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Magnetic materials in which it is possible to control the topology of their magnetic order in real space or
the topology of their magnetic excitations in reciprocal space are highly sought after as platforms for
alternative data storage and computing architectures. Here we show that multiferroic insulators, owing to
their magnetoelectric coupling, offer a natural and advantageous way to address these two different
topologies using laser fields. We demonstrate that via a delicate balance between the energy injection from
a high-frequency laser and dissipation, single skyrmions—archetypical topological magnetic textures—can
be set into motion with a velocity and propagation direction that can be tuned by the laser field amplitude
and polarization, respectively. Moreover, we uncover an ultrafast Floquet magnonic topological phase
transition in a laser-driven skyrmion crystal and we propose a new diagnostic tool to reveal it using the

magnonic thermal Hall conductivity.
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Historically, manipulating the magnetic order in solids
has led to reliable and widely used data storage devices [1].
The recent mainstream embrace of topology as a powerful
guiding principle in condensed matter combined with the
growing need for alternative platforms for conventional as
well as unconventional computing have reinvigorated
magnetism research. For instance, magnetic textures whose
real-space topology provides them with enhanced stability
have garnered attention as potential information carriers in
future logic devices and novel, alternative computing
architectures [2-4]. Magnons, the quanta of spin waves
supported by magnetic materials, can also become topo-
logical but in reciprocal space [5-9]. Dictated by the bulk-
boundary correspondence, bulk topological magnons can
result in robust, unidirectional magnonic currents propa-
gating along the sample edges which have been proposed
as information conduits for magnonics [10,11]. So far, the
study of topological magnetic textures in real space and
topological magnons in reciprocal space have developed
independently. Therefore, having a single platform capable
of supporting both topologies is highly desirable as it can
facilitate research on their combined phenomena, and
potentially lead to applications that exploit their unique
functionalities either simultaneously or selectively.

Among the family of materials that can support magnetic
textures and magnons with nontrivial topology, electrically
insulating magnets stand out because they are exempt from
Joule heating [12,13]. This technologically advantageous
property, however, brings about the challenge of controlling
magnetism besides the standard approach based on electric
currents [14]. One natural and promising route is to use the
electromagnetic field from high-frequency lasers, which
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can also allow noncontact, ultrafast manipulation [15-20].
Controlling magnetic textures, and hence magnons, with
lasers can be accomplished in multiferroics whose general
spin lattice Hamiltonian is given by

H(t) = Hy— Y gupB(1)-S, ~E(1) - B, (1)

where S, is the classical spin vector at site r, g and pup
respectively denote the g factor and Bohr magneton, and
H, is the Hamiltonian in the absence of laser irradiation.
Here H(t+ Ty) = H(t) with Ty = 2x/w, denoting the
period of the laser electromagnetic field at frequency wy,.

(a) (b)

Topological Trivial

FIG. 1. Real- and reciprocal-space topology can be controlled
by lasers. (a) The topological spin structure of a skyrmion
carrying in-plane electric polarization P undergoes translational
motion under a circularly polarized laser. (b) An ultrafast
topological phase transition occurs in the Floquet magnon band
structure of skyrmion crystals due to the effective magnetic field
induced by circularly polarized laser irradiation.
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Multiferroics not only interact with the magnetic field B(7)
from the laser. Thanks to their magnetoelectric coupling
their electric dipole moment P,, induced by the magnetic
order, also interacts with the electric field E(z) [21-24].
This coupling gives rise to new phenomena and potential
functionalities that are not possible just with oscillating
magnetic fields.

Here we show that a high-frequency laser, in the
terahertz range, can be used to control topological magnetic
textures and Floquet topological magnons of multiferroic
insulators. A prime example of noncollinear magnetic
textures with nontrivial topology in real space is skyrmions
[25]. We uncover a novel mechanism that sets skyrmions
into motion [see Fig. 1(a)] where, unlike previous propos-
als, there is no need to tune the laser frequency to be at
resonance with internal skyrmion magnon modes [26-29].
The magnon bands supported by a static skyrmion crystal
can also be topological in reciprocal space [30-35]. We
show that a topological phase transition in the Floquet
magnon spectrum can be driven by a terahertz laser [see
Fig. 1(b)]. The topological phase reveals itself through
robust, chiral magnonic edge states guaranteed by the bulk-
boundary correspondence. Furthermore, we establish that
the magnonic thermal Hall conductivity [5,36-38], a bulk
coefficient, carries a signature of this topological phase
transition and thus can be used as a diagnostic tool. For the
above phenomena to occur, we find dissipation to be of
crucial importance [39]. To consistently incorporate dis-
sipative effects into our description, thus circumventing the
issue of reaching a thermal state at long times, we adopt the
Floquet-Magnus expansion for classical systems [40], and
extend the Floquet magnon formalism to multiferroics with
a time-dependent, noncollinear magnetic unit cell.

Model.—Inspired by the vast body of available exper-
imental characterization, we use a model that closely
describes the multiferroic insulator Cu,0SeO5; [41-43],
which is known to host skyrmions as isolated objects as
well as in crystalline form, hence an ideal test bed for our
predictions.

Considering a thin film sample, the spin lattice
Hamiltonian is defined on a square lattice as [44—46]

HO - 2%(—-],_,/;5, 'Sl" +Dr,r’ 'Sr X Sr’) _g/,{BB()ZSr z

(2)

The nearest-neighbor spins interact via ferromagnetic
exchange J,, = J(6,_p 14z + Oy 1ay), With J >0 and
a is the lattice constant, and Dzyaloshinskii-Moriya inter-
actionD,, = D(r —r')/|r — /|. In what follows, S, = Sm,
is the total magnetization at site r with m, denoting a unit
vector and S = 1 for each Cu-ion tetrahedra [45]. The spins
also couple to an applied static magnetic field By = BZ.

In Cu,0Se0;, a noncollinear spin texture induces a
local electric polarization via the d-p hybridization

TABLE 1. Unit conversion table for / = 1 meV, D/J = 0.09
and a = 0.5 nm [43]. Physical variables are obtained by multi-
plying the dimensionless variables on the middle column by the
values on the right column.

Dimensionless Physical unit
Time t=nhnt/JS ~0.66 ps
Distance X=x/a 0.5 nm
Magnetic field (static) By = gupByJ/D? ~0.07 T
Magnetic field (laser) B, = guyB,/D ~0.78 T
Frequency (spin waves) @ = hwJ/D? ~2.0 GHz
Frequency (laser) o = hawy/J ~250 GHz

mechanism [23,42,45] and whose explicit form depends
on the direction of the applied static magnetic field relative
to the crystallographic axes. Orienting the sample such
that By|[110], the local electric dipole moment is given
by [42,45]

thus inducing a total electric polarization along the
y axis and where the magnetoelectric coupling strength is
1 =5.64x10"% uCm.

The time-periodic driving fields in Eq. (1) are introdu-
ced as E(r) = E {sin(wgt + 6),cos(wyt),0} and B(r) =
B.{cos(wyt), —sin(wgt + 5),0} with B, = E;/c and ¢
denoting the speed of light. The laser polarization is
determined by &, with § =0, z/2, © corresponding to
right-circularly polarized (RCP), linearly polarized, and
left-circularly polarized (LCP) light, respectively. In
Table I, we summarize the conversion between dimension-
less parameters and physical units for this model.

To describe the nonequilibrium steady state of the
periodically driven magnetization, we employ the high-
frequency Floquet-Magnus expansion [40] on the Landau-
Lifshitz-Gilbert (LLG) equation and obtain the following
effective Floquet Hamiltonian:

HF = H() + Zg,“BBF[_2 cm, + Sdmr,zmr,x
r
- 531(_2””%,): + m%v)z : mr]’ (4)

where Bp = {yB%cos5/[2(1 + a®)wy]|} with y the gyro-
magnetic ratio and «a the Gilbert damping constant, and
&, = Ac/gup (Supplemental Material [47]). The second
term corresponds to the effective magnetic field
[19,20,40,71], while the third and fourth terms arise from
the magnetoelectric nature of Cu,0SeO5. Below we show
how these terms give rise to a novel control of the topology
in real and reciprocal space.

Laser-driven skyrmion motion.—Since the x component
of the magnetization changes sign across the center of
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skyrmions, the third term of Eq. (4), obtained for By||[110],
induces a dipolelike distortion in the spin texture [47].
Crucially, the induced distortion breaks the skyrmions’
rotational symmetry, thus allowing for their laser-driven
motion.

First we consider the dynamics of a single skyrmion
under LCP light. We numerically solve the LLG equa-
tion obtained from the time-dependent Hamiltonian in
Eq. (1) [47]. The motion of a single skyrmion is tracked
by computing its center, defined as R; = [dr’p(r)r;/Q
for i =x, y with p(r) and Q = [dr’p(r) denoting the
topological charge density and total topological charge,
respectively [72].

The change in R, and R, as functions of time after
irradiation of LCP light is shown in Fig. 2. Orienting B
along other crystallographic directions induces different
local electric dipole moments [42,43,47]. We find that the
skyrmion under B||[110] exhibits translational motion
along the negative y axis and a small drift velocity along
the negative x axis, hence the skyrmion motion is mostly
directed antiparallel to the net electric polarization. In
contrast, the results for Bg|[[001],[111] show no net
displacement with almost identical trajectories. This is
consistent with the symmetry argument, since the time-
averaged spin textures for B,||[001] and Byl|[111] respec-
tively display C,, and Cj, rotational symmetry, while no in-
plane rotational symmetry is present for By||[110] [47].

We then combine the Floquet-Magnus expansion [40]
with Thiele’s approach to derive the analytical expression
of the skyrmions’ drift velocity v [26,74]. Up to first order
in the Floquet-Magnus expansion, we obtain

an
4rQ
225
vy R — o voBr& a, (5)
o N o
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FIG. 2. Skyrmion motion under a circularly polarized laser. (a),
(b) Displacement of the center of skyrmions (a) R, and (b) R,
under LCP light as a function of time, defined in the text. The
result for Bg|[[001], B|[[110], and By||[111] is respectively
depicted in solid magenta, solid cyan, and dashed lime lines.
The nonlinear effect of damping and asymmetric magnetoelectric
coupling drive skyrmions without exciting internal magnon
modes. The parameters are fixed as D/J = 0.09, B, = 0.9,
Bd =2.0, @y =10, £; = 0.1, and a = 0.04 (see Table I). The
inset in (b) shows the initial configuration of a single skyrmion
prepared by Monte Carlo annealing for 150 x 150 spins [73].

where 7~ 4z depends on the skyrmions spatial profile,
vy = ayD?/gupJ ~6.16 m/s is a characteristic velocity,
and By = gugByJ/D? is the dimensionless effective mag-
netic field. It is important to note that the drift velocity is in
general proportional to the damping constant for an
arbitrary local dipole moment P,; = ;(;'.km,, My With
i,j,k=x,y,z [47]. Hence, damping is essential for the
off-resonant skyrmion motion, where no internal magnon
modes are excited due to the large difference between the
laser THz-range frequency and the skyrmion magnon
eigenfrequencies.

From Fig. 2, the velocity for Bgl|[110] is estimated
as (vy,vy) = (=0.17 cm/s, =3.52 cm/s). In comparison,
Eq. (5) gives (v,,v,) = (—0.088 cm/s, =2.22 cm/s) for
Q = —1 and # = 4z. On the other hand, the equivalent
calculation for By||[001], [111] yields v = O for the leading
order term proportional to wy! [47]. Hence, our analytical
expression is consistent with the LLG simulations. The
dependence of v, for Byl|[110] on B,, &;, w,, and «a is
discussed in detail in [47], which is shown to be in a good
agreement with Eq. (5) for small B, and large w,, where the
asymptotic behavior is described by the high-frequency
expansion. Furthermore, our simulations confirm the
skyrmion motion under ultrashort pulses [47] and reversal
of skyrmion direction with switching from LCP light to
RCP light, which changes the sign of Bp. We have
demonstrated that the amplitude, frequency, and chirality
of the laser affect the off-resonant motion of skyrmions,
thus providing a greater control on their velocity, which can
achieve a maximum of 15 cm/s [47].

Floquet magnonic topological phase transition.—On top
of the applied static field By, circularly polarized laser
irradiation generates an effective magnetic field B, which
can be tuned by the laser field amplitude B,. Therefore,
analogously to the static magnetic-field driven topological
phase transition in skyrmion crystals [33], we show that a
Floquet magnonic topological phase transition can be
driven by a circularly polarized laser.

Using the LLG equation, we study the magnetic excita-
tions of a nonequilibrium steady-state skyrmion crystal
sustained by RCP laser irradiation. We introduce, in addition
to the laser field, pulsed magnetic fields along the in-plane
and out-of-plane directions, which excite magnetically
active skyrmion crystal spin wave modes [44]. The reso-
nance frequencies of these modes are obtained from the
dynamical susceptibilities [44,46] Imy;;(w) = M,,;/B,, ;,
with M, ; and B, ; denoting the Fourier transform of the
total magnetization M(¢) and B(¢) for i, j = x,y,z [47].

Figure 3(a) shows Imy,, (blue) and Imy_, (red), where
the resonance peaks of the counterclockwise (CCW),
breathing, and clockwise (CW) modes are labeled as A,
B, and C, respectively. These low-energy modes are similar
to those obtained in static systems [44]. Additionally, a
mode is found at @ ~ 10.8 in Imy, as illustrated in the inset
of Fig. 3(a). This high-energy mode is expected from the
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FIG. 3. Floquet magnonic topological phase transition in sky-

rmion crystals. (a) Imaginary parts of in-plane (out-of-plane)
dynamical susceptibilities shown in blue (red), obtained at
D/J =10, By=04, B;=1.0, @y =10, £,=0.1, and a =
0.04 under RCP light. The resonance peaks of the (A) counter-
clockwise (CCW), (B) breathing, and (C) clockwise (CW) modes
are indicated. The inset shows the result near the driving
frequency @, = 10. (b) Resonance frequencies of the CCW
(blue) and breathing (red) modes as functions of the laser field
amplitude B,. (c) Floquet magnon band structures in the vicinity
of the topological phase transition with integers indicating the
total Chern number for each group of bands. The CCW and
breathing modes at the I" points are highlighted in blue and red,
respectively. Roman numerals in (b) mark the values of B, used
in the panels in (c).

periodic structure of the quasienergy spectrum given by
€m = €, + mhw, for eigenvalues €, of the effective
Floquet Hamiltonian and integers n, m [75]. We should
note that the large, sharp peak at w =wy in Imy,,
corresponds to the laser field, while the signal from
Imy,, is too weak to observe any peaks near @ = @.
The resonance frequencies of the CCW (blue) and
breathing (red) modes as functions of B, are shown in
Fig. 3(b), from where we identify the band inversion point
at the critical value B, ~ 1.8. The total effective magnetic
field at this point is estimated as By + By~ 0.56.
Remarkably, it is almost equal to the critical magnetic
field obtained in static systems [33] and thus consistent
with Floquet magnons experiencing a laser-induced effec-
tive field. We find that the critical value of the total effective
magnetic field remains roughly constant up to @q > 5,
where the high-frequency expansion is justified [47].
Treating the time-averaged spin configuration of the
nonequilibrium steady state as the classical spin ground
state for the effective Floquet Hamiltonian in Eq. (4), we
compute the Floquet magnon band structures (see [47])
shown in Fig. 3(c). The laser-driven Floquet magnonic
topological phase transition is signaled by the closing of the
gap between the CCW and breathing modes, at the band
inversion point, with the consequent Chern number trans-
fer. The obtained Floquet magnon band structures are
consistent with the LLG simulation results. We note that

—~ 1.0
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FIG. 4. Diagnosing a Floquet magnonic topological phase
transition via the magnonic thermal Hall effect. The magnonic
thermal Hall conductivity of the CCW (blue) and breathing (red)
modes plotted against the laser field amplitude. These two modes
can be resonantly and selectively excited using ac magnetic
fields. The opposite sign enhancement at the critical value, due to
the divergence of the Berry curvature, can be used as a
topological phase transition diagnostic tool. The parameters
are the same as in Fig 3(b).

the topological phase transition occurs at a slightly smaller
B, value in the Floquet magnon band structures, which
may arise from higher order terms neglected in the Floquet
Hamiltonian. Invoking the bulk-boundary correspondence,
the above Chern number transfer opens the door to laser-
controlled switching of nonreciprocal Floquet magnonic
chiral edge states due to the magnetoelectric coupling [47].

As a bulk probe for the laser-driven topological phase
transition, we consider the Floquet magnonic thermal Hall
conductivity [36-38,76]

2 2
o == S [ Garelbwo®. @

where d is the interlayer distance, Q,(k) is the Berry
curvature of the nth Floquet magnon band, p,; is the
distribution function of the nth Floquet magnon eigenstate
at k, and c;(p) = (1 + p){log[(1 + p)/p]}? = (logp)* ~
2Li,(—p) with Li,(z) denoting the polylogarithm function
of order two. While the population of magnons in the CCW
(breathing) mode is small at thermal equilibrium, we could
selectively pump them with in-plane (out-of-plane) ac
magnetic fields [31,44,77]. In this resonance condition,
we can approximate p,, with a Gaussian distribution
sharply peaked at the I" point of the corresponding magnon
band [47]. Crucially, the thermal Hall conductivity from the
resonant CCW (breathing) mode is strongly enhanced due
to the divergence of the Berry curvature at the topological
phase transition. Figure 4 clearly illustrates the enhance-
ment with opposite sign for the CCW and breathing modes,
obtained for a thin film sample of Cu,0SeO; with
d=1nmmand 7T =5 K [41].

Conclusion.—We have established a novel formalism to
describe laser-controlled topology in real and reciprocal
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space of multiferroic insulators. Crucially, our theory
incorporates the phenomenological damping effect to the
Floquet magnon formalism, which is essential in a non-
equilibrium condition under driving fields. Taking
Cu,08eO; as a model, we have demonstrated the off-
resonance motion of skyrmions due to the magnetoelectric
effect. We have also shown that circularly polarized lasers
induce a Floquet magnonic topological phase transition.
Furthermore, exploiting the selection rules of CCW and
breathing modes of skyrmion crystals [31,44,77], we have
suggested the magnonic thermal Hall conductivity as a
diagnostic tool for the topological phase transition. Our
formalism can be generalized to other multiferroics such as
GaV,Sg [78,79]. The ultrafast control of topological spin
structures and Floquet magnon band topology in multi-
ferroic insulators broadens the spectrum of potential
spintronic and magnonic applications.
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