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Photocontrol of spin scalar chirality in centrosymmetric itinerant magnets
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Noncoplanar magnetic structures, such as magnetic skyrmions, are characterized by spin chirality and usually
favored by antisymmetric exchange interactions in noncentrosymmetric magnets. Here, we show that a linearly
polarized electric-field pulse stabilizes a nonequilibrium spin scalar chiral state in a centrosymmetric itinerant
ferromagnet. The scalar chirality has a nonmonotonic dependence on the electric-field strength, and its sign
can be controlled by circular polarization. Furthermore, magnetic skyrmions are excited after the pulse decays.
A photoinduced nonthermal electron distribution plays an important role for instability towards the spin scalar
chiral state as well as the 120° Néel state, depending on the next-nearest-neighbor transfer integral. These results
provide an alternative route to controlling spin chirality by photoirradiation.
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Introduction. Swirling spin textures, e.g., magnetic bub-
bles, vortices, and skyrmions, have been intensively studied
in condensed matter physics [1-11]. These noncoplanar spin
orders are usually attributed to the competition between
the ferromagnetic (FM) interaction and the antisymmetric
Dzyaloshinskii-Moriya (DM) interaction, the latter of which
is present in noncentrosymmetric systems. Recently, the
skyrmion crystal was discovered even in centrosymmetric
magnets without the DM interaction [12-15], where, e.g., ge-
ometrical frustration, magnetic anisotropy, and Fermi-surface
instability play a role in generating spin chirality [16-24].
When electrons are subject to the emergent fields associated
with noncoplanar or noncollinear spin structures, intriguing
transport [25-31] and optical [32-36] phenomena are ob-
served, thereby attracting scientific and technological interest.

In the past decade, it has been demonstrated that optical
pulses enable the ultrafast control of spin chirality. In multi-
ferroics, the magnetic structure can be switched by terahertz
pulses or x-ray irradiation [37-41]. Also, many researchers
have studied the optical creation of skyrmions in noncen-
trosymmetric magnets, where the local excitation by a laser
promotes the nucleation of the skyrmions [42—50]. The non-
thermal control of magnetic interactions and spin chirality via
a high-frequency laser, microwave, and static fields was also
proposed theoretically [40,51-68]. For example, circularly
polarized light breaks the time-reversal symmetry and can be
coupled to the scalar chirality [54-59]. Since linearly polar-
ized light and a static electric field break inversion symmetry,
they can modulate or induce the DM interaction and magnetic
anisotropy [66—-68]. However, these studies have considered
noncentrosymmetric systems where the DM interaction is
present or dynamically induced through spin-orbit coupling,
except for Refs. [64,65] discussing spin vector chirality.

In this Letter, we investigate the real-time dynamics in-
duced by an electric field in a centrosymmetric itinerant
ferromagnet described by the FM Kondo lattice model on a
triangular lattice. A detailed ground-state phase diagram of
this model was shown in Ref. [20]; a four-sublattice spin
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scalar chiral state [see Figs. 1(a) and 1(b)] is present near
1/4 and 3/4 fillings, exhibiting an anomalous Hall effect.
First, we show that a static electric field can stabilize ei-
ther the spin scalar chiral state or the 120° Néel state on
a picosecond timescale and obtain a schematic “steady-state
phase diagram” shown in Fig. 1(c). A nonthermal electron
distribution due to irradiation induces the instability to these
nonequilibrium steady states. Then, we demonstrate that the
sign of the scalar chirality can be selected by circular polar-
ization. The steady states with scalar chirality are induced by
a terahertz pulse as well. Finally, we show that metastable
magnetic skyrmions emerge after the pulse irradiation.
Model and method. We consider the FM Kondo lattice
model on a triangular lattice defined by the Hamiltonian

H= Zh,‘jCLCjX - JZC;(T”fCiS/ . Sl'. (1)

ijs iss’

Here, c}s (cis) denotes the creation (annihilation) operator of
an itinerant electron with spin s (=1, |) at site i, and the
vectors ¢ and S; represent the Pauli matrix and a classi-
cal spin localized at site i with |S;| = 1, respectively. The
coefficients 4;; and J denote the transfer integral and ex-
change interaction, respectively. We assume that h;; = —h
for the nearest neighbor (NN), h;; = —h, for the next-nearest
neighbor (NNN), and £;; = 0 for the rest, and adopt a finite
cluster of N = 12 x 12 sites with periodic boundary condi-
tions. The parameters are set to J/h; = 8, hy/hy = 0.2-0.5,
and N./N = 1/4 with N, being the number of electrons (i.e.,
1/8 filling) so that the ground state is a FM metallic state.
Hereafter, the elementary charge e, Dirac constant 7, lattice
constant a, and NN transfer integral /; are set to unity; en-
ergy, time, and electric-field strength are expressed in units of
hy, i/h; = 0.66 fs, and hy/(ea) = 20 MV /cm for by = 1 eV
and a = 5 A, respectively. An external vector potential A is
incorporated via the Peierls substitution h;; — h;;eA®T=T1),
where ¢ denotes time and r; is the position of site i. The time
evolution of the electrons and spins is governed by the von
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FIG. 1. (a) Snapshot of spin vectors in a four-sublattice spin
scalar chiral state. (b) The four spin vectors point to the four vertices
of a regular tetrahedron. (c) Schematic steady-state phase diagram.

Neumann equation p = —i[H, o] and the Landau-Lifshitz-
Gilbert (LLG) equation S; = S; x b; — aS; x S, respectively
[69-73]. Here, pjs js = (c;y,cis) is the one-body density matrix
of the electrons, b; represents an effective field given by b; =
—0d(H)/0S;, and « denotes the Gilbert damping constant.
These equations are solved by the fourth-order Runge-Kutta
method with a time step of 6¢# = 0.01. Even though dissipa-
tion is introduced only in the LLG equation, the electrons
are relaxed and scattered via the coupling term [69]. By
diagonalizing the Hamiltonian at time 7, we can obtain the
single-particle energy level ¢, () and its occupation number
n,(t). The damping constant is set to « = 1. We introduce a
random tilt from the FM ground state up to §6,,x = 0.1 rad
into {S;} at t = 0, which mimics thermal fluctuations [69]; we
need to consider the average over the initial configurations of
{S;} when discussing the macroscopic spin-texture dynamics.

To investigate the dynamics of the magnetic structure, we
consider spin scalar chirality x = N~'>" Ot ritarritar +
Xri+a+ay ri+as.ri+a ), where a; = (1,0), a; =(1/2, \/3/2)’
and xp, r,.r = Xijk = Si - (8; X Sy). We also compute the spin
structure factor defined by S(g) = N2 Zij S; - Sje"q'("'"”,
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which satisfies S(—¢q) = S(¢)* = S(¢q) and Zq Siq)=1.
Considering that S(q) has a peak at the M (K)
point in the spin scalar chiral (120° Néel) state, we
define S(M)=S(rr, —7/+/3) +S(w, 7 /v/3) + (0, 27 /+/3)
and S(K)=S5@n/3,0)+ SQ2n/3, Zn/\/g). Note that
Ix| = 8/(3+/3) ~ 1.54 and S(M) = 1 in the spin scalar chiral
state [19,20], and x = 0 and S(K) = 1 in the 120° N¢el state.

Results. We show the real-time dynamics in Fig. 2 when we
apply a linearly polarized static electric field F (t) = —A(t) =
(Fp, 0) with Fy = 0.5, which precludes conventional mecha-
nisms for inducing scalar chirality. See Supplemental Material
[74] for a video of the spin configuration, spin scalar chirality,
and structure factor. The dynamics can be divided into the
following two stages. (i) The collapse of FM order (¢ < 100):
After the electric field is switched on at t = 0, the FM cor-
relation S(I") = S(0, 0) rapidly decays at r = 40 as shown
in Fig. 2(b). At ¢+ = 100, the electrons uniformly occupy the
lower band [the left panel of Fig. 2(c)], and S(q) is finite
near the Brillouin zone boundary [Fig. 2(f)]. The instability of
the FM order is induced by the inverted electron distribution
in the lower band due to the Bloch oscillation of the elec-
trons [73,74]. Here, the Bloch-oscillation period is given by
4w /Fy ~ 25.1, which is reflected in S(I") shown in Fig. 2(b).
(ii) The development of spin scalar chirality (+ = 100): The
scalar chiral correlation S(M) builds up linearly in time until
t ~ 3000. The scalar chirality yx starts to increase at ¢ ~ 3000,
and then takes the maximal value 1.1 at r = 5500, as dis-
played in Fig. 2(a). The uniform spin scalar chiral structure
is seen in Fig. 2(d). After + &~ 5500, the scalar chirality yx
decreases down to ~— 0.7 while S(M) remains constant. In
Fig. 2(e), we observe the spin scalar chiral state with y < 0 at
t = 8000. For ¢t 2 3000, the structure factor has three peaks
at q = (7, —n/\/g), (n,n/ﬁ), and (0, 271/\@) as shown
in Figs. 2(g) and 2(h), although their values slightly deviate
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FIG. 2. (a), (b) Time profiles of (a) spin scalar chirality and (b) the spin structure factor with a static electric field. The inset in (b) is

an enlarged view. (c) Density of states D(w) =

>, 8w

— &,) (gray solid lines) and the occupation ) n,8(w —

g,) (blue shades). (d), (e)

Snapshots of the localized spins and local spin chirality. The arrow colors indicate the in-plane angles. (f)—(h) Spin structure factor in reciprocal
space. The solid lines indicate the Brillouin zone boundary. NNN transfer integral is set to #; = 0.4 in (a)—(h).

L100407-2



PHOTOCONTROL OF SPIN SCALAR CHIRALITY IN ...

PHYSICAL REVIEW B 108, L100407 (2023)

from 1/3. The sign of x is unstable in time in the static field;
we will later show that circularly polarized light can control
and stabilize the sign.

Although the spin scalar chirality is not completely uni-
form as shown in Figs. 2(d) and 2(e), we can confirm the
topological nature by calculating the Chern number ncy. In
aperiodic systems, such an index is defined as [75-78]

ney = dimker[A — 1] — dimker[A + 1], 2)

where A == Pz — DjPeDq, P = ), . V) (v], and D,(x) :=
[x + iy — (ay +iay)]/|x + iy — (ay + iay)|. Here, |v) are
eigenstates of the Hamiltonian (1), x = (x, y) is the position
vector of the lattice points, and a = (ay, a,) # x is a vector
of a flux point (see, e.g., Refs. [79,80] for the detailed cal-
culation). From Eq. (2), we obtain nc, = 1 and —1 for the
lowest band at r = 5500 [Fig. 2(d)] and ¢ = 8000 [Fig. 2(e)],
respectively, indicating that these spin scalar chiral states
have a topological nature. However, the dc Hall conductivity
would be canceled out in the photoinduced spin scalar chiral
state since the total Chern number is zero for the effective
half-filled case where the lower two bands are uniformly
occupied, while we might see the Hall current or edge state
during the decay process of itinerant electrons after switch-
ing off photoirradiation. Nevertheless, the photoinduced spin
scalar chiral state can exhibit optical Hall effects owing to the
nonzero Chern number because optical interband transitions
are still allowed. The calculation of physical quantities for
itinerant electrons reflecting the topological nature, such as
optical Hall conductivity, in real-time evolution will be re-
ported in a future paper.

The appearance of the spin scalar chiral state is ascribed
to that uniform electron distribution in the lower band which
minimizes the total energy of the spin scalar chiral state
rather than the FM state. As shown in Fig. 2(c), the electrons
uniformly occupy the lower band(s) after the collapse of the
FM order, implying that the energy bands are effectively half
filled. It was shown that the ground state of the present model
at half filling is either 120° Néel or spin scalar chiral state
depending on the NNN transfer integral 4, [81], whereas we
expect that the high-temperature state is paramagnetic, given
the finite-temperature phase diagrams [24,82]. Our results are
roughly consistent with ground-state phase diagrams, suggest-
ing that this spin scalar chiral state is not due to thermal
excitations.

Next, we investigate the random tilt introduced into {S;}
at t = 0. Figures 3(a) and 3(b) show the time profiles of
x and S(M) for 100 different initial configurations of {S;}.
The scalar chirality appears for ¢ 2 2000 and varies between
—1.2 and 1.2, while the absolute value of the mean, plotted
as the red curve, is always less than 0.2. This indicates that
the sign of y depends on the initial configurations and is not
controlled by the static field, and thus, the present spin scalar
chiral state is not due to the field-induced DM interactions.
Meanwhile, S(M), which reflects the long-range correlation of
the scalar chirality, gradually builds up and is kept above 0.8
for ¢+ 2 5000 even when x ~ 0. We also found that the short-
range correlation of scalar chirality is stronger than that in
disordered states [74]. Therefore, we consider the spin scalar
chiral state to be stable in the thermodynamic limit, although
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FIG. 3. Time profiles of (a) x and (b) S(M) with h, = 0.4. The
red line and blue shade denote the mean and standard deviation at
each time, respectively. (c)—(f) Mean and standard deviation at t =
10000 for h, = 0.2-0.5.

the size of the domain with positive or negative chirality varies
with time.

In Figs. 3(c)-3(f), we show the mean and standard devi-
ation of the chirality and structure factor at + = 10000. The
spin scalar chiral or 120° Néel state is stabilized for Fy 2 0.2,
depending on /,. From these data, we sketch a “steady-state
phase diagram” in Fig. 1(c), where there are three phases, i.e.,
the spin scalar chiral phase for Fy 2 0.2 and h; 2 0.4, the
120° Néel phase for Fy 2 0.2 and A, < 0.3, and the param-
agnetic phase for 0 < Fy < 0.2.

The sign of the scalar chirality can be controlled by cir-
cular polarization. Figure 4(a) shows the time profiles of
x with left/right circularly polarized (LCP/RCP) light de-
fined by A(t) = (Fy/$2)(% cos £2¢, sin §2¢) with Fy = 2.2 and
£2 =1, for 100 initial configurations. In the steady states,
x ~ 1.2 for RCP and y ~ —1.2 for LCP light. The mean
and standard deviations at t = 10000 are plotted in the inset
of Fig. 4(a), as a function of Fy/§2. The spin scalar chiral
state is stabilized for Fy/$2 2 1.4, and the mean values of x
exhibit a nonmonotonic behavior with respect to Fp/$2, which
is beyond the perturbation theory for the coupling between
scalar chirality and circular polarization [54]. Furthermore,
the signs of x for LCP and RCP light are opposite to each
other, while the mean values of x for linearly polarized (LP)
light A(t) = (Fp/$2)(sin £2¢, 0) are almost zero. Note that the
controllability of the sign of x is observed for £2 = 1 but not
for £2 = 20 and 40 (not shown); this may imply that the light
frequency should be comparable to the transfer integral /; and
much smaller than the band gap (~2J). A detailed analysis for
the circular polarization is left for future work.

Lastly, we demonstrate the real-time dynamics in-
duced by an RCP pulse that contains a few opti-
cal cycles, A(t) = (Fo/$2)exp[—(t — to)z/(Zt‘%)](cos[SZ(t —
tp)], —sin[2(t — ty)]) with ty =4000 and 1, = 800. In
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FIG. 4. (a) Time profiles of x with the RCP (red lines) and LCP
(blue lines) light with F; = 2.2 and §2 = 1. The inset shows the
mean and standard deviation at # = 10000 as a function of Fy/$2.
(b) Time profiles of x with an RCP pulse. The electric field of the x
(y) component is plotted as the gray solid (dashed) line. Parameters
are set to Fy = 1.8, £2 = 27 /1000, and §6,,,« = 1. (c)—(e) Snapshots
of the spin structure and local scalar chirality at + = 8000. NNN
transfer integral is set to 1, = 0.5 in (a)—(e).

Fig. 4(b), we observe that the scalar chirality develops up to
+1.2 during irradiation and rapidly decays after irradiation.
However, the sign of x is not controlled by either a RCP
or LCP pulse since the central frequency of the pulse, 2 =
27 /1000 ~ 0.0063 < Ay, is quite low, so that the dynamics
are close to those in the static field. Here, the advantage of the
circularly polarized pulse is that the magnitude of the electric
field does not vanish during irradiation in contrast to the LP
pulse, which prevents the relaxation to the FM ground state
and promotes the growth of x.

After pulse irradiation, a metastable state with approxi-
mate integer Q = xN/(2 x 4m) is realized, and it survives
until # ~ 10000. Here, Q is the Pontryagin number [74,83],
which counts the net number of skyrmions in the cluster.
At t = 8000, a skyrmionlike magnetic object is observed in
Figs. 4(c)—4(e). When a single skyrmion is present as shown in
Fig. 4(c), Q is approximately equal to &-1. In the present calcu-
lations for N = 12 x 12, we also observe states with |Q| ~ 2
as displayed in Fig. 4(d). Figure 4(e) exemplifies a state in
which both Q ~ 1 and Q =~ —1 objects are created while
the total Q is canceled out. The lifetime of the metastable
states depends on the relaxation rate, i.e., the Gilbert damp-
ing constant « in the present calculations; we found that the
lifetime increases with decreasing « as expected. Note that the
metastable skyrmions can be excited by the LP pulse as well
and even without /,.

Discussion. The required magnitude of the electric field is
estimated to be of the order of 7i/(eat) ~ 1 MV /cm with ©
being an intraband relaxation time [73] (typically, T = 10 fs).

This magnitude is so strong that materials will be damaged by
the static field. However, this problem can be circumvented by
using a short terahertz pulse [84], as demonstrated in Fig. 4.

The timescale of the dynamics is determined by the Gilbert
damping constant o as well as the field magnitude. In real
materials in equilibrium, « is of order 0.001-0.01 [85], which
is two or three orders of magnitude smaller than o =1
adopted here. We found that, for « = 0.01, the long-range
spin scalar chiral or 120° Néel order is suppressed in the
steady states. If a large o of order 1 is essential, the re-
alization of these photoinduced orders would be difficult.
Theoretically, we might overcome this difficulty by introduc-
ing another magnetic interaction that favors the spin scalar
chiral state, e.g., an antiferromagnetic (AFM) interaction
between the localized spins [20,86,87], or by considering
the dissipation due to electron-electron interactions far from
equilibrium.

Summary and outlook. We have investigated the real-time
dynamics in a centrosymmetric itinerant magnet and found
that the spin scalar chiral or 120° Néel state is stabilized by a
static field, continuous-wave light, and low-frequency pulse,
depending on the NNN transfer integral. The sign of scalar
chirality can be selected by circular polarization. Additionally,
skyrmions are created in metastable states after pulse irra-
diation, characterized by the Pontryagin number. These spin
scalar chiral states and metastable skyrmion states arise from
the nonthermal electron distribution, not from antisymmetric
interactions such as the DM interaction. The underlying mech-
anism should be further clarified in future work.

Recently, it was revealed that the AFM skyrmionlike tex-
tures are transiently created on the centrosymmetric square
lattice [88]. In this study, however, the spin scalar chiral state
is stable under optical fields and controllable by circular po-
larization. Furthermore, contrary to the conventional theory
[54], our results demonstrate that neither the DM interaction
nor circular polarization is necessary for the spin scalar chiral
state; the absence of antisymmetric interactions makes the
optical switching of scalar chirality easier. These findings sug-
gest that centrosymmetric magnets are promising for ultrafast
control of scalar chirality.
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