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Abstract 

Organizing of magnetic skyrmions shows several forms similar to atomic arrays of solid states. 

Using Lorentz transmission electron microscopy, we report the first direct observation of a stable 

liquid-crystalline structure of skyrmions in chiral magnet Co8.5Zn7.5Mn4(110) thin film, caused by 

magnetic anisotropy and chiral surface twist. Elongated skyrmions are oriented and periodically 

arranged only in the <110> directions, whereas they exhibit short-range order along the <001> 

directions, indicating smectic skyrmion state. In addition, skyrmions possess anisotropic interaction 

with opposite sign depending on the crystal orientation, in contrast to existing isotropic interaction. 
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Topological objects, such as vortices, skyrmions, merons, and monopoles, are typically shown 

to order or disorder states [1-11], analogous to atomic arrays of solid states because of their 

particlelike properties. For example, triangular and square vortex lattices have been observed in 

type-II superconductors [1,2]. Another representative example is magnetic skyrmions, which have 

been attracted interest because of their emergent electromagnetism and spintronics applications 

[12,13]. Skyrmions condense into close-packed two-dimensional triangular lattice [3-5]. 

Magnetic anisotropy plays a key role in skyrmion arrays of chiral magnets. In B20-type chiral 

magnets [3-5] with very weak magnetic anisotropies, the triangular skyrmion crystal (tri-SkX) is 

always formed by application of the magnetic field irrespective of the crystal orientation. On the 

other hand, recent studies for bulk chiral magnets have demonstrated skyrmion states as square 

lattice in β-Mn-type Co8Zn8Mn4 [6] and amorphous form in multiferroic Cu2OSeO3 [7]. Such states 

are caused by a relatively large magnetic anisotropy. 

Another fascinating aspect of skyrmion properties is nanostructural characteristics induced by 

noncollinear spin modulations near the edge/surface of chiral magnets, the so-called chiral 

edge/surface twist [14-18]. This can be understood as micromagnetic Neumann boundary conditions 

(NBCs) of the ferromagnetic and Dzyaloshinskii-Moriya interactions [14]. In the nanowires and 

nanodisks, the chiral edge twist leads to peculiar skyrmion morphology and formation [19-21]. 

As described above, skyrmions typically show some forms similar to atomic arrays of solid 

states, such as the triangular lattice, square lattice, and amorphous states. Although other different 

skyrmion states as the hexatic state under skyrmion-lattice melting transition [4] and moving 

liquid-crystalline skyrmion state under electric currents [22-24] have been suggested, the realization 

of soft-matter skyrmions including dynamic and static states remains unchallenged due to a lack of 

theoretical and experimental investigations. In this Letter, we report the first observation of a stable 

static two-dimensional smectic liquid-crystalline structure of skyrmions using Lorentz transmission 
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electron microscopy (LTEM). This is caused by the magnetic anisotropy and the chiral surface twist 

in a β-Mn-type Co8.5Zn7.5Mn4(110) thin film. In addition, the continuous change to skyrmion chains 

occurs by further application of the magnetic field to the smectic skyrmion state. These behaviors 

indicate the coexistence of attractive and repulsive interactions between skyrmions depending on the 

crystal orientations. 

We prepared the Co8.5Zn7.5Mn4(110) thin film with the thickness of t ~ 100 nm. The cubic 

Co-Zn-Mn has the magnetic easy axes of the <100> directions [6,25-27]. In the Co8.5Zn7.5Mn4(110) 

thin film, one easy axis is parallel to the in-plane direction and the other two are at an angle of 

45-degree to the in-plane direction. Besides, the Co-Zn-Mn shows a relatively long helical period 

(LD) [26]. The depth of the chiral surface twist is proportional to LD [16]. Figure 1(a) shows 

simulated magnetization angle from the wavefront (θ) in the helical spin order with LD = 70 nm 

(FeGe) [5] and LD = 145 nm (Co8.5Zn7.5Mn4) in a thin film of t = 100 nm (see also Supplemental 

Material [28]). As seen in Fig. 1(a), the chiral surface twist is supposed to be dominant and expected 

to affect the skyrmion state in the Co8.5Zn7.5Mn4 thin film with t ~ 100 nm. 

The bulk sample was prepared by a conventional melting process. The thin film for the LTEM 

observations was prepared by Ar-ion milling method. The thickness of the thin film was estimated 

by electron energy-loss spectroscopy. Observations of magnetic structures were performed using the 

Fresnel mode of LTEM (JEOL JEM2100F) with the specimen-heating double-tilting holder. We 

obtained the LTEM images after taking enough time to stabilize the temperature. In addition, the 

displayed specimen temperature has been calibrated. All the fast Fourier transform (FFT) patterns 

were obtained from LTEM images with the region of 6×6 μm2. 

Figure 1(b) is a low-magnification LTEM image at the magnetic field of B = 160 mT applied 

normal to the film at 334 K. The image was obtained in the wedge-shaped thin film where the 

thickness varies from ~150 nm (left) to ~100 nm (right). Figure 1(b) clearly demonstrates the 
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thickness-dependence of the skyrmion state. The boundary of the skyrmion states exists around the 

center of the image. In the thick region, skyrmions assemble into the cluster state with the 

conventional tri-SkX, whereas in the thin region, they are sparse as shown in the enlarged images of 

Figs. 1(c) and 1(d). The thickness-dependence is collateral evidence that the sparse skyrmion state 

results from the effect of the chiral surface twist. Note that the sparse skyrmion state is formed 

without passing through the conventional skyrmion state and shows a different distribution of 

skyrmions every time we do experiments in the same region. To compare the skyrmion states in the 

thick (t ~ 200 nm) and thin (t ~ 100 nm) regions, we display the phase diagrams in Figs. 1(e) and 1(f), 

respectively. The no magnetic contrast at zero magnetic field in spite of less than magnetic transition 

temperature (TC) appears in the thick and thin regions. The previous LTEM study on Co-Zn-Mn thin 

film has already reported similar behavior [26]. In the thick region (t ~ 200 nm), skyrmions form 

conventional tri-SkX (see also Supplemental Material [28]). The existence region of the tri-SkX 

cluster state in t ~ 150 nm [the left side in Fig. 1(b)] is essentially the same as that of the tri-SkX in t 

~ 200 nm. It is noteworthy that, the phase diagram of the thin region [Fig. 1(f)] shows two 

unconventional skyrmion states: amorphous and sparse (smectic) skyrmions. We focus on the 

skyrmion phases in the thin region that follows. 

Figure 2 shows a series of the LTEM images at 344 K near TC in the thin region (t ~ 100 nm). 

As shown in Fig. 2(a), the stripe contrasts with a period of 145 nm are visible at zero magnetic field. 

With increasing B, the fuzzy dot-like contrasts appear in the stripe contrasts [the arrows in Fig. 2(b)], 

which are identified as skyrmions or unformed ones. By further increasing B, skyrmions are formed, 

however, no tri-SkX is formed [Fig. 2(c)]. The FFT pattern [the inset of Fig. 2(c)] is discerned in the 

halo feature, indicating the amorphous skyrmion state. This is caused by the different sizes and 

shapes of each skyrmion. There is a divergence in the existing mechanism of which the skyrmion 

size is determined by the strength ratio of the ferromagnetic exchange interaction to the 
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Dzyaloshinskii-Moriya interaction. In bulk chiral magnets, the cause of the amorphous skyrmions 

has been discussed in the effect of the magnetic anisotropy [7] or the magnetic frustration [8]. In the 

present case, the amorphous skyrmions appear at high temperatures (341 K - 344 K), indicating that 

the magnetic frustration cannot seem to be involved in the formation. In addition, skyrmions form 

triangular lattice in the thick region (t ~ 200 nm). Therefore, it is possible that the observed 

amorphous skyrmions may be caused by a combination of the magnetic anisotropy and the chiral 

surface twist. At 115 mT, the magnetic contrasts disappear [Fig. 2(d)] because of the transition to the 

ferromagnetic state. 

We observed another unconventional skyrmion state. Figure 3 shows a series of the LTEM 

images at 334 K. At zero magnetic field, Fig. 3(a) shows the stripe contrasts. As shown in Fig. 3(b), 

the stripe contrasts disappear at 130 mT. At 140 mT, skyrmions begin to appear from the no 

magnetic contrast regions [Fig. 3(c)], and then they proliferate in the whole region at 160 mT [Fig. 

3(d)]. Although the number of skyrmions reaches a maximum value at 160 mT, the skyrmion density 

is low, corresponding to Fig. 1(b). Some blurred contrasts are due to local movement of skyrmions 

through thermal fluctuation. Apparently, the sparse skyrmion state is neither amorphous nor lattice 

states on a closer look. 

We characterize the sparse skyrmion state by examining their configurations and shape. 

Figure 4(a) shows the FFT pattern obtained from the LTEM image of the sparse skyrmions at 160 

mT. The spatial-frequency spectra along <110> directions are sharp, on the other hand, those along 

<110> directions are broad. They mean that the sparse skyrmion state has long-range order along the 

<110> directions, whereas, short-range order along the <001> directions. Moreover, we obtained a 

highly-resolved LTEM image, by controlling the defocus value (Δf), as shown in Fig. 4(b). The 

image clearly shows that skyrmions are elongated and oriented only in the <110> directions. Note 

that we confirmed that the elongated magnetic contrasts arise from the magnetization textures of 
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skyrmions [28]. These crystal-orientation-dependences are obviously induced by the magnetic 

anisotropy. It is important that our experimental results [Figs. 4(a) and (b)] are reminiscent of the 

smectic-A liquid-crystal [29,30]. 

Although the sparse skyrmion state appears identical to the smectic skyrmion state, we could 

not rule out another possibility. Specifically, the sparse skyrmion state has a basic structure of the 

primitive or face-centered rectangle lattices with the stacking faults along the <110> directions. 

Given this, there are the hidden peaks within the streaks along <110> directions in the FFT pattern. 

To determine whether the sparse skyrmion state has the hidden basic structure or smectic structure, 

we analyzed the LTEM images for the distances (dsk) [Fig. 4(c)] and angular orientation (θsk) [Fig. 

4(d)] of adjacent skyrmions using Delaunay triangulation statistics [31]. The area is uniquely divided 

into triangles on condition that no skyrmion is inside the circumcircle of any triangle. Distributions 

of dsk and θsk are determined by counting all the lengths of the sides and the angles of triangles, 

respectively. If the sparse skyrmion state has a basic structure, most of the divided triangles should 

agree with the following parameters; dsk = 210 nm, 278 nm, 348 nm, and θsk = 37°, 53°, 90° for the 

primitive rectangle lattice (red arrows in Figs. 4(c) and 4(d)), or dsk = 210 nm, 297 nm, 297 nm, and 

θsk = 42°, 69°, 69° for the face-centered rectangle lattice (green arrows), presumed by the FFT 

pattern [28]. If the sparse skyrmion state has a basic structure, the values indicated by the arrows in 

Figs. 4(c) and 4(d) should become a local maximum. However, our analysis results clarify that there 

are no characteristic peaks. Thus, we conclude that the sparse skyrmion state has no basic structure 

and has the smectic liquid-crystalline structure. Recently, electronic liquid-crystalline phases have 

attracted attention in the field of condensed matter physics [32-35]. Moreover, although the presence 

of static stable liquid-crystalline superconducting vortices has intensively been investigated [36-41], 

no conclusive evidence has been provided. Our finding is therefore the first direct observation of the 

stable liquid-crystalline structure of topological objects. 
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Incidentally, the amorphous skyrmion state is continuously connected with the smectic 

skyrmion state. The halo FFT pattern [the inset in Fig. 2(c)] is non-uniform. The intensity of 

spatial-frequency spectra around the <110> and <001> directions are higher, that is similar to Fig. 

4(a). In fact, the amorphous skyrmions continuously change to the smectic skyrmions with 

increasing B at 342 K [28]. 

By further increasing B from the smectic skyrmion state at 160 mT, skyrmions gradually 

decline and continuously change to skyrmion chains along the <110> directions [Figs. 5(a) and 5(b)]. 

At 220 mT, the skyrmion chains disappear [Fig. 5(c)]. Figure 5(d) shows the B-dependence of the 

q-values along <110> and <001> directions obtained from FFT patterns. The q-values along <110> 

directions are almost unchanged, whereas q-values along <110> directions continue to decrease with 

increasing field. In the real-space, the smectic skyrmion state changes to isolate skyrmion chains 

with increasing magnetic field while keeping long-range order along the <110> directions. In 

addition, it is suggested that the skyrmion chains are a thermal-equilibrium state because they 

reappear with decreasing the magnetic field from 220 mT [28]. 

We consider the interaction of skyrmions in the smectic skyrmions and the skyrmion chains. 

Recent studies on B20-type FeGe have revealed the sign change of the interactions depending on the 

magnetic field: attractive force at low fields and repulsive force at high fields [42]. On the other hand, 

our results indicate the sign change depending on the crystal orientation. In the thin region (t ~ 100 

nm), the skyrmion chains along the <110> directions strongly retain the long-range order without the 

change of the skyrmion distance, ranging from low to high magnetic fields. While skyrmions along 

the <001> directions retain the short-range order without the aggregation of the skyrmion chains. 

These behaviors indicate that there is a persistence of attractive interaction along the <110> 

directions even at high magnetic fields and repulsive interaction along <001> directions. These 

anisotropic skyrmion interactions are different from existing skyrmion interactions. Although many 
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theoretical works have investigated current and thermal response of skyrmions to understand and 

predict skyrmion dynamics [22-24,43,44], they have been based on a particle model with isotropic 

skyrmion interactions on the bases of the existing experimental results. The anisotropic skyrmion 

interactions that we revealed have the potential to generate unconventional dynamics and provide a 

new avenue for next-generation spintronics devices [45-49]. On the other hand, in the thick region (t 

~ 200 nm) and the bulk Co-Zn-Mn, thermal-equilibrium skyrmion state is conventional tri-SkX 

[6,8,26,27,50] i.e., the skyrmion interaction is isotropic. Furthermore, it has been reported that the 

tri-SkX in the magnetic thin film of FeGe (t ~ 30 nm) [5] and Fe/Gd multilayers [51] with weak 

magnetic anisotropy, where the surface twist is dominant. Therefore, the observed behaviors are 

induced by the combination of the magnetic anisotropy and the chiral surface twist. 

Finally, we propose the theoretical model to further understand our results. We performed the 

micromagnetic simulation considering the fourth-order cubic magnetocrystalline anisotropy [28]. 

However, our simulation results in the tri-SkX distorted along <001> directions with a circular shape. 

We think that the anisotropic exchange interaction [52,53] has to be also considered. As described 

above, the chiral surface twist can be modeled by the micromagnetic NBCs [14,28]. If the exchange 

interaction is anisotropic, an anisotropic magnetic twist state caused by anisotropic NBCs [28] is 

expected at near the surface of chiral magnets. Although the anisotropic exchange interaction is 

usually weak, it possibly affects magnetic structures in a thin film of chiral magnets where the chiral 

surface twist is dominant. Unfortunately, at the present moment, the parameters of both the cubic 

magnetocrystalline anisotropy and the anisotropic exchange interaction are unknown. Further 

experimental and theoretical works are therefore necessary to understand our results. In addition, 

thermodynamic theoretical model [3,7] is also necessary to understand temperature-dependent 

skyrmion states, that is, amorphous and smectic skyrmion states. 

In summary, we have demonstrated the smectic liquid-crystalline structure of skyrmions. This 
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is the first direct observation of a stable liquid-crystalline structure of topological objects. The 

LTEM observations revealed the coexistence of attractive and repulsive skyrmion interactions. 

These skyrmions have anisotropic interactions and have the potential to generate unconventional 

current- and thermal-driven skyrmion dynamics beyond existing skyrmions with isotropic 

interactions. Furthermore, this study provides a new avenue for controlling the properties of 

topological objects. 
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Figure legends 

FIG. 1. Thickness-dependent skyrmion states. (a) Simulated magnetization angle from the wavefront 

(θ) in the helical spin order in t = 100 nm for LD = 70 nm (FeGe, blue dot) and LD = 145 nm 

(Co8.5Zn7.5Mn4, red dot). The z is normal to the surface. (b) Low-magnification under-focused 

LTEM image (Δf = �2 mm). The thickness varies from t ~ 150 nm (left) to t ~ 100 nm (right). (c) 

and (d) The enlarged views of the green (c) and red (d) dotted box areas in (b). (e) and (f) Phase 

diagrams of B versus T obtained in t ~ 200 nm (e) and t ~ 100 nm (f) regions. Sk stands for the 

skyrmion. The filled circles and squares indicate the measurement points. The filled squares in (f) 

are correspond to the LTEM images in Figs. 1(b), 1(d), 2, 3, 4(b), and 5. 

 

FIG. 2. Formation of amorphous skyrmions. (a)-(d) Over-focused LTEM images (Δf = +2 mm) 

obtained in the thin region (t ~ 100 nm) at 344 K and 0 mT (a), 50 mT (b), 85 mT (c), and 115 mT 

(d). The scale bars are 200 nm. Fuzzy dot-like contrasts in (b) are indicated by the arrows. The 

regions enclosed by the red lines in (c) correspond to a skyrmion. The inset in (c) shows the FFT 

pattern. The scale bar in the inset is 5 μm�1. 
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FIG. 3. Formation of sparse (smectic) skyrmions. (a)-(d) Under-focused LTEM images (Δf = �2 

mm) obtained in the thin region (t ~ 100 nm) at 334 K and 0 mT (a), 130 mT (b), 140 mT (c), and 

160 mT (d). The scale bars are 500 nm. Blurred contrasts in (d) are due to the local movement of 

skyrmions during the exposure of 5 sec. 

 

FIG. 4. Analysis of sparse skyrmions. (a) The FFT pattern of the LTEM image of the sparse 

skyrmions. (b) Highly-resolved under-focused LTEM image of the sparse skyrmion (Δf = �750 μm) 

obtained in the thin region (t ~ 100 nm). (c) and (d) Real-space analysis of skyrmion configurations 

for the distances (dsk) and angles (θsk) of adjacent skyrmions obtained from the Delaunay 

triangulation statistics. The total sample size is 1944. The red and green arrows point the values of 

the assumed primitive and face-centered rectangle lattice constants, respectively. 

 

FIG. 5. Magnetic field dependence of the skyrmion chains. (a)-(c) Under-focused LTEM images (Δf 

= �2 mm) obtained in the thin region (t ~ 100 nm) at 334 K and at 200 mT (a), 210 mT (b), and 220 

mT (c). The scale bars are 500 nm. (d) Magnetic field dependence of the q-values along <110> 

directions (q110 blue dots) and <001> directions (q001 red dots) obtained from the FFT patterns. (e) 

and (f) The FFT patterns at 170 mT (e) and 195 mT (f). 
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