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Real-space observation of a two-dimensional
skyrmion crystal
X. Z. Yu1,2, Y. Onose2,3, N. Kanazawa3, J. H. Park4, J. H. Han4, Y. Matsui1, N. Nagaosa3,5 & Y. Tokura2,3,5

Crystal order is not restricted to the periodic atomic array, but can
also be found in electronic systems such as the Wigner crystal1 or
in the form of orbital order2, stripe order3 and magnetic order. In
the case of magnetic order, spins align parallel to each other in
ferromagnets and antiparallel in antiferromagnets. In other, less
conventional, cases, spins can sometimes form highly nontrivial
structures called spin textures4–23. Among them is the unusual,
topologically stable skyrmion spin texture, in which the spins
point in all the directions wrapping a sphere4–7. The skyrmion
configuration in a magnetic solid is anticipated to produce un-
conventional spin–electronic phenomena such as the topological
Hall effect24–26. The crystallization of skyrmions as driven by ther-
mal fluctuations has recently been confirmed in a narrow region of
the temperature/magnetic field (T–B) phase diagram in neutron
scattering studies of the three-dimensional helical magnets MnSi
(ref. 17) and Fe12xCoxSi (ref. 22). Here we report real-space
imaging of a two-dimensional skyrmion lattice in a thin film of
Fe0.5Co0.5Si using Lorentz transmission electron microscopy.
With a magnetic field of 50–70 mT applied normal to the film,
we observe skyrmions in the form of a hexagonal arrangement
of swirling spin textures, with a lattice spacing of 90 nm. The
related T–B phase diagram is found to be in good agreement
with Monte Carlo simulations. In this two-dimensional case, the
skyrmion crystal seems very stable and appears over a wide range
of the phase diagram, including near zero temperature. Such a
controlled nanometre-scale spin topology in a thin film may be
useful in observing unconventional magneto-transport effects.

The complex spin configurations are of great recent interest4–23 and
are relevant to nontrivial physical phenomena such as the topological
Hall effect24–26. Their observation and manipulation is therefore an
important issue. Spin-polarized neutron scattering has been the most
powerful tool to determine spin configurations from information in
reciprocal (momentum) space. Ferromagnets and antiferromagnets
can easily be analysed in this way, but recent focus is on more com-
plex and non-trivial spin structures for which the analysis is not as
straightforward4–23. The skyrmion was originally introduced as a
model in nuclear physics to describe a localized, particle-like, con-
figuration in field theory4,5, but it is now highly relevant to the spin
structure in condensed-matter systems as well. Its schematic con-
figuration is as shown in Fig. 1c, which pictorially demonstrates that
deformation of the two-dimensional (2D) real-space sheet into a unit
sphere leads to the spin-direction distribution that wraps around
another unit sphere. The number of such wrappings is a topological
index, and the skyrmion is therefore topologically stable. The sky-
rmion spin-system configuration was predicted theoretically7 in
terms of ‘vortices’ in a magnetic field in crystals with certain crystal-
lographic symmetries. It later turned out that it can appear in various

other situations, such as the quantum Hall ferromagnet8 (as the
doped carrier) and cold atoms9.

In addition to these systems, skyrmions have recently been studied
extensively in helical magnets, where the non-collinear spin con-
figuration is realized in the ground state owing to the antisymmetric
Dzyaloshinskii–Moriya interaction described by the Hamiltonian27
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Moriya interaction constant, J is the ferromagnetic exchange coupling
and r is the three-dimensional position vector. The ground state of this
Hamiltonian is a helical state with the single wavevector q, which has
the fixed magnitude a/J but no fixed direction. The crystal structure
produces the anisotropy, but when a/J is small it is weak and the
continuum approximation is justified. The spin plane is perpendicu-
lar to q, such that H is minimized. This spin structure is called the
proper screw. Among many helical magnets, the B20-type transition-
metal silicides and germanides (for example MnSi, (Fe,Co)Si and
FeGe) with cubic but non-centrosymmetric crystal structure may be
good materials in which to test the simple spin model in equation (1).
For example, MnSi is a helical magnet owing to the Dzyaloshinskii–
Moriya interaction and has an unusual temperature–pressure phase
diagram10–12,14–17. Neutron scattering shows that under pressure the
direction of q in MnSi is disordered but its magnitude remains con-
stant at jqj5 0.043 Å, resulting in non-Fermi-liquid-like transport
properties14. The spontaneous skyrmion ground state was theore-
tically proposed as a candidate for the partially ordered state15,16.
Recent neutron scattering experiments on MnSi (ref. 17) and
Fe12xCoxSi (ref. 22) have identified the mysterious ‘A phase’ with
the skyrmion lattice phase. Theoretical analysis and experimental
results concluded that the skyrmion lattice is stabilized by thermal
fluctuations in some limited region of the T–B plane near the critical
temperature, whereas the conical state with the wavevector q parallel
to the magnetic field is more stable over most of the phase diagram17.

In comparison with neutron scattering, which provides informa-
tion about momentum space, real-space observation of magnetic
structure using Lorentz transmission electron microscopy (TEM)
has the advantage that the single spin texture, as well as the crystal-
lization/melting processes and dislocations of the skyrmion crystal
(SkX), can be observed as the temperature and magnetic field are
changed. Observation of the helical spin structure in Fe0.5Co0.5Si using
Lorentz TEM, including magnetic-lattice defects such as edge disloca-
tions, was first reported in ref. 18. The limitation of TEM is that only
the magnetic structure of the electron-transparent thin-plate sample
can be detected. Nevertheless, a sample of conventional film thickness
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(several tens of nanometres) can be regarded as a magnetically 2D
system, in which the direction of q is confined within the plane
because the sample thickness is less than the helical wavelength;
therefore, various features should appear that are missing in bulk
samples. In the context of the skyrmion, the thin film has the advant-
age that the conical state is not stabilized when the magnetic field is
perpendicular to the plane23. Therefore, it is expected that the SkX can
be stabilized much more easily, and even at T 5 0, in a thin film of
helical magnet.

In this Letter, we report the real-space observation of the forma-
tion of the SkX in a thin film of B20-type Fe0.5Co0.5Si, the thickness of
which is less than the helical wavelength, using Lorentz TEM28 with a
high spatial resolution. The quantitative evaluation of the magnetic
components is achieved by combining the Lorentz TEM observation
with a magnetic transport-of-intensity equation (TIE) calculation
(Supplementary Information).

We first discuss the two prototypical topological spin textures
observed for the (001) thin film of Fe0.5Co0.5Si. The Monte Carlo
simulation (Supplementary Information) for the discretized version
of the Hamiltonian in equation (1) predicts that the proper screw
(Fig. 1a) changes to the 2D skyrmion lattice (Fig. 1b) when a perpen-
dicular external magnetic field is applied at low temperature and when
the thickness of the thin film is reduced to close to or less than the
helical wavelength. The Lorentz TEM observation of the zero-field
state below the magnetic transition temperature (,40 K) clearly
reveals the stripy pattern (Fig. 1d) of the lateral component of the
magnetization, with a period of 90 nm, as previously reported18; this
indicates the proper-screw spin propagating in the [100] or [010]
direction. When a magnetic field (50 mT) was applied normal to the
plate, a 2D skyrmion lattice like that predicted by the simulation
(Fig. 1b) was observed as a real-space image (Fig. 1e) by means of
Lorentz TEM. The hexagonal lattice is a periodic array of swirling spin
textures (a magnified view is shown in Fig. 1f) and the lattice spacing is
of the same order as the stripe period, ,90 nm. Each skyrmion has the
Dzyaloshinskii–Moriya interaction energy gain, and the regions
between them have the magnetic field energy gain. Therefore, the
closest-packed hexagonal lattice of the skyrmion has both energy
gains, and forms at a magnetic field strength intermediate between
two critical values, each of which is of order a2/J in units of energy. We

note that the anticlockwise rotating spins in each spin structure reflect
the sign of the Dzyaloshinskii–Moriya interaction of this helical mag-
net. Although Lorentz TEM cannot specify the direction of the mag-
netization normal to the plate, the spins in the background (where the
black colouring indicates zero lateral component) should point
upwards and the spins in the black cores of the ‘particles’ should point
downwards; this is inferred from comparison with the simulation of
the skyrmion and is also in accord with there being a larger upward
component along the direction of the magnetic field. The situation is
similar to the magnetic flux in a superconductor29, in which the spins
are parallel to the magnetic field in the core of each vortex.

Keeping this transformation between the two distinct spin textures
(helical and skyrmion) in mind, let us go into detail about their field
and temperature dependences. First, we consider the isothermal vari-
ation of the spin texture as the magnetic field applied normal to the
(001) film is increased in intensity. The magnetic domain configura-
tion at zero field is shown in Fig. 2a. In analogy to Bragg reflections
observed in neutron scattering22, two peaks were found in the cor-
responding fast Fourier transform (FFT) pattern (Fig. 2e), confirm-
ing that the helical axis is along the [100] direction. In the real-space
image, however, knife-edge dislocations (such as that marked by an
arrowhead in Fig. 2a) are often seen in the helical spin state, as
pointed out in ref. 18. When a weak external magnetic field, of
20 mT, was applied normal to the thin film, the hexagonally arranged
skyrmions (marked by a hexagon in Fig. 2b) started to appear as the
spin stripes began to fragment. The coexistence of the stripe domain
and skyrmions is also seen in the corresponding FFT pattern (Fig. 2f);
the two main peaks rotate slightly away from the [100] axis, and two
other broad peaks and a weak halo appear. With further increase of
the magnetic field to 50 mT (Fig. 2c), stripe domains were completely
replaced by hexagonally ordered skyrmions. Such a 2D skyrmion
lattice structure develops over the whole region of the (001) sample,
except for the areas containing magnetic defects (Supplementary
Information). A lattice dislocation was also observed in the SkX, as
indicated by a white arrowhead in Fig. 2c. The corresponding FFT
(Fig. 2g) shows the six peaks associated with the hexagonal SkX
structure. The SkX structure changes to a ferromagnetic structure
at a higher magnetic field, for example 80 mT (Fig. 2d, h), rendering
no magnetic contrast in the lateral component.
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Figure 1 | Topological spin textures in the helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. c, Schematic of the spin configuration in a skyrmion. d–f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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Similar skyrmion nucleation and SkX-forming processes were
observed as we varied the temperature change at a constant magnetic
field (50 mT) applied normal to the film, as shown in the colour-
wheel representation (Fig. 2i–l) obtained by our TIE analysis of the
Lorentz TEM images. As temperature is increased, the stripy spin
texture at 5 K changes to a hexagonal skyrmion crystal at 25 K,
through a mixed structure of stripes and skyrmions at 15 K, and
the magnetic contrast finally disappears at ,40 K.

The experimental phase diagram for the spin texture for a thin film
of Fe0.5Co0.5Si, based on the real-space observation, is summarized in
Fig. 3d and can be compared with that of the theoretical simulation
(Fig. 3h) of the 2D model; in these figures, the phase change of the
spin texture is represented as the contour mapping of skyrmion
density. The experimental and theoretical results show good agree-
ment not only in the behaviour of the phase change between the
helical state and the SkX state (Fig. 3b, f), but also in the transitional
coexistence regions of the helical (or ferromagnetic) state and the
SkX state; see Fig. 3a, c for the experimental observations and Fig. 3e,
g for the theoretical simulation. We see that such a SkX transition,
although driven by a weak magnetic field applied perpendicular to
the crystal plate plane, also depends on temperature. The SkX phase
occupies a larger region of the T–B plane in the experimental phase
diagram than in the simulated phase diagram. One possible reason
for this is that the pinning effect due to, for example, imperfections in
the crystal suppresses the fluctuation of the SkX; this is not taken into
account in the simulation. Another possibility, which might be more
fundamental, is that the real system has a finite thickness whereas the
simulation was carried out for a purely 2D model. The ferromagnetic
coupling between the layers effectively increases the spin stiffness in

the real case, leading to a ‘heavier-spin’ object and, consequently,
relatively weaker thermal fluctuations than in the 2D model23.

In a bulk (three-dimensional) crystal, the SkX phase appears in
a narrow window of the T–B plane, at around 10 mT and 35–40 K
(ref. 19). In comparison with the bulk case, the critical field in the
ferromagnetic region is enhanced (up to 100 mT at 5 K) owing to the
appreciable demagnetization effect in the 2D case. More significantly,
the SkX phase can be produced with a magnetic field normal to the
plane even at the lowest temperature. The suppression of the single
conical spin state with an applied magnetic field in the 2D system
should favour the emergence of the SkX phase, as indicated by the
theoretical simulation. We note that the dimension (2D) of the mag-
netic texture is defined by the thickness of the crystal film being
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Figure 3 | Phase diagrams of magnetic structure and spin textures in a thin
film of Fe0.5Co0.5Si. a–c, Spin textures observed using Lorentz TEM
obtained by Monte Carlo simulation. e–g, Spin textures after TEM. H, helical
structure; SkX, skyrmion crystal structure; FM, ferromagnetic structure.
d, h, Observed (d) and calculated (h) phase diagrams in the B–T plane. The
magnetic field was applied perpendicular to the image plane. In h, B and T are
normalized using the arbitrary constants BC and TC. The colour bars in the
phase diagrams indicate the skyrmion density per 10212 m2 (d) and per d2

(h), d being the helical spin wavelength. Dashed lines show the phase
boundaries between the SkX, H and FM phases. Stars in d and h indicate
(T, B) conditions for the images shown in a–c and e–g, respectively.
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Figure 2 | Variations of spin texture with magnetic field and temperature in
Fe0.5Co0.5Si. a–d, Magnetic-field dependence of the spin texture, in real-
space Lorentz TEM (overfocus) images. e–h, FFT patterns corresponding to
a–d. i–l, Temperature profiles of the distribution map of the lateral
magnetization for a magnetic field of 50 mT. Magnetic fields were applied
normal to the (001) thin film. The colour wheel represents the magnetization
direction at every point.
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comparable to (or smaller than) the SkX lattice parameter, which is of
the order of 90 nm. Therefore, this situation is most easily realized in
the conventional thin-film form of the materials, in which the basic
parameters of the spin exchange and the Dzyaloshinskii–Moriya
interaction are those of the bulk crystal.

The SkX phase predicted by the theoretical model has been firmly
established by direct real-space observation. Spin-structural features
including detailed information on nucleation and fusion processes
and defects of skyrmions have been revealed. Because such a topo-
logical spin texture can be realized in conventional thin-film materials,
such materials constitute a new arena in which to test unconventional
quantum transport phenomena, such as the enhanced anomalous
Hall effect and skyrmion flow, expected for the 2D SkX state.

METHODS SUMMARY
Single-crystal preparation. We grew the Fe0.5Co0.5Si single crystal using the

floating-zone technique. The crystal quality was checked by powder X-ray dif-

fraction and energy-dispersive X-ray spectroscopy.

Monte Carlo simulation. Monte Carlo simulation was carried out using a 2D
spin model incorporating the Dzyaloshinskii–Moriya interaction and anisotropy

(Supplementary Information).

Real-space observation of the skyrmion lattice. We prepared the Fe0.5Co0.5Si

thin film using the argon-ion thinning method. The magnetic field applied

normal to the thin film was controlled by changing the objective-lens current

of the transmission electron microscope. The quantitative evaluation of the

magnetic components in the skyrmion lattice was accomplished by combining

Lorentz TEM observation with the TIE method (Supplementary Information).
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