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Nanoscale chiral skyrmions in noncentrosymmetric helimagnets are promising binary state

variables in high-density, low-energy nonvolatile memory. Skyrmions are ubiquitous as an ordered,

single-domain lattice phase, which makes it difficult to write information unless they are spatially

broken up into smaller units, each representing a bit. Thus, the formation and manipulation of sky-

rmion lattice domains is a prerequisite for memory applications. Here, using an imaging technique

based on resonant magnetic x-ray diffraction, we demonstrate the mapping and manipulation of

skyrmion lattice domains in Cu2OSeO3. The material is particularly interesting for applications

owing to its insulating nature, allowing for electric field-driven domain manipulation. VC 2016
Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4967499]

Skyrmions are particle-like magnetization swirls in

magnetic materials,1–7 which are promising candidates for

advanced magnetic memory applications.2 In these memory

schemes, individual skyrmions are used to encode the binary

information “1” and “0,” e.g., via their presence8–10 or their

internal structures.11,12 Skyrmions are topological objects,

which makes them robust against superparamagnetism.

Consequently, it should be possible to reduce the bit size

beyond the limits of conventional ferromagnetic memory.

Further, the energy required to manipulate skyrmions is sev-

eral orders of magnitude less than the domain wall-based fer-

romagnetic memory.13–15

Prominent skyrmion-carrying materials are noncentro-

symmetric helimagnets, such as MnSi,1 Fe1–xCoxSi,16

FeGe,17 Cu2OSeO3,18,19 and b-type Co8Zn8Mn4.20 In such

materials, the broken crystalline inversion symmetry induces

Dzyaloshinskii-Moriya interactions (DMI), leading to peri-

odic, incommensurate, modulated spiral spin structures.

Assisted by thermal fluctuations at finite temperature and in

an external field, the topologically protected skyrmion lattice

phase forms, consisting of chiral skyrmions.1 The advantages

of chiral skyrmions for memory devices are twofold. First,

compared to magnetic bubbles with similar topological spin

configurations,21 skyrmions are more robust and may be

manipulated with ease. The size of an individual skyrmion in

these materials is usually between 3 and 100 nm,1,22–24 i.e.,

smaller than other types of skyrmions.4,5,7,10,21,25–27 Second,

the skyrmion phase is a rigid, hexagonally ordered periodic

lattice, resulting in an equal spacing between neighboring

skyrmions across the entire sample.2,28 As a consequence, in

a racetrack-like memory scheme,29 no extra effort is needed

to ensure that they keep their distance, as the control of the

skyrmion-skyrmion distance is otherwise experimentally

rather challenging.4,8,10

The skyrmion lattice phase in noncentrosymmetric heli-

magnets is usually a long-range-ordered state, with the corre-

lation length reaching hundreds of micrometers.28 This

largely limits the applicability of this type of skyrmion

order for device applications. Therefore, the formation and

manipulation of skyrmion lattice domains, which break long-

range order, is an indispensable step towards skyrmion-

based racetrack memories.30 We have recently reported

the observation of a multidomain skyrmion lattice state on

the surface of Cu2OSeO3 in a magnetic diffraction experi-

ment, created by tilting the magnetic field away from the

major crystalline axis.11,31 However, several key questions

remained unanswered. Most importantly, the size, shape, and

distribution of the domains remained unknown, which are

crucial pieces of information needed for designing skyrmion

devices.

In this letter, we use an imaging technique based on res-

onant elastic x-ray scattering (REXS) to map out the lateral

distribution of skyrmion lattice domains. Moreover, we dem-

onstrate that by tuning the tilt angle of the applied field, the

size of the domains can be efficiently manipulated, which is

an important step towards future applications.

Figure 1(a) shows a schematic of the REXS setup used

for the characterization of the magnetically ordered phases

of Cu2OSeO3 as a function of applied magnetic field and tem-

perature. A x� 2h geometry was used for the experiments,

where x is the angle of incidence of the x-rays and 2h the

scattering angle. The diffracted x-rays are detected with a

charge-coupled device (CCD) camera in the ultrahigh vacuum

scattering chamber RASOR on beamline I10 at the Diamond

Light Source.32 A magnetic field was applied to the sample

whose strength and tilt angle, c, with respect to the surface

normal can be varied. The incident, r-polarized x-rays were ata)Electronic mail: Thorsten.Hesjedal@physics.ox.ac.uk
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the resonance with the L3 edge of Cu (931.25 eV), resulting in

a wavelength of 13.3 Å. For Cu2OSeO3 with its relatively

large lattice constant of 8.925 Å, the (001) Bragg peak can be

reached at 2h� 96.5�.
In noncentrosymmetric P213 helimagnets, a “universal”

magnetic phase diagram is observed that shows helical, coni-

cal, or ferrimagnetic order below the transition temperature

Tc as a function of increasing field.33 Below Tc of �57.5 K

for Cu2OSeO3, at finite fields, the skyrmion phase can be

found. Figure 1(c) shows a schematic of the magnetic phase

diagram for the Cu2OSeO3 bulk crystal as observed by

REXS.11 The magnetization patterns corresponding to the

helical, skyrmion, and conical phase are shown in Fig. 1(d)

and the experimental REXS results in (e), respectively (from

bottom to top). The modulation wavevector for all three

phases has a length of 0.0158–0.0162 reciprocal lattice units

(r.l.u.), corresponding to a real–space modulation pitch of

�56 nm, in agreement with the values reported in the litera-

ture.18,19,34–37 In the helical state, the weak cubic anisotropy

locks the propagation wave vector along the h100i direction.

At 57 K and in an applied magnetic field of 32 mT, c¼ 0�,
the sharp six-fold-symmetric diffraction pattern emerges,

which is a signature of the single-domain, long-range-

ordered skyrmion lattice state. One of the skyrmion wave

vectors is along [010] due to the cubic anisotropy.11

By titling the magnetic field to c¼ 17�, the skyrmion lat-

tice breaks up into domains, resulting in a necklace-like dif-

fraction pattern, as shown in Fig. 2(a). The formation of

domains is the result of the competing magnetic anisotro-

pies.11 Note that the diffraction pattern was obtained with an

incident x-ray beam focused to an area of 300� 300 lm2 on

the sample. Once the beam is skimmed down to an area of

20 lm in diameter (using a pinhole), the single domain state

with its six-fold-symmetric pattern is recovered [cf. Fig.

2(b)]. This means that the domains are >100p lm2 in area

and that this beam spot can be used to map out the real-space

domain pattern.

The sample shape and geometry are shown in Fig. 1(b),

in which the raster-scanned area (1� 1 mm2) is indicated by

the blue square. The skyrmion lattice state is reached by

field-cooling from 65 K (paramagnetic phase) down to 57 K

in a field of 32 mT with the c angle as indicated in Figs.

3(b)–3(h), followed by a 15 min waiting period. Each area

scan image is composed of 50� 50 pixels. For most of the

pixels, a six-fold-symmetric, single domain diffraction pat-

tern is observed. Its rotational state is characterized by the

in-plane rotation angle W, as shown in Fig. 3(a). An angle of

c¼ 0� corresponds to two of the six diffraction spots being

aligned along the qx-axis. For some pixels, especially for

larger field tilt angles c, a multidomain state is found at the

domain boundaries. The evolution of the domain pattern as a

function of field tilt angle is shown in Figs. 3(b)–3(h). For

c¼ 0�, a perfect long-range-ordered single skyrmion lattice

domain is observed [cf. Fig. 3(b)], locked in one direction

determined by the anisotropies. When the field is slightly

tilted (c¼ 5�), two domains start to emerge, which do not

differ very much in W. As the field is further tilted, the

domains become randomly oriented and the average size

decreases (most strongly for c¼ 15� ! 19�). For c¼ 22�, a

mosaic pattern is observed at the bottom-left corner of Fig.

3(g). This results from a lack of resolution, as determined by

the x-ray beam size. As the domain size decreases to less

than the beam size, a multidomain diffraction pattern is

FIG. 1. (a) Schematic of the REXS setup, showing the field tilt angle c, defined with respect to the surface normal. (b) Photograph of the sample and its orienta-

tion. The blue square marks the real-space region (1� 1 mm2) mapped using magnetic diffraction imaging, shown in Fig. 3. (c) Sketch of the magnetic phase

diagram of Cu2OSeO3, as obtained by REXS. (d) Magnetization patterns and (e) corresponding REXS diffraction patterns in reciprocal space (hk1) plane

(experimental data) for the conical (50 K, 32 mT, c¼ 90�), skyrmion (57 K, 32 mT, c¼ 0�), and helical (15 K, 0 mT) phase, respectively. The sampling area is

500� 500 lm2.

FIG. 2. Reciprocal space map of the skyrmion lattice plane that is perpen-

dicular to the external field, reached by field cooling down to 57 K in a field

of 32 mT with c¼ 15�. Area sampled by the beam: (a) 300� 300 lm2 and

(b) 20 lm in diameter. The scattering intensity is in arbitrary units.
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observed across each pixel. Note that the pinhole diameter

cannot be reduced much below 20 lm in our experimental

configuration, as this will result in Fresnel diffraction (near-

field condition giving cylindrical wave fronts), i.e., the plane

wave approximation can no longer be applied for modeling

the scattering process.

The shape of the domains is generally rather irregular,

and their distribution random, suggesting that the domain

formation is spontaneous and not governed by defect-

pinning. The domain pattern obtained for each c is stable

over time, as confirmed by multiple scans of the same area.

Note, however, that for the same c, if the temperature is

increased above Tc and then lowered down to the skyrmion

phase again, the domain image has no resemblance to the

previous pattern. The orientation of neighboring domains is

similar and the system generally prefers the orientation of

neighboring domains to differ by less than 10�. At higher tilt

angles (c� 15�), the domain boundaries are sharp; however,

for smaller angles the transition between domains becomes

almost continuous, as can be seen in Fig. 3(d).

This “polycrystalline” appearance of a skyrmion lattice

reflects the delicate balance of the system’s competing inter-

actions. The isotropic exchange interaction, the anisotropic

exchange (DMI) term, and the Zeeman energy compete

about the principal magnetic order, while anisotropy, demag-

netization, and possibly the ferroelectric effect in the multi-

ferroic material Cu2OSeO3 serve as perturbations which are

responsible for the fine adjustment of the system’s structure.

Skyrmions behave like quasi-particles and prefer to keep

their close-packed order, i.e., less ferromagnetic-like space

in-between them is preferred. However, if defects are intro-

duced into the system, some region would have to become

ferromagnetic, unless the skyrmions adapt their shape and

size. As a result, the skyrmions in the defect zone be

expected to become elliptically distorted, as observed using

Lorentz transmission electron microscopy (LTEM) on

thinned-down FeGe1–xSix bulk samples.38 Moreover, the

close-packed ordering of the skyrmion lattice can have defects

at the domain boundaries, e.g., “5–7 defects” where five or

seven skyrmions are surrounding a reference skyrmion,

instead of six.37 In this case, a line defect may appear, forming

the domain boundary. Depending on its configuration, the

neighboring domains may change their orientations and

assume an arbitrary angle, depending on the width of the

defect-containing boundary. The thicker this boundary, the

larger the relative rotation. If we relate this to our domain

observations, it points towards the fact that for small c, the

domain boundary contains thin defect lines, leading to small

relative rotations. With increasing c, the number of defects

increases across the domain boundary, giving rise to sharp

rotational transitions. It is instructive to note that for systems

with a delicate energy balance such as Cu2OSeO3, preparation

of thin samples, e.g. for LTEM studies, may introduce struc-

tural defects that affect the intrinsic surface domain appear-

ance as opposed to the properties of the bulk crystal.

Therefore, the type and density of defects of the skyrmion lat-

tice, and their dependence on the structural domains observed,

may differ significantly between bulk and thinned-down

samples.

In summary, we have presented a study of the domain

structure in the skyrmion lattice phase of Cu2OSeO3 using

REXS imaging. This method provides important information

on the domain distribution, shape, size, and formation on the

surface of bulk samples as well as thin films. By tuning the

field tilt angle, in-plane rotational domains in the hexago-

nally ordered skyrmion lattice phase can be generated. The

lateral dimensions of the domains are for small tilt angles

>20 lm. The domain transition is abrupt, expect for very

small tilt angles, where the change is almost gradual. The

study of skyrmion domains demonstrated here with REXS

may enable potential device applications making use of the

skyrmion lattice state. For instance, in skyrmion lattice-

FIG. 3. Scanning REXS images. (a) Definition of the lattice rotation angle W in the skyrmion diffraction pattern (W 2 [0�, 60�] as indicated by the color bar).

The case of W¼ 30� is shown. (b)–(h) 1 mm� 1 mm raster scans showing in-plane rotational domain maps for the indicated field angle c.
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based memory, the single-domain state must be broken up

into tiny domains, each of which may be used to encode

information in a spatially separated manner. This was dem-

onstrated using the field tilt angle as an additional control

parameter.
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