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Skyrmions are coreless vortex-like excitations emerging in diverse con-

densed matter systems, and real-time observation of their dynamics is still

challenging. Here we report the first direct optical observation of the spon-

taneous formation of half-Skyrmions. In a thin film of a chiral liquid crystal,

depending on experimental conditions including film thickness, they form a

hexagonal lattice whose lattice constant is a few hundred nanometres, or ap-

pear as isolated entities with topological defects compensating their charge.

These half-Skyrmions exhibit intriguing dynamical behaviour driven by ther-
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mal fluctuations. Numerical calculations of real space images successfully

corroborate the experimental observations despite the challenge because of

the characteristic scale of the structures close to the optical resolution limit.

A thin film of a chiral liquid crystal thus offers an intriguing platform that

facilitates a direct investigation of the dynamics of topological excitations

like half-Skyrmions and their manipulations with optical techniques.

Solitonic excitations arise as a result of broken symmetry of a continuous field, and

they are protected topologically in the sense that they cannot be created or removed

by continuous transformation of the underlying field.1,2 Skyrme3 introduced such a soli-

tonic particle-like state in his non-linear field theory of mesons that could account for

the existence of fermionic baryons. Particle-like solitons of a similar kind not only find

their place in particle physics but also are now known to be ubiquitous in various con-

densed matter systems such as two-dimensional electron gases exhibiting the quantum

Hall effect,4–6 spinor Bose-Einstein condensates7,8 including superfluid He3-A phase.9–11

In particular, Skyrmions in ferromagnets without inversion symmetry12–16 have attracted

considerable attention because of their potential for practical applications such as elec-

tron manipulation and information storage.17–20 The name “Skyrmion” now refers in

general to vortex-like excitations without singularities at their centre.

Although the original work of Skyrme3 concerns topological excitations in three dimen-

sions (3D), 2D Skyrmions are the focus of many studies, including ours, on condensed

matter systems. 2D Skyrmions can be characterised by their topological Skyrmion

number21 N = (1/4π)
∫
dx dyn · (∂n/∂x× ∂n/∂y) , where n is a unit vector order pa-

rameter that orients in 3D but varies only in 2D (x, y) (Roughly speaking, N amounts

to how many times the profile of n wraps the order parameter space). Skyrmions with

|N | = 1 and 1/2 are known as full- and half- Skyrmions, respectively, in which n rotates
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by π and π/2, respectively, from the centre to its perimeter (Fig. 1(a) illustrates the

latter).

In this work, as a possible arena for Skyrmions, we focus on a chiral liquid crystal. The

Frank elastic energy of a chiral liquid crystal22 possesses a term proportional to n·(∇·n)

shared by different chiral condensed matter systems (Dzyaloshinsky-Moriya interaction

in ferromagnets,12,23,24 and Rashba spin-orbit coupling in spinor Bose-Einstein conden-

sates25–27) and is known to stabilise Skyrmions.28 Liquid crystals are advantageous over

other condensed matter systems in that they facilitate direct visualisations of topological

structures by optical means without requiring extreme experimental conditions, because

of their softness and large correlation lengths. Moreover, spontaneous distortions of the

orientational order allowed by chirality lead to various non-trivial structures. A typical

example is the intricate three-dimensional ordering of cholesteric blue phases (BPs), com-

prising a network of disclinations and so-called double-twist cylinders29 (Supplementary

Figs. 1(a,b)).

Indeed, the possibility of the formation of quasi-2D full-Skyrmions in a liquid crystal

was discussed earlier by Bogdanov and co-workers,30–32 and in fact several old experimen-

tal studies have already spotted full-Skyrmion-like textures in chiral liquid crystals,33,34

although they were not referred to as such. Recently Smalyukh and co-workers sys-

tematically generated isolated 2D full-Skyrmions35 (and also 3D Skyrmions and other

particle-like topological excitations including Hopfions36–38) by external stimuli such as

focused laser beams,35–38 or relaxation from electrohydrodynamic instability.38 Full-

Skyrmion-like structures have also been shown to emerge experimentally in a chiral

liquid crystal under geometrical confinement (e.g. droplets39 and microchannels40).

In contrast, there has been no experimental report on liquid crystalline half-Skyrmions,

though they were predicted theoretically.41 Here we provide direct experimental evi-

dence, together with theoretical corroborations, that a liquid crystal can exhibit half-
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Skyrmions, both in a hexagonal regular arrangement and in an isolated manner, and

show its intriguing dynamics observable by a conventional optical microscope. In con-

trast to the work of Smalyukh and co-workers, our half-Skyrmions emerge spontaneously

at a certain interval of thickness, just by sandwiching a chiral liquid crystal by two glass

plates. Although a lattice of 2D half-Skyrmions was predicted theoretically in other sys-

tems,12,42,43 and confirmed by neutron scattering to arise in the precursor state of a bulk

cubic helimagnet,44 its real-space observation has been reported only for an atomically

thin ferromagnet film with scanning tunnelling microscopy.15

Real-space observation of the lattice structures

We prepared a thin film of a 1 : 0.65 mixture of a nematic liquid crystal ZhK-1289

(NIOPIC) and a chiral dopant CB15 (Merck) that exhibits a thermodynamically stable

blue phase known as BP I with the lattice constant a ' 360 nm (See Supplementary

Methods). To see the effect of the film thickness, we constructed a wedge cell with a

thickness variation, using thoroughly cleaned bare cover slips imposing planar degenerate

anchoring that forces liquid crystal molecules to be parallel to the surface, but not along

any specific direction (See Methods). In Fig. 1(b), we show microscopic images of the

texture of the liquid crystal in the reflected light and between crossed polarisers, where

the thickness increases from left to right. One can clearly identify regions with continuous

colour variations and sharp colour changes between them. The latter separates regions

with different structural ordering, which was observed in a previous study focusing on

a thicker region of a BP wedge cell.45 The colour variations in each region reflect the

compression and dilation of the structure because of the thickness variation, leading to

Bragg-like reflections with various wavelengths.

Because Skyrmion-like structures were predicted to exist for a very small thickness

of the BP,41 we focus our attention on the “dark” and homogeneous left-most region

4



in Fig. 1(b) (referred to as “Region 1”) and the first neighbouring and polydomain

region with somewhat larger thickness (“Region 2”). The border separating these two

regions is located at a thickness of Lt =250-260 nm. Microscope observation with a high-

magnification oil-immersion objective (See Methods) immediately revealed that Region

1, although dark and apparently structure-less, also has polydomain texture as shown

in Fig. 1(a).

Numerically generated configurations of the liquid crystal are shown in Figs. 1(c,d)

and (e,f) for different cell thicknesses L (See Supplementary Methods for technical de-

tails). For smaller L, a hexagonal lattice of half-Skyrmions with disclinations of winding

number −1/2 is predicted as shown in Fig. 1(c,d), and for larger L (Fig. 1(e,f)), we nu-

merically obtain a defect structure that resembles that of the bulk BP I sliced by planes

that are parallel to the [110] direction (Supplementary Fig. 1(c)). This orientation of

the structure with the [110] plane parallel to the substrates qualitatively agrees with

that of the bulk BP I ordering deduced from the Kossel diagrams (Supplementary Fig.

1(d)) The threshold thickness Lt at which the free energies of these two structures are

the same is Lt/a ' 0.6 (See Supplementary Methods and Supplementary Fig. 2(a)),

smaller than but close to the experimental value 250-260/360 ' 0.7.

We now present direct real-space observations using a high-numerical-aperture re-

flection microscope, instead of a confocal microscope used in the previous real-space

observation of bulk cholesteric BPs.46 Fig. 2(a) shows an enlarged part of the cell with

a dark Region 1 on the left, brighter Region 2 on the right and worm-like “fabric fringe”

structures in between.

Focusing on the dark Region 1 we immediately see a regular hexagonal lattice of dark

spots with a lattice constant of 275 ± 10nm, shown in Fig. 2(b). This lattice is fully

consistent with the symmetry of the hexagonal half-Skyrmion lattice shown in Fig. 1(c,d)

whose lattice constant in real units is ' 290 nm (see Supplementary Methods), close to
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the experimental one. Calculated microscope image of this half-Skyrmion lattice (Fig.

1(c,d)), shown in Fig. 2(d), agrees remarkably well with experiment (Fig. 2(b)) (See

Supplementary Methods for the technical details of the calculations. The focal plane is

set to the midplane of the cell, and the qualitative features of the resulting image in the

calculations are insensitive to its location; see Supplementary Figure 5(a).). We therefore

conclude that the dark hexagonal lattice in Region 1 is a hexagonal lattice of half-

Skyrmions, whose centres yield dark spots. The darkness of the half-Skyrmion centres

is attributable to the minimal light reflection due to the small refractive-index contrast

between the glass substrate and the liquid crystal with a local vertical alignment at the

core of each half-Skyrmion (Figs. 1(c,d)). On the periphery of the half-Skyrmions, the

director is nearly parallel to the substrates, leading to a higher refractive-index contrast

and therefore a stronger reflection from these areas (Fig. 1(c)). Note that topological

defects do not explicitly appear both in experimental and numerical images, because of

their small scale.

Note the large length-scale difference between our half-Skyrmion lattice (a few hundred

nanometres) and Skyrmions reported by Smalyukh and co-workers35 (tens of microme-

tres); in the latter, the pitch of the helical order was more than one order of magnitude

larger than that of our system. See also Supplementary Discussion and phase diagrams

for different pitch in Supplementary Figs. 2(a,b), for a reason why smaller pitch is

preferable for our half-Skyrmion lattice.

In contrast to the dark hexagonal lattice of half-Skyrmions in Region 1, bright spots

arranged in a centred-rectangular lattice, with an aspect ratio of 2.1 ± 0.1, are seen in

Region 2 (Fig. 2(c)). Calculated microscope image of this simulated structure (Fig.

1(e)), shown in Fig. 2(e), also exhibits a regular array of bright spots (the shape of

the bright spots depend on the location of the focal plane; see Supplementary Figure

5(b).). Furthermore, Region 2 reflects light much more strongly than Region 1, both in
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the experiments (Figs. 2(a-c) and Fig.1 (b)) and in the numerical calculations (Figs.

2(d,e)). Compared with the half-Skyrmion lattice with almost uniform orientational

order along the cell normal (Fig. 1(d)), the structure in the thicker cell exhibits strong

variation of orientational order along the cell normal involving large areas of planar

alignment, as is evident from Fig. 1(f). Scattering of light from the inhomogeneous

ordering of the liquid crystal along the normal direction is likely to contribute to a

higher reflection from the Region 2 structure and local bright areas within it.

Dynamics of the Skyrmion lattice

The worm-like fringes separating Regions 1 and 2 have a polygonal (zigzag) shape

aligned along the local axes of the hexagonal structures of Region 1 remaining between

them (Fig. 2(a)). At a larger thickness, the darker spaces between the fringes become

brighter, and the fringes are glued together to form the structure of Region 2. Most

interestingly, we observe that the half-Skyrmion lattice in Region 1 and the intermediate

worm-like structure are not static; instead, we clearly see vivid flickering of the spots in

the half-Skyrmion lattice (See the Supplementary Movie 1) and very strong, worm-like

fluctuations of the fabric fringe between Region 1 and Region 2 (See the Supplementary

Movie 2).

We first focus on the dynamics of the worm-like fluctuations of the fabric fringe in-

termediate region. To figure out the effect of the thermal fluctuations that are likely

to drive this motion, we perform simulations of the dynamics of a chiral liquid-crystal

layer, quenched from an isotropic phase. When the layer thickness is smaller than a

certain threshold value, disclination lines spontaneously form almost normal to the layer

and arrange themselves in a honeycomb manner, as in Fig. 1(c) (See also Supplemen-

tary Movie 3 and Supplementary Figure 3). Interestingly, the simulated disclination

lines are not static, but rotate occasionally in pairs or triplets as a result of the ther-
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mal fluctuations (Supplementary Movie 3). When the cell thickness is larger, horizontal

disclination lines at the midplane of the cell emerge as well as those normal to the cell

(Supplementary Movie 4). Recall that the numerical structure of Region 2, shown in

Fig. 1(e,f), contains an array of disclination lines at the midplane. These horizontal

disclination lines can connect to form longer lines, or disconnect to rearrange themselves

(Supplementary Movie 4 and Supplementary Figure 4). In the course of the reorgani-

sation of the horizontal disclination lines, however, the lattice structure formed by the

vertical disclination lines remains almost intact. This could explain why the motion of

the fabric fringes at the boundary between Region 1 and Region 2 is restricted to follow

the axes of the Region 1 structure.

We next focus on the flickering dynamics of the half-Skyrmion lattice. Fig. 3(a)

shows selected movie frames of a half-Skyrmion lattice taken in Region 1 (Supplemen-

tary Movies 2 and 1). One can resolve strong and frequent flickering bright spots to-

gether with the fluctuation of the background hexagonal lattice of half-Skyrmions (darker

spots), which again clearly manifest the nature of the fluctuations of our half-Skyrmion

lattice. Closer inspection reveals that the flickering bright spots appear in between the

half-Skyrmions in regularly ordered hexagonal domains, or are stuck to the boundaries

between such domains. In the latter case, they form chains along one of the axes of the

hexagonal half-Skyrmion lattice.

We calculate the time-evolution of a structure in a thinner cell, and the corresponding

microscope images. Selected snapshots are shown in Fig. 3(b). The calculated flicker-

ing behaviour is strikingly similar to that found in the experiments (Fig. 3(a)). The

corresponding profiles of the orientational order are presented in Fig. 3(c), where ma-

genta dots correspond to the centres of the half-Skyrmions, and red spots to the in-plane

projection of the disclinations. All the bright spots are located at the imperfections of

the hexagonally ordered half-Skyrmions, particularly with diffuse red spots representing
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tilted disclinations. Tilted disclinations involve inhomogeneous ordering along the cell

normal and we have already shown in Figs. 2(e) and 1(f) that such inhomogeneous

ordering seems to scatter light, yielding bright spots. The formation of structures with

locally tilted disclinations driven by thermal fluctuations is therefore likely to be respon-

sible for a higher local reflectivity, leading to the flickering of the half-Skyrmion lattice.

Note also the transient nature of the local structures with tilted disclinations in Fig.

3(c) (see also Supplementary Fig. 3 and Supplementary Movie 3) that does not allow

the persistence of isolated bright spots.

One can make a crude estimate of the fluctuation amplitude A of a vertical discli-

nation line that yields A/l ' 0.06, where l is the distance between two neighbouring

disclinations (Supplementary Discussion. Note that A exhibits the logarithmic diver-

gence with respect to the system size as is well known for two-dimensional systems).

This estimate shows that the fluctuation of disclinations indeed exists as seen in Supple-

mentary Movies 3 and 4, but are not strong enough to destroy the underlying hexagonal

lattice of half-Skyrmions (Supplementary Movie 1). Note that this estimate is based

on the treatment of a honeycomb lattice of vertical disclination lines as a continuous

two-dimensional elastic medium, and dislocations of the disclination lattice is not con-

sidered. Such dislocations are driven by the effective elastic force, and therefore the effect

of thermal fluctuations is much more enhanced. This is why the flickering is always lo-

calised at tilted disclinations at the imperfection of the half-Skyrmion lattice, and the

reorganisation of disclinations at the midplane, particularly curved ones (Supplementary

Movie 4), is possible. We also note that the long-wavelength fluctuation of the structures

(Supplementary Movie 2) is the manifestation of the presence of Goldstone mode.

Isolated half-Skyrmions

So far we have concentrated on a lattice of half-Skyrmions. However, when the cell
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thickness was extremely small, isolated half-Skyrmions were also observed in the back-

ground cholesteric phase whose pitch axis is normal to the cell. In Fig. 4(a), where

we used a chiral liquid crystal with larger pitch p (' 710 nm, see Methods) and the

local cell thickness was ' 140 nm, half-Skyrmions appear as larger dark spots, while

accompanying topological defects, disclination lines perpendicular to the cell, can also be

seen as smaller dark spots. This identification is justified by a numerical calculation of a

microscope image of an isolated half-Skyrmion (Figs. 4(b,c)). That one half-Skyrmion

is accompanied by two topological defects is easily understood by a topological charge

neutrality on the in-plane order (Fig. 4(b). Note that two topological defects per half-

Skyrmion exist also in a hexagonal lattice of half-Skyrmions, Figs. 1(c,d)). It can be

safely assumed that a half-Skyrmion is embedded in a liquid crystal uniformly aligned

laterally (from Fig. 4(b), orientational order at the midplane is practically in-plane

except at the half-Skyrmion centre). Then a half-Skyrmion can be regarded as a topo-

logical charge of winding number +1 in the sense of the first homotopy group (not to

be confused with the Skyrmion number regarding the second homotopy group), and is

compensated by two disclinations each having −1/2 winding number. These topological

entities with charge of different sign do not annihilate because of the twist distortions

of orientational order in between.

In the experiments, −1/2 disclinations are indeed around twice as many as half-

Skyrmions, although this relation is not exact because we do not impose any condition

at the lateral boundaries, and therefore the overall charge neutrality does not hold.

Surprisingly, some topological defects stay away from half-Skyrmions. The attractive

interaction between a topological defect and a half-Skyrmion could be screened, the

same as the interaction between colloidal particles in a very thin cell.47 Note also the

fluctuating behaviour of topological defects and half-Skyrmions (Supplementary Movie

5), similar to that topological defects accompanying a circular inclusion in a smectic-C
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film.48 This fluctuating behaviour is attributable to translational symmetry along the

lateral directions and a stronger effect of thermal fluctuations in a (quasi-)2D system

than in a 3D system. The fact that quasi-2D topological defects of a nematic liquid

crystal can be observed as dark spots in unpolarised light49 has been given little at-

tention theoretically, and our experimental and numerical work sheds new light on how

topological entities in a thin cell of a liquid crystal can be seen under a microscope.

Isolated half-Skyrmions are preferably observed in a chiral liquid crystal with larger p

(note that p ' 710 nm is larger than that used in the experiments shown in Figs. 2 and

3 (' 360 nm), but still smaller than those in the previous experiments demonstrating

full-Skyrmions35). This is because the background cholesteric phase necessary for the

isolation of half-Skyrmions is energetically more favourable for larger p (Supplementary

Discussion and Supplementary Figs. 2(a,b)). A cholesteric phase with its helical axis

normal to the cell is further stabilised by the planar-degenerate surface anchoring Nev-

ertheless, the free energy density of half-Skyrmion-like double-twist ordering is smaller

than that of a cholesteric phase with a single twist in a dimension in which the director

is allowed to rotate by approximately π/2 (Ref. 29). This is an intuitive explanation of

why half-Skyrmions can exist as isolated excitations in our system.

Smaller numerical aperture for illumination (NAillum) was preferable for the identifi-

cation of topological defects (disclination lines normal to the cell); NAillum ' 0.3–0.4 for

Fig. 4(a), and topological defects were almost unobservable with NAillum ' 1.4 (Sup-

plementary Fig. 6). This is just because the smaller dark spots are hidden by strong

illumination due to large NAillum. Topological defects were not identified in the obser-

vation of hexagonal half-Skyrmion lattice with p ' 360 nm (Figs. 2(a,b)) because the

characteristic length scale is smaller and therefore large NAillum was necessary.

There have been two different points of view on how to understand a lattice of

Skyrmions:50 One is a “wave” picture that regards a hexagonal Skyrmion lattice as
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a superposition of three “waves” of helical order13 and the other views Skyrmions as

individual “particles” with well-defined topological properties.12,19,28 Our thin chiral

liquid crystal film accommodates half-Skyrmions both as a regular hexagonal lattice

and as isolated individual entities in a background cholesteric phase, and offers a novel

and intriguing platform in which to study the nature of Skyrmions.

Discussion and Summary

We previously showed numerically41 that a thin planar cell of a blue phase liquid

crystal with strong normal surface anchoring can exhibit a hexagonal lattice of half-

Skyrmions. In this work the surface anchoring is weak planar degenerate, and therefore

it is surprising and quite interesting that completely different anchoring conditions give

rise to almost the same structure. In the case of normal anchoring, the normal director at

the centres of half-Skyrmions is favoured by the confining surfaces. On the other hand,

planar degenerate anchoring stabilises the disclination lines normal to the surfaces be-

cause the director is perpendicular to the disclination in its vicinity and therefore parallel

to the surface. Hence, when the thickness of the cell is small compared with the lat-

tice constant of bulk blue phases, structures resembling those of bulk blue phases (Figs.

1(e,f) and Supplementary Fig. 1(c)) with disclinations oblique to confining surfaces are

no longer favourable, which results in the formation of a hexagonal half-Skyrmion lattice.

In 2D electron gases4–6 and chiral ferromagnets,13,14 a magnetic field of appropriate

strength facilitates the formation of Skyrmions. In the case of a liquid crystal, normal

anchoring, although a local surface field, plays a role similar to that of a magnetic field.

Planar degenerate anchoring therefore offers a different mechanism of the stabilisation

of half-Skyrmions through the stabilisation of topological defects surrounding them. We

also note that the disclination lines in our half-Skyrmion lattice is of “winding number”

−1/2 that is allowed by the apolar nature of the director n. As discussed in Ref. 41, in
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a spin system 2D half-Skyrmions cannot form a hexagonal lattice but a square lattice

supported by −1 defects.12,15,42,43 Surface anchoring serves as an external field other

than a magnetic field, and thus provides an additional possibility of controlling the

Skyrmion structures.

Before concluding this work, we emphasise the challenge of obtaining optical im-

ages both in experiments and in numerical calculations, because the lattice constant of

our half-Skyrmion lattice is close to the resolution limit of optical microscope (∼ 150–

200nm). In the former, elaborate setup and careful observations are required, and in

the latter, geometrical optics is totally useless and one has to solve the full Maxwell

equations for light propagation and reflection. Despite these difficulties, our combined

work clearly demonstrates that optical microscopy, with careful setup and appropri-

ate theoretical support, can clarify detailed structure and dynamics of materials whose

characteristic lengths are close to the resolution limit. Moreover, our numerical calcula-

tions towards optical images are applicable not only to liquid crystals, and therefore will

extend the possibility of optical microscopy to submicron scales and facilitate the under-

standing of optical properties of photonic materials, and the design of novel photonic

devices.

We presented for the first time a direct and real-time observation of the dynamics and

structural transitions of spontaneously-formed half-Skyrmions with optical techniques.

A thin film of a chiral liquid crystal thus provides an intriguing model system that

facilitates the observation and manipulation of the dynamics of Skyrmions and other

intriguing defect structures on a scale that is much larger, and in a manner quite different,

than those for other conventional Skyrmion systems. Note the remarkable simplicity of

our experimental setup (a chiral liquid crystal at room temperature sandwiched by clean

glass plates without any surface treatments) and a wider possibility of controlling the

experimental conditions; the pitch of the helical ordering, difficult to tune in magnetic
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materials, can be varied easily by changing the composition of the liquid crystal material,

and the thickness of the film is an additional relevant parameter. Optical microscopy

enables the recording of the dynamics of Skyrmions with frame rates high enough to

observe the fluctuating behaviour, in contrast to transmission electron microscopy that

requires a few minutes to obtain one precise image in a ferromagnet.51 Therefore a thin

film of a chiral liquid crystal can offer a platform in which to investigate fundamental

properties of thermal fluctuations of topological entities. We also anticipate that the

light manipulation of individual Skyrmions in a liquid crystal film is possible with the

aid of photoresponsive materials52 or optical vortices,53 similar to the direct writing

and deleting of Skyrmions in a thin magnetic film using a magnetic field,19 and the

manipulation of Hopfion-like structures on a much larger scale.35,36,54
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Methods

Materials. To obtain a chiral liquid crystal exhibiting BP I phase at temperatures

slightly above the room temperature, we used a mixture of a nematic liquid crystal

ZhK-1289 (NIOPIC) and a right-handed chiral dopant CB15 (Merck) at 1:0.65 weight

ratio, with the phase sequence being N∗ 26◦C→ BP I
28.5◦C→ I (Here N∗ and I stand for a

cholesteric phase and an isotropic phase, respectively). The lattice constant of BP I

of this mixture, ' 360 nm, was confirmed by the observation of its Kossel diagrams

(Supplementary Figure 1(d)). The Kossel diagrams also revealed that the [110] lattice

planes of the cubic BP I ordering are parallel to the glass substrates (see Supplementary

Fig. 1(c) for the orientation of the [110] plane).

For the observation of isolated half-Skyrmions, we used a different chiral liquid crystal

material with pitch p ' 710nm, a mixture of ZhK-1289, CB15, and a left-handed chiral

dopant S811 (Merck) at 1:0.5:0.1 weight ratio, with the phase sequence being N∗ 31.5◦C→ I.

The pitch was determined by microphotographs of uniform-lying-helix (ULH) textures

in which the axis of twist distortions is parallel to the confining glass plates.

Experimental cells. Cells were prepared using 25 × 25 mm cover glass plates of

150µm thickness, which were cleaned in ultrasonic bath, dried and used without any

further treatment. We confirmed planar degenerate surface anchoring by filling flat cells

made of the same glass plates with a nematic liquid crystal. The resulting Schlieren tex-

ture was bright with random in-plane alignment in different parts of the cells, indicating

planar-degenerate anchoring. Thin wedge cells were prepared on a hot plate at 50◦C

by placing a small amount of diluted water suspension of 2µm particles along one edge

of the bottom glass plate. The suspension was dilute enough to produce evenly spaced

single particles along the edge acting as a cell spacer. Then a tiny (0.1 − 0.5µl) drop
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of the liquid crystal material was placed onto the glass plate. The drop was covered

with the second plate and the plates were pressed against each other until the liquid

crystal material spread and covered the whole cell area. The cell was then placed into

a programmable hot stage for fast cooling to temperature ∼ 1 − 2 K above the BP I–I

transition and subsequent slow (∼ 0.01 K/min) cooling into BP I phase. Small amount

of the liquid crystal material ensured strong capillary attraction between the glass plates.

Therefore no additional gluing was required and the cell was mechanically stable. Lo-

cal cell thickness was determined by recording reflection spectra and fitting them using

calculated model spectra with cell thickness as a parameter. We used a spectrometer

(Andor Shamrock SR-500i-D1) equipped with Andor Newton EM DU970N camera with

EMCCD sensor cooled to −80◦C.

Microscopic observations. All microscopic observations were performed in re-

flection mode at constant temperature. To record high-resolution microscope images,

we used an inverted polarising microscope (Ti-U, Nikon) with ×100 oil immersion ob-

jective (NA = 1.4), Nikon DS-Fi1 digital camera (pixel size 3.4 × 3.4µm) and high-

sensitivity Andor Neo (equipped with a peltier cooled sCMOS sensor) camera (pixel size

6.5×6.5µm) combined with ×2.5 microscope magnification lens. Kossel diagrams (Sup-

plementary Fig. 1(d)) were recorded with the same microscope in conoscopic observation

mode from a single domain with fully open illumination aperture diaphragm and fully

closed field diaphragm. Real-space images of the samples in Figs. 2(a,b,c) and 3(a) were

recorded with fully open illumination aperture diaphragm and no polarisers. No dye or

laser confocal setup was used. In order to achieve the highest possible optical resolution

of our microscope, we used a high-power LED source (Thorlabs, Inc.) with nominal

wavelength λillum = 420 nm and bandwidth (FWHM) 15 nm. The light source used for
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the observation of isolated half-Skyrmions was a green LED with λillum = 505–513 nm.

Numerical calculations. The orientation profiles presented in Fig. 1 were calculated

by minimising the free energy functional of the liquid crystal in terms a second-rank

tensor χαβ describing the orientational order. We used the same calculation code as

used in our previous studies41,55 to find the equilibrium profiles of χαβ and their lattice

constants that minimise the total free energy per unit area along the xy plane in which

periodic boundary conditions are imposed. The equation of motion for χαβ to obtain

Supplementary Movies 3 and 4 and Supplementary Figures 3 and 4 is the same as that

used in Ref. 56 except that a thermal noise term satisfying the fluctuation–dissipation

theorem is included in the present study. The calculations of the real-space images

were carried out by solving the Maxwell equations for the electric field using plane-wave

expansion along the lateral direction and finite-difference discretization along the normal

direction of the cell. The reflected waves were calculated for different wavevectors of

incident light, and the microscope images are the intensity profiles of reflected light at a

given focal plane (the midplane of the cell for Figs. 2(d,e), 3(b), 4(c), and Supplementary

Figs. 6(b,c)). Further technical details can be found in Supplementary Methods.

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding authors upon reasonable

request.
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[41] Fukuda, J. & Žumer, S. Quasi-two-dimensional Skyrmion lattices in a chiral nematic

liquid crystal. Nature Communications 2, 246 (2011).

[42] Mizushima, T., Kobayashi, N. & Machida, K. Coreless and singular vortex lattices

in rotating spinor Bose-Einstein condensates. Phys. Rev. A 70, 043613 (2004).

21



[43] Su, S.-W., Liu, I.-K., Tsai, Y.-C., Liu, W. M. & Gou, S.-C. Crystallized half-

skyrmions and inverted half-skyrmions in the condensation of spin-1 Bose gases

with spin-orbit coupling. Phys. Rev. A 86, 023601 (2012).

[44] Pappas, C. et al. Chiral Paramagnetic Skyrmion-like Phase in MnSi. Phys. Rev.

Lett. 102, 197202 (2009).
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[56] Fukuda, J. & Žumer, S. Field-induced dynamics and structures in a cholesteric-

blue-phase cell. Phys. Rev. E 87, 042506 (2013).

Correspondence

Correspondence and requests for materials should be addressed to A.N. (experiment;

nych.andriy@gmail.com, ORCID iD: 0000-0002-4244-529X) or J.F. (theory; fukuda.jun-

ichi@phys.kyushu-u.ac.jp, ORCID iD: 0000-0003-3552-8406).

Acknowledgements

A.N. and U.O. acknowledge partial support from NAS of Ukraine (grant 1.4B/186)

and Ukrainian-Slovenian bilateral project (grants M/13-2013 and M/100-2014). J.F.

thanks Slovenian Research Agency (ARRS research program P1-0099 and project J1-

2335) and the Centre of Excellence NAMASTE for generous financial support for his stay

in University of Ljubljana, during which the important part of his work was carried out.

J.F. is also supported by JSPS Grant-in-Aid (KAKENHI) for Scientific Research (Grant

Numbers 25400437 and 17H02947), the Cooperative Research Program of “Network

Joint Research Centre for Materials and Devices,” and the Supercomputer Center, the

Institute for Solid State Physics, the University of Tokyo. I. M. and S.Ž acknowledge
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Figure 1: Real-space structures of a thin cell of a chiral liquid crystal. a,
Illustrations of one half-Skyrmion. The colouring of short rods describing the
director n is such that magenta and cyan represent orientational order normal
and parallel to the plane, respectively. b, Colour image of the texture of
a wedge cell under a polarising microscope. The directions of the polariser
(P) and the analyser (A) are depicted by arrows. Cell thickness is smaller
to the left. Scale bar: 50µm. c,d, Profile of a hexagonal half-Skyrmion
lattice in a thinner cell whose thickness is L = 0.597p, where p is the natural
pitch of twisted order. e,f, Structure similar to a sliced BP I in a thicker cell
(L = 0.796p). Thick red lines are disclinations. In c-f, overall structures of
2 × 2 unit cells are presented. c and e present the top view of a unit cell
with the director n at the midplane being represented by short rods whose
colouring is the same as that of a. d and f present the perspective view of a
unit cell with n at a vertical plane.
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Figure 2: Real-space observations of the half-Skyrmion lattice structures and
calculated real-space images. a, Magnified view of the transition domain
between “Region 1” (left) and “Region 2” (right) with a boundary of complex
shape. b,c, Real-space images of “Region 1” and “Region 2,” respectively, with
a perfect periodic structure. d,e, Calculated intensity profiles of reflected light
for the structures given in Figs. 1c,d, and e,f, respectively. A blue rectangle
denotes the region depicted in Figs. 1c, and e, respectively Scale bars: 1µm
(a-c); approximately 1µm (d,e. See Supplementary Methods).
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Figure 3: Flickering of a hexagonal lattice of half-Skyrmions. a, Microscope ob-
servation of the flickering in the hexagonal lattice of half-Skyrmions. The flick-
ering spots are highlighted by yellow circles in each panel. The time interval
between neighbouring panels is 0.2s, and the scale bar is 1µm. b, Calculated
time evolution of the intensity profile of monochromatic light, reflected from
a hexagonal half-Skyrmion lattice. The time interval between neighbouring
panels is approximately 20ms. The lateral dimension of one panel is approxi-
mately 0.92µm. Two yellow circles highlight the flickering. c, half-Skyrmions
(magenta dots) and disclination lines normal to the liquid crystal layer (sharp
red spots) for each panel of b. See Supplementary Methods for their numerical
identification. Yellow circles are located at the same places as in b.
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Figure 4: Isolated half-Skyrmions. a, Microscope observation of a thin cell (thick-
ness: ' 140nm, lateral dimension of the image: 17.87 µm) of a chiral liquid
crystal with pitch p ' 710nm exhibiting isolated Skyrmions and topological
defects. The numerical aperture for illumination is NAillum ' 0.3–0.4. In the
inset, a magnified image of one half-Skyrmion accompanied by two defects of
winding number −1/2 is shown. b, The simulated isolated Skyrmion (centre)
carrying two topological defects. Here the orientational order at the midplane
is depicted, and its colouring is the same as that of Figs. 1(a). The lateral
dimension is 2.546p ' 1.81 µm. c, Corresponding calculated microscope im-
age for NAillum = 0.3. In each panel, topological defects with winding number
−1/2 are highlighted by red arrows.
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