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Skyrmion bags of light in plasmonic moiré 
superlattices
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Guy Bartal    3, Frank-J. Meyer zu Heringdorf    2, Timothy J. Davis    1,2,4 & 
Harald Giessen    1 

The study of van der Waals heterostructures with an interlayer twist, known 
as twistronics, has been instrumental in advancing the understanding of 
many strongly correlated phases, many of which derive from the topology 
of the physical system. Here we explore the application of the twistronics 
paradigm in plasmonic systems with a non-trivial topology by creating 
a moiré skyrmion superlattice using two superimposed plasmonic 
skyrmion lattices with a relative twist. We measure the complex electric 
field distribution of the moiré skyrmion superlattice using time-resolved 
polarimetric photoemission electron microscopy. Our results show 
that each supercell has very large topological invariants and harbours a 
skyrmion bag, the size of which is controllable by the twist angle and centre 
of rotation. Our work indicates how twistronics can enable the creation of 
various topological features in optical fields and provides a route for locally 
manipulating electromagnetic field distributions.

Moiré patterns can emerge from the interference of two layers of a 
repeating pattern with a relative twist between them1. Moiré patterns 
were originally observed in overlays of thin fabrics called moiré, from 
which they derive their name, but have found diverse applications 
beyond textiles and artworks. In microscopy, moiré patterns enable 
super-resolution2, and in photonics, they provide a mechanism for cre-
ating and manipulating the spacing of optical lattices with light3–7 and 
matter8,9. Moiré superlattices have had a profound impact in condensed 
matter physics, particularly in heterostructures like twisted bilayer 
graphene. These superlattices are responsible for such groundbreaking 
findings as unconventional superconductivity10, ferroelectricity11 and 
correlated insulator states12. The underlying mechanism for many of 
these exotic phases is the topology of the condensed matter system, 
such as flat moiré minibands with a non-trivial topology that enables 
ferromagnetism and the (fractional) quantum anomalous Hall effect 
in Chern insulators13,14, or charged skyrmions in bilayer graphene that 
facilitate superconductivity at ‘magic’ angles15.

Skyrmions16 are three-dimensional topological defects on a 
two-dimensional plane. They have been observed in solid materials17–20 
and in liquid crystals21,22. Skyrmions have recently been demonstrated 
in optics23–26 and particularly in plasmonic systems27,28 through the 
interference of surface plasmon polariton (SPP) waves. However, such 
non-trivial topologies have yet to be explored in optical moiré superlat-
tices in general, and specifically in plasmonics.

Here we introduce ‘plasmonic twistronics’, which combines 
the tunability of moiré superlattices with the topology of skyrmion  
lattices to create optical fields with exotic topological features. With 
this method, we discovered structures displaying a unique topol-
ogy, which we identified as skyrmion bags19,22,29. These bags are 
multi-skyrmion textures that consist of N skyrmions contained within 
a skyrmion boundary of opposite winding number. In addition, moiré 
superlattices generate supercells with a very large topological charge 
and can contain such a skyrmion bag at their centres. We demon-
strate theoretically and experimentally that the twist angle between 
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relative to the lattice of the upper layer by the moiré twist angle φ. 
Superimposing the two layers results in the moiré superlattice (Fig. 1a). 
Moiré superlattices have long-range aperiodic order and are, hence, 
quasicrystalline for general twist angles36,37, thus enabling topological 
quasiperiodic lattices38 with novel rotational point symmetries (two-, 
three-, four- and sixfold) and a variety of different combinations of 
topological textures. Nonetheless, for specific twist angles, periodic 
structures can be obtained by rotating one layer over another layer 
such that two lattice sites overlap. All commensurate structures in 
sixfold symmetry have been derived previously for graphene1,39 and can 
be denoted by the integers m and n with the corresponding mapping

ma1 + na2 → na1 +ma2, m,n ∈ ℤ, (1)

as illustrated in Fig. 1b.
We created moiré skyrmion superlattices by exciting SPP waves 

from a boundary resembling two twisted hexagons (Fig. 1c). Each hexa-
gon contributed a skyrmion lattice. In practice, we can combine the two 
hexagons to create an excitation boundary consisting of 12 segments 
with the interleaved and twisted hexagonal structures shown in Fig. 1d 
in orange and blue. Neighbouring boundaries of the same colour have a 
relative angle of 60° for a hexagon, whereas the relative angle between 
neighbouring orange and blue line segments is the moiré twist angle φ. 
Circularly polarized light was used to excite the SPPs from every bound-
ary, resulting in a spin to orbital angular momentum conversion and 
an unwanted phase shift32,35. This phase shift was compensated for by 
adjusting the positions (dashed lines in Fig. 1c) of the boundaries akin 
to an Archimedean spiral40.

We generated with this technique a family of moiré skyrmion 
superlattices based on the moiré mapping equation (equation (1)). 
Superlattices with small periods appeared at twist angles 21.8° (m = 1 
and r = n − m = 1), 13.2° (m = 2 and r = 1, as in Fig. 1e), 9.4° (m = 3 and 
r = 1) and 16.4° (m = 3 and r = 2). The resulting moiré skyrmion lattices 
calculated for these twist angles are shown in Fig. 2 together with the 
corresponding superlattice vectors t1 and t2, as well as the moiré perio-
dicity. We derived the electric field distributions by assuming infinitely 
long boundary lines, which enabled the approximation of the SPP wave 
as a plane wave41. Damping of the plasmon wave was neglected (see 
Supplementary Note 4 for details). These approximations resulted in an 
infinitely large field of view, which allowed the periodicity to be clearly 
observed (top right images of Fig. 2a–d). The Fourier decomposition of 
the electric field (b1 and b2 in bottom right images of Fig. 2a–d) empha-
sizes the sixfold symmetry of the hexagonal excitation boundaries and 
the corresponding twist angles. Examining Fig. 2, it is clear that there 
is a cluster of skyrmions surrounded by a boundary at the centre of 
each supercell, a telltale sign hinting at the existence of skyrmion bags.

Although we focus in this work on moiré skyrmion superlattices 
formed in the SPP electric field, our findings can be readily extended to 
other forms of topological quasiparticles in wave systems42,43. In Sup-
plementary Note 10, we present numerical results of moiré skyrmion 
and meron44,45 superlattices with different rotation centres, as well as 
moiré spin skyrmion and spin meron superlattices (Supplementary 
Figs. 5–12). More specifically, we demonstrate that moiré meron lattices 
can harbour skyrmions and that, depending on the twist angle, the 
honeycomb spin meron lattice transforms into a hexagonal superlat-
tice of spin merons, a honeycomb superlattice of spin skyrmions, or a 
hexagonal spin skyrmion lattice.

Topology of plasmonic skyrmion bags
The local topology of skyrmion vector fields can be characterized using 
the skyrmion number density:

s = 1
4π ê ⋅ (∂ê∂x

× ∂ê
∂y )

, (2)

hexagonal skyrmion lattices controls the size of the skyrmion bags and 
their overall topological charge. We show the robustness of the skyr-
mion bags against twist-angle deviations. Our experiments reveal the 
full vectorial electric field distributions of the plasmonic system in both 
time and space, which confirm that the supercells of periodic (com-
mensurate) moiré skyrmion lattices have characteristic higher-order 
topological charges. Our introduction of plasmonic twistronics offers 
a way to generate structured light fields with complex local topology 
and applications in super-resolution microscopy30.

Plasmonic moiré superlattices
SPPs are electromagnetic surface waves confined to the interface 
between metals and dielectrics. They can be excited by laser pulses 
incident on edges, grooves or ridges in a metal surface to form interfer-
ence patterns exhibiting different topological features in their electric 
field vectors27,31 and their spin angular momentum vectors28,32–34. SPP 
waves excited from hexagonal boundaries create plasmonic skyrmion 
lattices, with a topology dependent upon the position of the boundaries 
and the resulting phase shift of the SPPs27,35. Plasmonic skyrmion lattices 
exhibit a sixfold symmetry34, like the two-dimensional honeycomb 
lattices in graphene and hexagonal boron nitride. Moiré lattices have 
been studied intensively in these systems, especially in twisted bilayer 
graphene. They are created by twisting the lower layer of the material 
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Fig. 1 | Hexagonal moiré lattices in solid state physics and plasmonics.  
a, Two superimposed lattices with a relative twist create a moiré superlattice  
with the same symmetry. b, Commensurate real-space lattices are created using 
twist angle φ that rotates an atom from position na1 + ma2 to ma1 + na2. The 
rotation is denoted by the integers m and r = n − m. c, A skyrmion lattice is  
created by exciting SPPs along a hexagonally shaped boundary. Two twisted 
hexagonally shaped boundaries result in a moiré skyrmion superlattice.  
d, Resulting schematic structure from which SPPs are emitted to create a moiré 
skyrmion lattice with twist angle φ. The boundaries are shifted inwards akin to an 
Archimedean spiral to counter the geometric phase arising from the circularly 
polarized pump pulse. e, Moiré superlattice and superlattice vectors t1 and t2 for 
the rotation φ indicated in b.
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where ê = E(r, t)/|E (r, t) | is the unit vector of the SPP electric field. The 
skyrmion number or topological charge is defined by the surface inte-
gral S = ∫σ s dxdy, where σ is the local region that defines the quasipar-
ticle. The skyrmion number counts the number of times the vectors 
wrap around the unit sphere. It can be further divided into two more 
topological numbers S = pv, where p is the polarity, defined by the 
direction of the out-of-plane vector components, and v is the vorticity, 
which is determined by the direction of rotation in space of the in-plane 
field components23,46.

Skyrmion bags, identified previously in liquid crystals22 and chi-
ral magnets19,29, represent multi-skyrmion configurations, in which  
N skyrmions with S = p = v = 1 are enclosed within a larger skyrmion 
(Fig. 2). The surrounding skyrmion has the same vorticity but opposite 
polarity and, therefore, S = −1. Consequently, the total topological 
charge of a skyrmion bag is Sbag = (N − 1).

Moiré lattices give rise to the formation of skyrmion bags through 
the superposition of two skyrmion lattices in a single plane. The twist 
rotates the skyrmions of one lattice around a centre of rotation. When 
a skyrmion of the rotated lattice fills the gap between two skyrmions 
of the unrotated lattice, their interference creates an elongated region 
with a positive z component of the electric field. For suitable twist 
angles and centres of rotation, this region forms a closed loop and, 
hence, a bag skyrmion enclosing a set of N individual skyrmions (Fig. 2), 
thus forming the skyrmion bag.

When the lattice twist forms a periodic superlattice, the skyrmion 
bags become periodic in space and can be found in several super unit 
cells. However, the skyrmion bags are always smaller than the super-
cells, so that skyrmion bags cannot be used to tessellate the entire 
two-dimensional plane. Instead, the superlattice unit cell is rigorously 

defined and is associated with a well-defined topological invariant that 
can become very large, depending on the twist angle (Supplementary 
Table 1). Its robustness is somewhat unique, as higher-order real-space 
topological charges tend to be unstable47.

Experimental observation of plasmonic skyrmion 
bags
We observed SPP skyrmion bags by measuring the spatio-temporal 
dynamics of the SPP electric field using time-resolved two-photon pho-
toemission (2PPE) polarimetric photoemission electron microscopy 
(PEEM)31,48,49, as illustrated in Fig. 3a. In this method, a laser pulse nor-
mally incident to the metal surface generated propagating SPP waves 
from grooves etched into a single-crystal gold flake using ion-beam mill-
ing (Fig. 3b). The pump pulse had a centre wavelength of 800 nm, which 
excited long-range SPPs with a wavelength λSPP = 780 nm. The distribu-
tion of these waves was probed after a short time delay Δτ using several 
other laser pulses of different polarization32,49. The energy provided by 
the SPP wave and the probe pulse resulted in two-photon absorption 
and the emission of photoelectrons from the metal surface50, which 
were imaged by PEEM. As the electron yield of this process was low, 
many repeated measurements were performed using a femtosecond 
laser with 80 MHz repetition rate to obtain sufficient image statistics 
of the electron emission. The time evolution of the propagation and 
interference of the SPP waves can be studied by repeating this process 
for a series of different pump–probe delays Δτ. An exemplary electron 
emission from the experiment is presented in Fig. 3c.

After applying Fourier filters to the fundamental SPP momentum 
and frequency to isolate the relevant signal from the multitude of dif-
ferent contributions49,50, we retrieved the in-plane components of the 
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Fig. 2 | Simulated plasmonic moiré skyrmion lattices. a–d, Simulated electric 
field distributions of moiré skyrmion lattices with different commensurate 
twist angles φ: 21.8° (a), 13.2° (b), 9.4° (c) and 16.4° (d). Left, z component of the 
electric field as a colour plot and the in-plane components as a vector plot. Top 

right, zoomed-out view of size 20 × 20 µm2 together with the moiré periodicity 
(indicted by a circle) and the superlattice vectors t1 and t2. Bottom right, 
schematic representation of the Fourier decomposition. The colours originate 
from the boundaries of Fig. 1c,d.
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electric field vectors above the surface. Subsequently, the out-of-plane 
component was calculated using Maxwell’s equations. This method 
allowed us to reconstruct the SPP electric field components from the 
PEEM measurements (Fig. 3d,e) from which we can analyse the topol-
ogy of the vector field.

Our experimental method yielded the temporal dynamics of 
the electric field vectors, which revealed a periodic transition from 
a skyrmion bag with a topological charge of +(N − 1) to a skyrmion 
bag with a topological charge of −(N − 1) and back within one optical 
cycle. Thereby, the signs of the topological charge of both the bag 
skyrmion and the skyrmions inside the bag changed analogous to the 
time dynamics observed in untwisted skyrmion lattices31. The period 
of this transition was determined by the excitation pump pulse, with 
the length of one optical cycle being 2.67 fs for a free-space wavelength 
of 800 nm (for results, see Extended Data Fig. 1). Animations of the 
time dynamics of a skyrmion bag are provided in the Supplementary 
Videos 1–4.

Using a structure with a twist angle of 16.4° (Fig. 3b–d), a skyrmion 
bag was observed for several frames in each optical cycle over an entire 
measurement sequence, taken with delay times Δτ between 57 and 
96 fs. The reconstructed field vectors are shown in Fig. 3d for a delay 
time of Δτ = 78.14 fs. The experimental results (Fig. 4d–f) are compared 
with numerical results (Fig. 4a–c) calculated using the method outlined 
in ref. 41, which simulates the entire 2PPE-PEEM measurement. These 
data show both the out-of-plane component of the electric field vec-
tor, represented by a colour plot, and the in-plane components in a 
vector plot. We observed notable agreement between experiment 
and theory. It is important to note that a feature can be classified as a 
skyrmion bag only if it satisfies the condition that the enclosed skyr-
mions have an individual topological charge opposite to that of the 
bag skyrmion. We examined this condition with our experimental data 
using the vorticity, the polarity and the local topological charges. The 
vorticity could be visually analysed along closed-loop lines along which 
the field only has an in-plane vector component. These lines appear 
coloured in Fig. 4b,e. As the out-of-plane fields along the boundary 
of the bag skyrmion are oppositely directed to those of the enclosed 
skyrmions (Fig. 4a,d), the polarity p of the bag skyrmion is opposite 
to that of the enclosed skyrmions. However, the azimuthal angle of 
the in-plane vector fields rotated in the same direction (Fig. 4b,e), so 
that both the bag and the enclosed skyrmions had the same vorticity 
v = +1. This led to the bag skyrmion having the opposite net skyrmion 
number density (Fig. 4c,f) compared to the enclosed skyrmions, which 
verifies that we had, indeed, created a skyrmion bag. As the SPP wave-
length was close to the excitation wavelength, the amplitude of the 
in-plane field components was smaller than that of the out-of-plane 
field components. The Néel-type skyrmion vector texture, therefore, 
appeared bubble-like in the skyrmion number density. By integrating 
the skyrmion number density, the topological charge for the skyrmion 
bag Sbag = 6 whereas that for the skyrmions inside the bag Scluster = 7. As 
with previous approaches28,45, the integration boundary was the path 
along which the electric field had a maximum out-of-plane component. 
The numerical and experimental results fulfil the skyrmion bag require-
ments for a twist angle of 16.4°. Note that the accuracy of the skyrmion 
numbers depends on the resolution of the data used in the numerical 
integration. By using interpolation methods, the results converged to 
integer values (details in Supplementary Note 8).

The skyrmion bag appeared over a range of twist angles around an 
optimum angle, resulting in topological robustness against twist-angle 
rotations. The topological robustness of this structure with changes in 
twist angle were observed both in the simulations for a range of twist 
angles between 11.7° and 19.3° and in the experiments for the commen-
surate twist angle of 13.2° (for results, see Fig. 3d and Extended Data 
Figs. 2 and 3). In general, larger twist angles resulted in smaller skyrmion 
bags that were defined over a more extended range of twist angles and, 
therefore, had increased robustness against twist-angle rotations.

More complex skyrmion bags
Based on moiré theory, the moiré skyrmion lattice and, in turn, the skyr-
mion bags were limited to lattice structures with hexagonal symmetry. 
Thus, our method only permits skyrmion bags with specific numbers 
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of skyrmions within the bag. For example, if the centre of rotation is at 
a skyrmion lattice site, as is the case in Fig. 2, only skyrmion bags with  
1, 7, 19, 37, … skyrmions in the bag can be created. Larger skyrmion bags 
appear for lower twist angles. For twist angles between 21.5° and 30°, 
a skyrmion bag with one skyrmion is formed, which is also referred to 
as a skyrmionium23 (Extended Data Figs. 4 and 5; for details, see Sup-
plementary Note 7).

So far, only twists around the skyrmion lattice site in the centre of 
the structure have been considered. However, the symmetry point of 
the twist plays an important role in the resulting topology. Skyrmion 
bags with different sizes were created by changing the centre of rota-
tion to other symmetry points of the lattice, as shown in the PEEM 
simulations in Fig. 5. This includes the set of points P2 in the middle of 
two neighbouring skyrmions at, for example, a1/2 and the set of points 
P3 with equal distance to three surrounding skyrmions at, for example, 
(2a1 − a2)/3. With these extra rotation centres, we found other skyrmion 
bags of various sizes. The smallest ones were skyrmion bags with 2, 3, 4, 
10, 12 or 14 skyrmions. Thus, by using the right twist angle and centre of 
rotation, it is possible to generate a tailored skyrmion bag with chosen 
total skyrmion number inside the moiré super cell.

Outlook
Plasmonic twistronics provides an avenue for creating electric 
field distributions with novel and robust topological configura-
tions, with arbitrarily large topological invariants, a long-standing 

goal in the budding studies of topological light quasiparticles. We 
expanded our concept to meron lattices and topological textures in 
the spin angular momentum. Further generalizations to multi-layer 
moiré superlattices are possible by superimposing three or more 
lattices51. In essence, our methods and results can be used to create 
topological states in propagating light, as well as in various other  
wave systems42,43.

In general, the ability to control the topological properties of light 
is important for novel light–matter interactions and could be useful for 
applications such as spin-optics, imaging, as well as topological and 
quantum technologies. This is particularly important in structured 
light microscopy52, for super-resolution down to the single nanome-
tre range51 and for structured light–matter interactions, for example 
non-dipolar transitions with Δl ≠ 1 (ref. 53) induced by light fields with 
non-zero local orbital angular momenta in Rydberg excitons in Cu2O 
(ref. 54) or transition metal dichalcogenides55. Speculatively, it also 
opens up a pathway to encode information within the (controllable) 
topological charge of a skyrmion bag.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-025-02873-1.
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Extended Data Fig. 1 | Temporal analysis of PEEM measurement results. The experimental skyrmion number of the skyrmion bag and the cluster within in the bag are 
displayed as a function of the time delay between the pump and probe pulse in the PEEM experiment. The data is plotted together with the results obtained from the 
PEEM simulation (solid lines).
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Extended Data Fig. 2 | Analysis of PEEM simulation results of a skyrmion bag 
comprising (a-c) N=1 skyrmion (skyrmionium) and (d-f ) N=19 skyrmions. 
 a, d, Electric field distribution exemplary for structures with twist angle φ=30° 
(N = 1) and φ=9.4° (N = 19). The out-of-plane component is illustrated using the 
color plot and the in-plane component of the electric field is depicted using the 
vector plot. b, e, Distributions of the out-of-plane amplitude (brightness) and 
in-plane orientation (color) of the normalized electric field. Colorful areas 
indicate closed-loop lines, along which the electric field vectors only have an 

in-plane component. The in-plane orientation of the field vectors rotates by 2π  
along these lines of all skyrmions. c, f, Skyrmion number density of the electric 
field. Integration of the skyrmion number density yields the total skyrmion 
number. For the total bag the integrated area is given by the enclosed space 
inside the dashed green line. The skyrmion cluster only counts the skyrmions 
inside the bag which means that in this case the skyrmion number density is 
integrated within the area surrounded by the dashed red line.
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Extended Data Fig. 3 | Skyrmion number of the skyrmion bag and the skyrmion 
cluster inside the bag as a function of the twist angle for the skyrmion bags 
with 19 (a), 7 (b) and 1 (c) skyrmions in the bag. The skyrmion numbers are 
calculated by integrating the skyrmion number density. For the total bag, the 
integrated area is given by the enclosed space inside the green dashed line of  

Fig. 4c, f. The skyrmion cluster only counts the skyrmions inside the bag 
which means that the skyrmion number density is integrated within the area 
surrounded by the orange line of Fig. 4c, f. For the three different skyrmion bags, 
both skyrmion numbers remain constant over a wide range of twist angles.
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Extended Data Fig. 4 | Analysis of (a-c) PEEM simulation, (d-f ) PEEM 
measurement results of a skyrmion bag with 7 skyrmions at twist angle of 
13.2°. a, d, Electric field distribution. The out-of-plane component is illustrated 
using the color plot and the in-plane component of the electric field is depicted 
using the vector plot. b, e, Distributions of the out-of-plane amplitude 
(brightness) and in-plane orientation (color) of the normalized electric field. 
Colorful areas indicate closed-loop lines, along which the electric field vectors 

only have an in-plane component. The in-plane orientation of the field vectors 
rotates by 2π  along these lines of all skyrmions. c, f, Skyrmion number density of 
the electric field. Integration of the skyrmion number density yields the total 
skyrmion number. For the total bag the integrated area is given by the enclosed 
space inside the green dashed line. The skyrmion cluster only counts the 
skyrmions inside the bag which means that the skyrmion number density is 
integrated within the area surrounded by the dashed red line.
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Extended Data Fig. 5 | Further analysis of PEEM measurement results of 
skyrmion bags with 7 skyrmions in a commensurate superlattice at 13.2° twist 
angle. a, Electric field distribution. The out-of-plane component is illustrated 
using the color plot. b, Skyrmion number density of the electric field. Integration 
of the skyrmion number density yields the total skyrmion number. For the total 
bags the integrated area is given by the enclosed space inside the green dashed 

lines. The skyrmion cluster only counts the skyrmions inside the bag, which 
means that the skyrmion number density is integrated within the area 
surrounded by the dashed red lines. In this measurement, three out of seven 
skyrmion bags of the observed superlattice have the correct skyrmion  
numbers of Sbag = 6 and Scluster = 7. The center super-cell is surrounded by  
black dashed lines.
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