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We address a central open question in driven topological matter by investigating the nonequilib-
rium response of a two-dimensional magnet with Dzyaloshinskii–Moriya interactions subjected to
a periodically oscillating magnetic field. Using extensive Monte Carlo simulations, we uncover a
dynamically re-entrant skyrmion phase that emerges within a finite window of field amplitudes and
bias fields, sandwiched between the conventional skyrmion and polarized ferromagnetic phases. This
phase has no equilibrium counterpart and originates from an imbalance between skyrmion creation
and annihilation over a single field cycle, leading to a reversal of the period-averaged topological
charge. We show that the re-entrant phase exists only in the dynamic response regime where the
system can follow the drive, and is suppressed at higher driving frequencies. Our results estab-
lish periodic driving as a nonequilibrium control parameter for stabilizing and reversing skyrmion
topology.

Magnetic skyrmions are topologically nontrivial, whirl-
like spin textures that have emerged as promising in-
formation carriers for spintronic applications owing to
their nanoscale size and efficient current-driven dynam-
ics [1, 2]. Beyond their technological relevance, these
topological objects provide a fertile platform for explor-
ing novel physical phenomena including robust stabilities
protected against external perturbations [3]. Originally
proposed on theoretical grounds [4], magnetic skyrmions
were later observed in bulk noncentrosymmetric mag-
nets [5–8] and in thin-film systems with broken inter-
facial inversion symmetry [9–11]. Depending on the un-
derlying microscopic interactions, skyrmions may origi-
nate from distinct mechanisms, including Dzyaloshinskii–
Moriya interactions (DMIs) [12–14] and magnetic frus-
tration [15–18].

In magnetic systems lacking inversion symmetry,
spin–orbit coupling gives rise to an antisymmetric
Dzyaloshinskii-Moriya type exchange interaction that fa-
vors chiral spin textures and stabilizes isolated skyrmions
and skyrmion lattices through its competition with
Heisenberg type exchange and Zeeman interactions.
Hereby, skyrmions are characterized by a topological
charge

χQ =
1

4π

∫
dx dy S · (∂xS× ∂yS) (1)

which quantifies the topological nature of the spin con-
figuration. In equilibrium, sufficiently strong magnetic
fields destabilize skyrmions in favor of a uniformly po-
larized ferromagnetic state, thereby confining their sta-
bility to a finite field window between low-field magneti-
cally ordered phases (e.g., helical or stripe-domain states)
and the high-field ferromagnetic phase. However, this
equilibrium picture can be profoundly modified by time-
dependent magnetic fields, which open new pathways for
topological transformations.

Dynamically driven nonequilibrium phase transitions
arise in a wide variety of interacting many-particle sys-
tems subjected to oscillatory control parameters [19, 20].
A paradigmatic example is provided by dynamic phase
transitions in ferromagnets driven by periodically oscil-
lating magnetic fields [21, 22]. First observed in the ki-
netic Ising model [23], dynamic phase transitions man-
ifest through qualitative changes in the magnetization
when the field period is varied below the Curie tempera-
ture [24]. Subsequent studies have explored these transi-
tions using mean-field approaches [25–31], Monte Carlo
simulations [32–37], and experiments [38–45]. A remark-
able outcome is the close correspondence between equi-
librium and dynamic critical behavior, including iden-
tical universality classes revealed by finite-size scaling
analyses [32, 46–54] and confirmed experimentally in ul-
trathin Co films [45]. Dynamical studies of magnetic
skyrmions have mainly addressed the stability of individ-
ual skyrmions [55–57], whereas the collective nonequilib-
rium dynamics of extended skyrmion assemblies remain
far less explored. Moreover, collective skyrmion dynam-
ics can be induced by various external stimuli, such as
applied fields [58, 59] or current injection [60–62]. While
device-oriented studies naturally emphasize electrically
driven mechanisms, time-dependent magnetic fields pro-
vide a general framework for probing collective dynamical
phenomena.

In this Letter, we study the nonequilibrium dynamics
of a two-dimensional magnet with DMIs under a peri-
odically oscillating magnetic field. We consider a classi-
cal two-dimensional ferromagnetic Heisenberg model on
a triangular lattice, described by the Hamiltonian

H =− J
∑
⟨i,j⟩

Si · Sj −
∑
⟨i,j⟩

Dij · (Si × Sj)

−A
∑
i

(Sz
i )

2 −H(t)
∑
i

Sz
i .

(2)
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Here Si is a classical unit vector at lattice site i. The
first term represents the nearest-neighbor Heisenberg-
type ferromagnetic exchange interaction with coupling
constant J . The second term describes the DMI, with

Dij = D
ri − rj
|ri − rj |

× ẑ, (3)

where ri and rj denote the real-space position vectors of
spins at lattice sites i and j, respectively, and the inter-
action strength is fixed to D = 1 throughout this work.
The third term denotes an easy-axis single-ion anisotropy
along the out-of-plane (z) direction, with A = 0.1. The
last term accounts for the coupling to an external mag-
netic field, H(t), applied along the z axis, consisting of
a static bias field hb and a time-dependent component
h(t), chosen as a square wave with amplitude h0 and
half-period t1/2. All sums ⟨i, j⟩ run over nearest-neighbor
pairs. For simplicity, we set kB = 1 and J = 1 [63].

Monte Carlo simulations based on the single-spin
Metropolis algorithm [64–67] were performed on trian-
gular lattices of linear size L = 120 with periodic bound-
ary conditions, as schematically illustrated in Fig. 1(a).
Finite-size effects were assessed by additional simulations
at larger system sizes, which produced essentially iden-
tical results. The system is gradually cooled from high
temperatures, and after an initial thermalization stage
at each temperature, simulations are carried out over
103 periods of the external field, during which thermal
averages of physical observables are accumulated. Time
is measured in units of one Monte Carlo step per site
(MCSS).

In periodically driven spin systems, the period-
averaged magnetization Q is commonly employed as a
dynamical order parameter and is defined as [23]

Q =
1

P

∫ P

0

M(t) dt, (4)

where M(t) is the instantaneous magnetization per spin,
obtained from the sum of the out-of-plane spin compo-
nents Sz

i , and P = 2t1/2 denotes the period of the os-
cillating field. To characterize the topology, we compute
the skyrmion number (topological charge) χQ, defined
in Eq. (1). In the simulations, χQ is evaluated using a
lattice discretization on elementary triangles (see the de-
tailed discussion in [68]). Under a time-dependent mag-
netic field, χQ(t) becomes a time-dependent quantity. We
therefore introduce the period-averaged skyrmion num-
ber,

⟨χQ⟩ =
1

P

∫ P

0

χQ(t) dt, (5)

which serves as a dynamical observable of the topological
response of the system. Throughout this work, ⟨χQ⟩ is
reported per 102 unit cells.

FIG. 1. (a) Schematic illustration of the triangular lattice
geometry used in this work. Blue arrows indicate the DMI
vectors Dij between nearest-neighbor spins for positive D.
(b) Equilibrium skyrmion number as a function of the mag-
netic field hb and temperature T . The inset shows represen-
tative real-space spin textures at the white point marked in
the phase diagram. The color scale denotes the out-of-plane
spin component Sz.

The equilibrium topological response, quantified by
the skyrmion number χQ, in the (hb, T ) plane is shown
in Fig. 1(b). A blue region with negative χQ, corre-
sponding to stabilized skyrmions, appears at interme-
diate bias fields and low-to-moderate temperatures due
to the competition between Heisenberg exchange, DMIs,
easy-axis anisotropy, and Zeeman energy. The inset dis-
plays a representative real-space spin texture from this
region, specifically the one at the phase space point iden-
tified by the white circle in Fig. 1(b), forming a dense
skyrmion lattice consistent with the negative topolog-
ical charge. At low bias fields, χQ is negligible and
stripe-domain configurations dominate. With increasing
hb, skyrmions emerge over a finite field window, beyond
which the system crosses over to a uniformly polarized
ferromagnetic phase with χQ ≃ 0. As the temperature
rises, the skyrmion-stabilized region shrinks and eventu-
ally vanishes, as thermal fluctuations destroy the topo-
logical order and drive the system into a paramagnetic
state. A similar behavior has also been reported in real-
istic material-based models [12].
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FIG. 2. (a) Period-averaged skyrmion number ⟨χQ⟩ and (b)
period-averaged magnetization Q as a function of the bias
field hb for several values of the oscillating field amplitude h0,
calculated for a half-period t1/2 = 100 MCSS.

Motivated by the equilibrium behavior in Fig. 1(b),
we next investigate the nonequilibrium response of the
system under a time-dependent magnetic field h(t). Un-
less stated otherwise, results are shown at T = 1, a
representative point within the equilibrium skyrmion-
stabilized region. Figure 2(a) displays the period-
averaged skyrmion number ⟨χQ⟩ as a function of the bias
field hb for different oscillating-field amplitudes at half-
period t1/2 = 100 MCSS, corresponding to a dynamic
response regime in which the system can accommodate
the driving field. The hb range is chosen based on the
equilibrium phase diagram to span the crossover from the
skyrmion-stabilized phase to the polarized ferromagnetic
phase. In the absence of an oscillating field (h0 = 0),
⟨χQ⟩ decreases smoothly with increasing hb, consistent
with the equilibrium crossover to the polarized phase
with vanishing ⟨χQ⟩. Introducing a time-dependent field
suppresses the period-averaged skyrmion number within
the skyrmion-stabilized regime by reducing the stability
of skyrmion textures through the time dependence of the
Zeeman term. For small h0, ⟨χQ⟩ retains a bias-field de-
pendence similar to the static case, while for larger h0,
the transition broadens very relevantly.

To compare the evolution of topological order with con-
ventional magnetic order, we analyze the period-averaged

FIG. 3. (a) Period-averaged magnetization Q and (b) period-
averaged skyrmion number ⟨χQ⟩ in the (hb, h0) plane, com-
puted at t1/2 = 100 MCSS. The color scale indicates the mag-
nitude of the corresponding quantity in each panel.

magnetization Q. As shown in Fig. 2(b), Q increases
monotonically with hb for all h0, while the approach to
saturation slows progressively with increasing oscillating-
field amplitude. At low bias fields, Q remains small due
to the DMI, which favors noncollinear spin textures and
suppresses ferromagnetic alignment.

The bias-field dependence of the period-averaged
skyrmion number already indicates that the topological
response varies significantly with the oscillation ampli-
tude. To obtain a global perspective, we explore the full
(hb, h0) parameter space. Figure 3 presents the period-
averaged magnetization and skyrmion number for a half-
period t1/2 = 100 MCSS. As shown in Fig. 3(a), Q
increases monotonically with hb for all oscillation am-
plitudes h0, consistent with the behavior observed in
Fig. 2(b). Increasing hb drives the system toward a polar-
ized state, while the oscillating magnetic field shifts the
onset of saturation to higher bias fields without changing
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FIG. 4. Time evolution of: (a) the skyrmion number χQ(t) for
several values of h0 with hb = 0.7, and (b) the total magnetic
field over one cycle of the oscillating field. (c) Real-space
spin textures corresponding to the circled points 1, 2, and
3 in panel (a) for h0 = 1.5. The color scale denotes the
out-of-plane spin component Sz. The half-period is fixed at
t1/2 = 100 MCSS.

the overall monotonic trend. Although the conventional
order parameter behaves as expected, by exhibiting a
simple transition in between two equilibrium states that
is being broadened and shifted by the oscillating mag-
netic field, the period-averaged skyrmion number, seen in
Fig. 3(b), reveals a nontrivial nonequilibrium behavior in
the (hb, h0) plane. For small field amplitudes (h0 ≲ 1), a
negative region (blue) appears between the stripe-domain
and polarized phases, so that this region closely resem-
bles the equilibrium behavior of Fig. 1(b), indicating that
weak oscillations minimally perturb the system. At in-
termediate amplitudes and bias fields hb ≳ 0.4, however,
⟨χQ⟩ re-emerges with the opposite topological sign, form-
ing the yellow region in the phase diagram. This suggests
that the skyrmion number behavior does not resemble
the simple transition from one limiting behavior to the
opposite, shown by Q, but instead displays the occur-
rence of a non-trivial intermediate state. The observed
re-emergence of ⟨χQ⟩ with opposite sign defines a dynam-
ically re-entrant topological response, in which skyrmions
undergo an imbalanced creation and annihilation over
a full oscillation cycle, yielding a finite period-averaged
topological charge with reversed sign. For sufficiently

FIG. 5. Period-averaged skyrmion number ⟨χQ⟩ in the
(hb, h0) plane, computed over a half-period of (a) t1/2 = 20
MCSS, (b) t1/2 = 200 MCSS.

large h0 and hb, the re-entrant response disappears and
⟨χQ⟩ ≃ 0 across the entire bias-field range, and the sys-
tem evolves into a dynamically polarized state.

The physics of the dynamically re-entrant phase in the
dynamic response regime can be understood from the
time evolution of the skyrmion number. Figure 4(a) de-
picts χQ(t) over a single field period for different ampli-
tudes h0 at fixed bias hb = 0.7. The total magnetic field
H(t) is illustrated in Fig. 4(b). For small amplitudes
(h0 = 0.5), χQ(t) exhibits only a weak time dependence
and remains negative. Increasing h0 induces pronounced
oscillations and sign changes in χQ(t), indicating that the
external field drives the system between distinct topolog-
ical states. This is particularly evident for h0 = 1.0 and
1.5, where significant numbers of skyrmions are dynami-
cally created and annihilated during the field cycle. For
h0 = 1.5, corresponding to the yellow region of positive
period-averaged skyrmion numbers in Fig. 3(b), the posi-
tive contribution to χQ that is generated during the first
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half-period exceeds the negative contribution from the
second half-period. This asymmetry in the topological
response between successive half-periods arises from the
superposition of the oscillatory and bias fields: during the
first half-period, the negative oscillatory field dominates
over the positive bias field, favoring formation of positive
skyrmions, while in the second half-period the fields align
driving the system toward a ferromagnetic state. The
representative real-space spin textures in Fig. 4(c) sup-
port this scenario. Spin configurations sampled during
the first and second half-periods exhibit positive and neg-
ative skyrmions, respectively, followed by a nearly polar-
ized configuration toward the end of the cycle. This inter-
play between the bias field and the oscillatory drive also
explains the inclined, ellipsoidal shape of the dynamically
re-entrant skyrmion region, whose slope is approximately
unity, indicating that the response is strongest along lines
of nearly constant h0 − hb. Upon further increasing the
field amplitude (e.g., h0 = 4.0), the system evolves into
a dynamically polarized state, with only small transient
deviations in χQ(t) occurring near the field reversals.

Finally, we examine the effect of the field period, yet
another control parameter of the oscillating magnetic
field. Figure 5 displays the period-averaged skyrmion
number ⟨χQ⟩ in the (hb, h0) plane for different val-
ues of the half-period t1/2. In the dynamic response
regime, corresponding to long half-periods (t1/2 = 100
and 200 MCSS; the former already shown in Fig. 3(b)),
a dynamically re-entrant region with positive topologi-
cal charge (yellow) is clearly observed and becomes more
pronounced as t1/2 increases. This indicates that the sys-
tem can respond effectively to the external field during
each half-cycle. For shorter periods (t1/2 = 20 MCSS),
shown in Fig. 5(a), the re-entrant region is strongly sup-
pressed. In this fast-driving regime, the spins cannot
follow the rapid field reversals, weakening the asymmet-
ric creation and annihilation of skyrmions within a single
cycle. Consistent with this picture, time-series analysis
of the skyrmion number at t1/2 = 20 MCSS (see Fig. S1
in [68]) shows that the skyrmion dynamics exhibits a re-
duced ability to follow the oscillating magnetic field rela-
tive to the longer half-periods. We note that the dynam-
ically re-entrant skyrmion response also persists at lower
temperatures; see Fig. S2 in [68].

In summary, we have investigated the nonequilibrium
dynamics of magnetic skyrmions in a two-dimensional
ferromagnet driven by periodically oscillating magnetic
fields using large-scale Monte Carlo simulations. By an-
alyzing the period-averaged skyrmion number, we iden-
tify a dynamically re-entrant topological response in the
(hb, h0) parameter space that has no equilibrium coun-
terpart. This response, characterized by the suppression
and subsequent reemergence of skyrmion order with re-
versed topological charge, is governed by the field ampli-
tude h0 and exists only in the dynamic response regime,
disappearing at higher driving frequencies. Our results

highlight the richness of nonequilibrium topological phe-
nomena induced by time-dependent fields and establish
oscillating magnetic fields as a powerful control parame-
ter for the creation, annihilation, and topological reversal
of skyrmion lattice states.
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