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Fig. 1. Resonance modes of graphene: (a) fundamental eigenmode; (b) second-order resonance mode; (c)
fourth-order resonance mode; (d) fifth-order resonance mode; (e) sixth-order resonance mode; (f)

ninth-order resonance mode.
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Fig. 2. Out-of-plane component distributions of the graphene membrane under the sixth- and
ninth-order resonances: (a) u. under the sixth-order resonance; (b) . under the ninth-order resonance;

(¢) v, under the sixth-order resonance; (d) v, under the ninth-order resonance.
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Fig. 3. In-plane displacement vector field under the sixth-order resonance.
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Fig. 4. Schematic diagram of the localized vibrational structure. The vectors in the core and outer
regions point in opposite out-of-plane directions, while the in-plane components in the transition region

show a radial distribution, exhibiting a local reversal feature similar to a Néel-type texture.
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Fig. 5. Evolution of the localized topological structure within one oscillation period. The snapshots show
the local vector-field configurations and the corresponding topological number m at different times

within the same period.
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BIFRIE +1, UL R B 0REE T RSB RIS 0 . BRI 4RSI AL, R RBEN IR, 7E
t =450 fs. 600 fs M1 750 fs I, JREIEIN T ALY m = —0.973. —0.945 F1 —0.837, KL —1. X
LW R I T BEAR AR LR M S e, HR AN S B 50
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Vi, AL IR 52 08 SR AR b R SR BN 3 ) S A S
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U, A SR R P ) R TR ] T B SCE BAT W R B AR, OB AR AN LY 5 Ah g 0
N FSRAR AL DA L

4 i

S [ G R IR T A IR B B2 IR TS T SRR R m B R R S 3 0 S NSO R AL, 4k
LR BRI 5 53 B D1 A, AT T SR SRR A AR . e I SRS | T P S R R B
FRBanib s S . RGBT,

TG, FE [ i SR P TRRLAR SRR, SR IE T A SR A W 1 TH MR ) A AT e A L T
B PRI P9 A ZTIK J0 3R R R S8 o AR SO 43 20 73 24 A0S 20 1P 25 TP P 588 20 B A SR R — 4 Tl
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Dynamical Skyrmion Textures in an Externally
Driven Resonant Square Graphene Membrane*

ZHU Yiqing)  ZHAO Enze!) ZHANG Dongho!)

1) ( School of Physics and Astronomy, Beijing Normal University, Beijing 100875, China )

Abstract

Topological textures in externally driven nonequilibrium systems have attracted increasing interest
because they provide a route to generating and manipulating nontrivial vector configurations without
relying on static magnetic or ferroelectric ordering. Here, we investigate the resonant dynamics of a
monolayer square graphene membrane under periodic out-of-plane driving, with particular emphasis on
the emergence, spatial organization, and phase-dependent evolution of localized topological textures in
the full three-dimensional displacement and velocity fields. A continuum tensioned-membrane model with
fixed boundaries is first established to derive the eigenmodes and eigenfrequency relation. The Féppl-von
Karman geometric nonlinearity is then introduced to clarify how finite out-of-plane deformation induces
in-plane strain and displacement components, thereby allowing an initially flexural response to develop
into a three-dimensional vector field.

Molecular dynamics simulations are performed for a monolayer square graphene membrane containing
11040 carbon atoms and having a side length of 169.74 A. The membrane is subjected to a uniform
equibiaxial prestrain of 5%, fully relaxed, thermally equilibrated at 300 K, and fixed along finite-width
boundary regions. A spatially uniform harmonic force is subsequently applied to the movable atoms in the
out-of-plane direction. The effective two-dimensional pretension extracted from the equilibrated in-plane

stress is approximately 11.62 N/m. Substituting this value into the continuum model yields a fundamental

* Project supported by the Fundamental Research Funds for the Central Universities of China (Grant

No. 13100-311324201501).
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frequency of approximately 0.163 THz, in close agreement with the value of 0.16 THz obtained from fast
Fourier transform analysis of the molecular dynamics trajectories. By tuning the driving frequency to
successive resonances, clear standing-wave patterns from low- to high-order modes are obtained. As the
resonance order increases, the number of nodal lines grows and the membrane is progressively divided into
regularly arranged localized vibration cells.

To determine whether these localized cells possess nontrivial topology, the complete atomic dis-
placement and velocity vectors are reconstructed from the molecular dynamics trajectories, interpolated
onto a two-dimensional grid, normalized, and mapped onto the unit sphere. The corresponding local
skyrmion density and skyrmion number are then evaluated from the spatial derivatives of the normalized
vector fields. At selected resonance phases, both displacement and velocity fields exhibit a continuous
core-to-background reversal of the out-of-plane component together with predominantly radial in-plane
components, forming Néel-type skyrmion-like textures. These localized units are spatially locked to the
high-order standing-wave pattern rather than being ordinary vibration extrema. For the velocity field un-
der the sixth-order resonance, the average local skyrmion number of several cores reaches approximately
Ny = 0.9923, demonstrating a nearly integer real-space winding.

Phase-resolved analysis over one oscillation period further reveals that the localized topological units
are intrinsically dynamical. Their vector configurations evolve continuously with the driving phase, remain
close to Ny = +1 or —1 over most phase intervals, and pass through noninteger transitional states during
polarity reversal. The term “stable” therefore refers to reproducible recurrence under sustained resonant
driving rather than to a time-independent or intrinsically protected state. These results establish a direct
connection among flexural resonance, geometric nonlinearity, and real-space topology in an atomically thin
membrane, and demonstrate that high-order mechanical resonance can generate periodically recurring
dynamical topological textures. The proposed mechanism also provides a physical basis for frequency-
addressable topological encoding, topology-assisted mode recognition, and multimodal mechanical sensing

in two-dimensional nanoelectromechanical systems.

Keywords: graphene membranes; resonance; skyrmion textures; molecular dynamics
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