf) for the two-dimensional representations.
By using Eq. (36), the Hamiltonian in Eq. (34) is rewritten as

3
_ 3 2 2 2
Ho = Z(AA/ZmA/Z + Aa; My + )‘Ag’mAg

2 2 2
+ )LEZmEi + )LESMmElgM + )LEXFMmEXFM

+ Aprmgy - mEXFM)a 37
with
b, = 2F (38)
1
hag = 5(=3F* + F + 27/3D°), 39)
1
hag = 5 (F* = 3F" + 2/3D%), (40)
he = —F", 1)
Mg, =F" +F, 42)
1
Mgy = 5 (=F* = F> = 2/3D°), (43)
Apr = —F* + F. (44)
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The ground-state spin configuration in the classical spin limit
is obtained as follows. Due to constraint on the spin length at
each site (|S;| = 1), the order parameters satisfy [mf| < 1 and
Y. r(mf)* = 1. Then, the ground-state spin configuration is
given by % with |mr,, | =1 and mrzr,, =0, where the
state with I'yin gives the smallest eigenvalue Ar,, . Various
spin configurations become the ground state depending on the
model parameters in Ji, [46], while all of them are collinear,

/ /7 4 4 "
S(Elpy). s 1s became th coupling matt 7. s no

AFM)- pling matrix Ji, has no
components mixing the z and xy spins, such as Jj, and J33,
due to the horizontal mirror symmetry m,.

min

B. Light-induced magnetic interactions

We show the light-induced magnetic interactions in the
triangular unit and discuss a modulation of the spin config-
uration in the classical spin limit. The third-rank ME tensor
on the (1, 2) bond is given by

0 B¥ 0

Yo=|B5 0 0], (45)
0 0 0
G, A5 0

v, =|-4% ¢y o | (46)
0 0 Ci“;

Here, symmetry-allowed components are determined by the
point group symmetry m2m of the (1, 2) bond, as shown in
Table I. The third-rank ME tensors on the other bonds are
given by components in (Y75, ¥;,) via the threefold rotation,
as shown in Appendix B.

1 Hlspin
The light-induced one-spin term is given by

8B2
Hispin = —O(Si + 85+ Sé)

2Q
3B}
= /. 47
g M 47)
Thus, Higpin favors $% = my, S(A}) with my, = —1 (ma, =

+1) for the right-circularly (left-circularly) polarized light
withd = +1 (6 = —1).

2. 7'l‘2spin
In Hjgpin, we obtain the light-induced DM interaction
Hgls;m with Dy, and the light-induced symmetric off-diagonal
interaction H(ﬁ;m with &},. Here, D, and &}, are allowed by
the chiral point group G© = 2. of the (1, 2) bond. Reflecting
the threefold rotation, the symmetry-equivalent interactions

are induced by the light on the (2, 3) and (3, 1) bonds.
The light-induced DM interaction is given by

HY = D58 xS, + 8, x S5+ 87 x 8§

2spin

1 z
= —3\/3'17)1‘2 |:mAr2mAr2r + E(mgé X mEé/M) i|, (48)

where Dj, = —§EyByAY; /2€2. From the second line, we find
that the DM interaction is represented by a linear combi-
nation of the terms belonging to A| owing to the breaking
of the mirror symmetries {m,, m,, m.} by the light. In other
words, the light-induced DM interaction belongs to the totally
symmetric irreducible representation of the chiral point group
G© = 23 of the triangle unit. In the classical spin limit, the
DM interaction favors

§% = my S(A}) + mayS(AY), (49)
with my, = may = i% for D}, >0 and my, = —myy =

:I:%@ for D}, < 0, where the sign of D}, can be changed by

the polarization §. Thus, the light-induced interaction favors
the spin configuration consisting of the superposition of the
collinear configuration along the z axis and the coplanar con-
figuration on the xy plane, which results in the noncoplanar
spin configuration with nonzero spin scalar chirality x, =
S1 -8, x §3. Meanwhile, the sign of xs is not determined
by Dy,. It is noted that the same light-induced magnetic in-
teractions are also obtained when directly starting from the
classical spin model instead of the quantum spin model in
Eq. (3) once the Gilbert damping is negligibly small [38,40].

The light-induced symmetric off-diagonal interaction is
given by

HP

+ (S5 ST +5757)] (50)

|
=38}, [mA;mAg + E{ma x (2mpy, — mE;:'M)}Z}
(51)

where &), = 8EoBo(—C{y + C};" — B{5)/2%Q. This interac-
tion belongs to the irreducible representation A in the point
group m26 or the totally symmetric irreducible representation
in the chiral point group .23 as well as the light-induced
DM interaction. In the classical spin limit, the symmetric
off-diagonal interaction mixes the colinear and coplanar con-
figurations as

+1 ) - ,
= gl € §El 4 8 )

V10
(52)

where the positive and negative &), favors S with
(my,,my, ,my,, )= (+/5,-2,1)/4/10 and (my,,my,
z FM z AFM

E//\/FM ’
my, )= (v/5,2,=1)/V/10,
configuration accompanies nonzero spin scalar chirality,
while the sign of x4 is not determined.

We confirm the above analytical results by using numerical
simulation. By starting with a random spin configuration, we
calculate a time evolution of the spin scalar chirality x,. by nu-
merically solving the LLG equation in the classical spin limit
(1S;] = 1). We analyze the Hamiltonian in the LLG equation in
Appendix D including only the light-induced DM interaction

H%m or symmetric off-diagonal interaction Hggm to focus on

respectively. ~ This  spin
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FIG. 6. Time evolutions of the spin scalar chirality x, by (a)
D;, = 1 and (b) &}, = 1. Right panels show the stable spin configu-
rations in each case. The horizontal axis ¢ is the simulation parameter
in the LLG equation.

their effect. The time evolution of . and stable spin config-
urations by Df, = 1 and &;, = 1 are shown in Figs. 6(a) and
6(b), respectively. Here, the time ¢ in the horizontal axis is a
simulation parameter’; the steady state for large ¢ corresponds
to the state realized under the light-induced interaction. These
numerical results are consistent with the analytical results
based on the irreducible representation. Although we obtain
the spin configurations with xs > 0 (x5 < 0) by DY, (£},),
we also obtain the spin configurations with the opposite xs
by starting from different random spin configurations. It is
noted that the stable spin configuration in Fig. 6(b) has small
contributions from bases other than S*(E)), S'(Ejpy), and
SY(Efy) to satisfy the fixed-spin-length condition at each
site. The results show the tendency of the nonequilibrium
steady state toward noncoplanar spin textures with nonzero
spin scalar chirality. To identify the nonequilibrium steady
state, it is required to solve the LLG equation incorporating
both the static and light-induced interactions, as in Ref. [40].
This previous study showed that the driven system reach the
nonequilibrium steady state after t ~ 10*J~! (the inverse of
the static exchange interaction J~! is the picosecond scale).

3. Hq

We obtain four types of the light-induced two-site three-
spin interaction from Tables IV and V as

Hy' = 05 (07's; - 5i07) + (0)'sy — 5703

+(3"sT - s501)] (53)
Ho' = O[OS +5705) + (0255 +55.057)
+HO3ST + 8501 (54)

3The unit of time in the system generally corresponds to J~! (the
inverse of the static exchange interaction) for the spin Hamiltonian.
Meanwhile, it is noted that determining the unit of time in the present
system without the static exchange interaction is difficult.

HG' = OB (7S +5i07) + (2755 +55.0))
+Qy 87 + 5507 (55)
Hy = O [(0F'S + 5105) + (G573 +5505%)
(O3S +507)]
—OR" Q7S +5105) + (278 +5,07)
+HQyT ST +570)] (56)

where O\ = SEZBIEAYS /Q, O™ = —SEZBEC) /2
Q. 0P =8EBECY/2Q, and  OP)" = O™ =
—O" = SEZBTCIF /2. As shown in Sec. IIIB, the
light-induced two-site three-spin interaction on the (1, 2)
bond results from the breakings of the twofold rotation Cy,
and m, by light. Meanwhile, the triangle system is invariant
under the threefold rotation around the z axis. Accordingly,
the obtained two-site three-spin interactions belong to the
irreducible representation A5 with the odd parity for {Cys, m,}
and the even parity for C,3, as shown in Table VII. It is
noted that these interactions on the (1, 2) bond (the triangle)
belongs to the totally symmetric irreducible representation
of the black and white magnetic point group M = m'2'm
(M = m'2'6). These interactions can be expressed in the
ternary of the order parameters, while it is cumbersome to
analytically obtain the stable spin configuration.

We directly investigate stable spin configurations by nu-
merically solving the LLG equation in the same manner in
Sec. IVB 2. The time evolutions of y, and stable spin con-
figurations by setting O\5%°% =1, O™ = 1, O™ = 1,
or OS)“’Z = 1 are shown in Figs. 7(a)-7(d), respectively. The
results show that all the two-site three-spin interactions favor
noncoplanar spin configurations with nonzero spin scalar chi-
rality. This is because the spin scalar chirality also belongs
to A, as well as the two-site three-spin interactions. The
mechanism of nonzero . is different from the light-induced
two-site two-spin interaction; the two-site two-spin interaction
mixes the z spin and the xy spin as a result of the breaking
of the horizontal mirror symmetry, while the two-site three-
spin interaction is directly coupled to the spin scalar chirality
belonging to the same representation. It is noted that the sign
of xsc is not determined by these interactions.

4. 7"3site

Next, let us discuss the three-site three-spin interaction
under the point group G = m26, where we obtain three types
of the interactions as a consequence of the symmetry reduc-
tion from the point group G = m26 to the black and white
magnetic point group M = m'2'6. The obtained three-site
three-spin interactions are given by

Hibe = TS -85 x S5, (57)
U3 = TOSI (5383 + 35 + S3(5387 + 538))
+ S5 (S’{Sg' + S{Sﬁ)] (58)
Hie = TOLST(S583 — S387) +85(83'sy - 8y'87)
+85(578; — $,83)], (59)
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FIG. 7. Time evolutions of the spin scalar chirality x. by (a)
OB =1, (b) O™ =1, (c) OY™ =1, and (d) O = 1.
Right panels show the stable spin conﬁguratlons in each case. The
horizontal axis ¢ is the simulation parameter in the LLG equation.

with
D= Loy - Ly - Leeny
~Ace + Ymscr - ey, o
2T = =3 B~ VAGAT + VaasC:
- IBECE - (R 1)
2o = YAt - LBl - mEC
Lasay+depay. G

Here, C)y'=(C}5 +C5)/2 and C) = (G5 —C5)/2.
These interactions are classified into the 1rredu01ble
representation A, under the point group G = m26, i.e.,
the totally symmetric irreducible representation under the
black and white magnetic point group M = m'2’6.

0 400 ; 800 1200

0 200 400 600

0 400 800 1200
t

FIG. 8. Time evolutions of the spin scalar chirality x, by (a)
TH =1, (b) T® =1, and (c) T® = 1. Right panels show the
stable spin configurations in each case. The horizontal axis ¢ is the
simulation parameter in the LLG equation.

The stable spin configurations are investigated by nu-
merically solving the LLG equation in the same manner in
Sec. IVB 2. Figures 8(a)-8(c) show the time evolutions of
xsc and stable spin configurations by 71 =1, T® =1,
or T® =1, respectively. We find that 7 and 7® fa-
vor noncoplanar spin configurations with nonzero spin scalar
chirality, while 7 favors the collinear spin configura-
tion without the spin scalar chirality but with the uniform
out-of-plane magnetization. Thus, the three-site three-spin
interactions also favor the spin configurations belonging to
A}, which is similar to the situation under the two-site three-
spin interactions in Sec. IVB3. Among 7, the mechanism
of nonzero xy. is described by the coupling between these
interactions and the spin scalar chirality, as clearly shown in
H') The sign of xq is fixed by 7, while not fixed by 7.

3site*

V. SUMMARY

To summarize, we have investigated the relation between
light-induced magnetic interactions and symmetry lower-
ing by light. By adopting Floquet formalism, we have
systematically shown the light-induced two-spin and three-
spin interactions for all the crystallographic point groups in
two-dimensional insulating magnets. In particular, the light-
induced DM interaction ubiquitously appears for all the point
groups, which means the possibility to stabilize helical and
skyrmion states in any crystal structures. Based on the symme-
try argument, we have revealed that the light-induced two-spin
and three-spin interactions are the consequence of the reduc-
tion from the point group to the chiral point group and the
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TABLE VIII. Bond symmetry G for the (1, 2) bond along the understanding of controlling magnetic interactions and enable
x direction on the triangular lattice (TL) [square lattice (SL)] in the  gystematic Floquet engineering of magnetic structures based
hexagonal (tetragonal) point groups. The first, second, and third axes on crystal symmetry.
in G (hexagonal/tetragonal point groups) are [100], [010], and [001]
([001], [100], and [010]), respectively.
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m.. 3ml APPENDIX A: CORRESPONDENCE
m. 3lm TO TWO-DIMENSIONAL HEXAGONAL
;" 362“1 AND TETRAGONAL SYSTEMS
2. 312 We present the correspondence between the bond symme-
-2 6.. 4.,4.. try G for the (1, 2) bond and the hexagonal/tetragonal point
1 3. groups in the lattice systems in Table VIII. For simplicity, we
1 3. consider the simple triangular (square) lattices with the primi-

tive translation vectors e; = (1,0,0)and e, = (1/2, \/5/2, 0)
[e; = (1,0,0) and e, = (0, 1, 0)], and take the (1, 2) bond

black and white magnetic point group, respectively. These re- along the x direction. Then, the bond symmetry corresponds to
sults have uncovered the effect of symmetry lowering by light mmm and its subgroups depending on the site (bond) symme-
on magnetic interactions. We have also shown that the light- try at each lattice site. There are sixteen patterns of G for the
induced magnetic interactions on the m2m triangular unit  hexagonal point groups (including the trigonal point groups)
favor noncoplanar spin textures with nonzero spin scalar chi- and five patterns for the tetragonal point groups, as shown in

rality as an example. Our results will give a symmetry-based Table VIII.

J

APPENDIX B: COUPLING MATRIX AND THIRD-RANK ME TENSOR IN THE GLOBAL CARTESIAN SPIN COORDINATE

‘We show the coupling matrix and third-rank ME tensor in Sec. IV in the global Cartesian spin coordinate, which are given by

F* D* 0 LF* 4 3F) BF +F)+D° 0
Jo=|-D" F" 0| Us=|Lppp)y-p L@P ) 0| (BD)
0 0 F? 0 0 Fe
FE3P) R E P D0 0 BF 0 cyF A% 0
Bi=|BF -y D LGF+ ) o Yo=|[B:2 0 Of Yo=|-45 ¢y o] B
0 0 F* 0 0 0 o 0 Cy
—Q(Cl +30) +2BY) (30 -3C) +2B5) - $AF 0
V= [§0CE —3C) +2B) + Fal P00+ - 287) o | (B3)
0 0 —Lc);
—H(CF 3 —6BE)  P(CH - CF - 2BE) — 34 0
Y= | 205 -G8 —2B) + 345 —§(3C5 + O +68YY) o | (B4)
0 0 —1c5
L@ 30 +2B) 60T -3 12B) + L4450
Y= | §(3C - 301 +2B}5) - LA § (30 + Ol —2BY5) 0 | (B3)
0 0 Ly
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—§(C13 + 3033 - 6B}5)
Gi= | =60 -y —2B75) + 4%
0

APPENDIX C: BASES OF IRREDUCIBLE
REPRESENTATION

The eigenbases S“(I") in Fig. 5 are given by

S(A’z) =(0,0,1,0,0,1,0,0, 1), Ccn
1
S(A]) = 5(—6, —1,0,+/3,-1,0,0,2,0), (C2)
1
Sy =5, —/3,0,1,4/3,0,-2,0,0), (C3)
1
SX(EZ/) = _(0’ 07_110’ 07_110’ Ov 2)3 (C4)
V2
3
Sy(EZ/) = \/;(01 Oa ]1 Oa 07 _]1 07 07 0)7 (CS)
Sx(E]gN[ = (07 _1705 07 _1705 07 _170)7 (C6)
S)(Elé/M) = (1705 07 1, 07 Ov 17 07 0)9 (C7)
1
S*(EXen) = 5(«/5, —1,0,—/3,-1,0,0,2,0), (C8)
1
S Ee) = 5 (=1, —+/3,0,-1,+4/3,0,2,0,0), (C9)

where S%(I") - SB(I"') = 381 8up.

—P(C - O -2 - A 0
~§(3¢l + 6 + 683) 0

L yiz

0 -0

(B6)

[
APPENDIX D: LANDAU-LIFSHITZ-GILBERT EQUATION

In classical spin Hamiltonians H, the time evolution of the
classical spin (|S;| = 1) at zero temperature is calculated by
the LLG equation, which is given by

- Dl
T+ (D)

with the gyromagnetic ratio y, the Gilbert damping constant
a, and the effective magnetic field HS™ = —3#/dS;. The
first term represents the precession of the spin around the
effective magnetic field, while the second term takes into
account the relaxation of the spin to the effective magnetic
field. In the calculation for the effective time-independent
Hamiltonians in Sec. IV, the system evolves in time to a
lower-energy spin state and finally reaches a stable state owing
to the second term. Thus, Figs. 68 show the tendency of the
nonequilibrium steady state. We search for the nonequilibrium
steady state by numerically solving the LLG equation by
typically setting y =1 and o« = 0.01-0.2 and by using an
open software DifferentialEquations.jl [47]. It is noted that
the finally obtained state is independent of an initial spin con-
figuration, although we start simulations from a random spin
configuration.
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