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By systematic real-space observations using Lorentz transmission electron microscopy, we report here various
forms of skyrmions (and related spin textures) for a prototype of cubic helimagnet MnSi as well as their stability
that depends on crystalline-orientation and crystal-plate thickness. Below a crossover thickness (z. ~ 75 nm)
of a sample, the robust two-dimensional hexagonal skyrmion crystal (SkX) appears over a wide window of
temperature and magnetic field, regardless of crystal orientation, while the SkX phase region shrinks to a small
pocket near the helical transition temperature Ty in a (111) plate with the thickness above ., in contrast to the
stable SkX in (110) and (001) plates. This observation indicates the importance of the magnetic anisotropy and
thermal fluctuation effects for the skyrmion stability. Furthermore, the forms of skyrmions have been found to
change from multidomain state of SkX to skyrmion glass structure via single domain state of SkX with increasing

magnetic field.
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I. INTRODUCTION

A skyrmion is a topological particlelike object whose
concept was originally introduced in field theory of nucleons
[1]. A magnetic skyrmion is a vortexlike topological spin
texture emerging in magnetic materials [2]. Skyrmions have
the potential for application in spintronics owing to their
emergent electromagnetic phenomena, such as topological
Hall effect (THE), skyrmion Hall effect [3] [a Hall motion
of the skyrmion crystal (SkX) itself as the counteraction of
the THE], and the ultralow current driven skyrmion motion
[3-15]. In order to develop technologies which manipulate
skyrmions, it is important to understand first the variation of
skyrmion forms and their stability.

The skyrmion lattice phase, called A phase [4], was
directly observed first by a small-angle neutron scattering
(SANS) study for a helimagnet MnSi, which has a cubic
chiral crystal structure and a helical magnetic structure with
periodicity of ~19 nm [4] induced by a Dzyaloshinskii-Moriya
interaction (DMI) [16]. In the A phase, a skyrmion lattice
with sixfold symmetric SANS spots was observed in the
plane perpendicular to the external magnetic fields irrespective
of the crystalline-orientation, although the helical axis tends
to align along the [111] axis [4]. In bulk MnSi, the A
phase appears in a relatively narrow window of temperature
(T) and the magnetic field (B) near the helical transition
temperature (7). The A phase appears to be most unstable for
B//[111] [17].

As for the epitaxial thin films, a recent paper [18] stressed
the role of strain-induced uniaxial anisotropy in determining
the magnetic texture in (111) epitaxial MnSi thin film; it was
argued that, in contrast to the A phase (SkX) that appears
around Ty in bulk MnSi, only conical structure forms with an
application of perpendicular magnetic field for (111) thin film
due to the out-of-plane hard axis. Such magnetic anisotropy
tends to suppress the in-plane helical propagation vector and
instead favors the out-of-plane helical or cone modulation
structure. On the other hand, it was claimed that formation
of skyrmions was observed by measurements of Lorentz
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transmission electron microscopy (LTEM) as well as THE
in (111) epitaxial thin film of MnSi [19]. Therefore, the
effect of anisotropy on the formation of skyrmion remains
elusive.

Another important parameter to determine the skyrmion
stability is the spatial dimensionality. For example, skyrmion
phase or SkX is conspicuously stabilized for thin plate forms
of B20-type helimagnets FesCogsSi and FeGe, in partic-
ular with film thickness (<50nm) below the helical period
[meaning magnetically two-dimensional (2D) films] [5,20];
the thinner plate sample has a much wider window of SkX
phase in the 7-B plane compared with the bulk case [5,20].
Qualitatively, this is because the conical structure is lower
in energy under magnetic field in the usual three-dimensional
(3D) bulk cases; however, the conical state with the modulation
normal to the film plane shows less energy gain in 2D thin films
due to the incomplete helix formation or the effect of helix
cutoff at the top/bottom surfaces [5]. It is also theoretically
argued that skyrmion (in-plane helix) is stable under (without)
vertical magnetic field as compared with the conical state
as the film thickness becomes very thin [21]. Although the
SkX is generally more stable in 2D than in 3D systems, there
have been so far no clear experimental results systematically
characterizing the thickness dependence of skyrmions in MnSi
by means of real-space observation, due partly to its low
magnetic-transition temperature (below 30 K) and partly
to the minuscule size (approximately 22 nm in diameter)
close to the spatial resolution of real-space observation. The
field-dependent evolution of skyrmion-related spin textures is
also still unclear. MnSi is the most prototypical material to host
the skyrmion as well as the other helical spin textures. In this
context, the LTEM study is expected to provide the solutions to
the following basic questions: (1) Can skyrmions be realized
in (111) MnSi thin samples under an external magnetic field,
which is parallel to the hard axis? (2) What is the relationship
between the crystalline orientation and the skyrmion stability?
(3) How does the spin texture evolve from the helical structure
via various forms of skyrmion to the induced ferromagnetic
state with increasing a magnetic field?
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To tackle these questions, we have prepared (111), (110),
and (001) single-crystalline thin plates of MnSi with thickness
gradients and systematically investigated the relationship
among the crystalline orientation, sample thickness, and
skyrmion stability as well as the field evolution of the
skyrmionic spin texture by means of the LTEM. The thickness
dependence of SkX shows that below a crossover thickness
t.(~75 nm), regardless of the crystalline orientation, in-plane
helical modulation vectors appear in zero field, and SkX shows
up in a wide range of T and B. Above the 7. for (111) plate,
the in-plane helical vector in zero field disappears, yet SkX
shows up upon application of normal magnetic field at higher
temperatures near Ty, while (110) and (001) plates show
in-plane helical vectors in zero field as well as SkX upon
application of magnetic field. These observations indicate
that dipolar interaction and thermal fluctuation stabilize SkX.
Furthermore, the forms of skyrmions have been found to
change from the multidomain state of SkX to skyrmion glass
(SkG) structure via single domain state of SkX with increasing
magnetic field.

II. EXPERIMENTAL

A single crystal of B20-type MnSi was grown by Czochral-
ski method with a tetra-arc furnace. A mixture of Mn and
Si with an atomic ratio of 1:1 was arc melted in an argon
atmosphere, and then single-crystal MnSi was pulled with use
of a seed crystal. The powder x-ray diffraction confirmed that
the as-grown crystal is of the single phase of B20-type cubic
structure. The orientation of the MnSi crystal was determined
by Laue diffraction, and then thin plates were cut from the
bulk sample and then further thinned by mechanical polishing
and argon ion milling (Gatan PIPS was operated at 4 kV).
The crystalline orientation of the thin plates was also checked
by selected-area electron diffraction (SAED). The thickness
map of the thin plates was obtained by electron energy-loss
spectroscopy (EELS). Note here that EELS measurements
only provide the ratio of thickness to mean free path length
[22], which must be measured or calculated by an independent
method. By combining convergent beam electron diffraction
(CBED) measurements, the error of sample thickness mea-
sured by EELS becomes less than 10%.

Magnetic domain structures were studied by LTEM obser-
vations, which have been carried out at a low magnification
mode of a high-throughput transmission electron microscope
(JEM-2800) with a thermal-field-emission electron gun at an
acceleration voltage of 200 kV. A liquid-helium-cooled sample
holder (Gatan ULTDT) was used to study the temperature
dependence of the magnetic textures. By using LTEM, the
in-plane magnetizations can be imaged as convergence (bright
contrast) or divergence (dark contrast) of the electron beam
on the defocused (under- or overfocused) image planes. The
inversion of such magnetic contrast can be seen between the
over- and underfocused images [10]. The defocus distance was
calibrated as a function of the objective minilens current. To
observe the spontaneous helical structures of MnSi thin plates
at zero magnetic field, we switched off the magnetic-objective
lens current of the electron microscope and obtained the
LTEM images. To induce magnetic skyrmions, we gradually
increased the objective lens current to increase the magnetic
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field, which was applied perpendicularly to the MnSi thin
plate plane. The magnitude of the magnetic field at the sample
position was measured in advance by a Hall probe as a function
of the objective lens current.

To obtain quantitative information on the in-plane magne-
tizations, we analyzed the LTEM images by using a software
package QPt (HREM Co.), which is based on the transport-
of-intensity equation (TIE) [23]. The analysis allowed us to
obtain the local magnetization textures for the MnSi thin
plates.

III. RESULTS AND DISCUSSION

A. Spin textures depending on crystalline orientation of the
MnSi thin plate

The LTEM observations for single-crystalline samples
unambiguously demonstrated that robust hexagonal SkX can
form in all the (111), (110), and (001) thin plates with a
thickness of 30 nm by applying a magnetic field normal to
the plates. Figures 1(a)-1(c) show zero-field magnetic stripe
(proper screw spins) domains at 6 Kin (a) (111), (b) (110), and
(c) (001) plates. Single stripe domain, two domains of stripes
(A domain and B domain) with small-angle grain boundaries,
and twin of stripe domains (C domain and D domain) with
periodicity of approximately 18 nm were clearly discerned
for (111), (110), and (001) plates, respectively. Analysis of
SAED (shown as the upper insets) and fast Fourier transforms
(FFT) of LTEM images (shown as the lower insets) indicates
that the in-plane propagation vectors of helices were along
the [11-2] axis, the (111) axes and the (110) axes in (111),
and the (110) and (001) MnSi thin plates, respectively, while
the spontaneous helical vector tends to lie along (111) axes in
the MnSi bulk sample due to magnetocrystalline anisotropy.
It means that the helices are flexible to some extent and
that the in-plane propagation vectors show up in the thin
plate samples as the thickness becomes comparable to the
helical period. The direction of helical modulation in thin
plates is determined by the competition between the magnetic
anisotropic energy gain with spins lying perpendicularto (111)
and the loss of DMI energy due to the incomplete helix
formation along the normal direction. The observed in-plane
helical modulation indicates that the latter interaction becomes
dominant to switch the out-of-plane helix to the in-plane one
in such a thin (111) MnSi plate with thickness of 30 nm.
When the external magnetic field was applied perpendicular
to the in-plane helices, the magnetic skyrmion should be
induced.

Figures 1(d)-1(f) show magnetic SkX structures for (d)
(111), (e) (110), and (f) (001) thin plates (30 nm thick) of
MnSi under the magnetic fields applied perpendicular to the
plates. The FFTs shown as the insets clearly indicate hexagonal
symmetry for the SkX. Interestingly, the single domain of SkX
emerges under the appropriate magnetic fields in spite of the
presence of twin domains of helical structure or small-angle
grain boundaries at zero magnetic field. We have also examined
the skyrmion helicity for all of the MnSi thin plates. By analyz-
ing a pair of the LTEM images (underfocused and overfocused
images) with the TIE, we have obtained the magnetization
maps of SkX, which are presented in Figs. 1(g)—1(i) for the cell
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FIG. 1. (Color online) (a)—(f) LTEM images (defocus distance ~—30 pm) at 6 K [(a)—(c) in zero field and (d)—(f) in a magnetic field] and
(g)—(1) magnetization maps for one unit cell of SkX as derived from TIE analysis of the data shown within dashed squares in (d)—(f). (a), (d),
(g); (b), (e), (h); and (c), (), (i) are for (111), (110), and (001) thin plates, respectively. The thickness of these thin plates is around 30 nm. Insets
at the lower left corners of (a)—(f) are SAED patterns (upper) and FFT (lower) of LTEM images. Colors and white arrows in (g)—(i) indicate the
magnitude and direction of in-plane magnetizations, while the black area shows zero in-plane magnetization or out-of-plane magnetization.
(a)—(c) Helimagnetic stripe domain structures at zero magnetic field; (d)—(f) magnetic SkX with hexagonal symmetry under normal magnetic
fields of 220 mT, 300 mT, and 250 mT, respectively. All LTEM images were taken at the underfocused Lorentz mode.

of SkX in the (111), (110), and (001) MnSi thin plates. Such
characterization of magnetizations in SkX proved the unique
magnetic helicity of the skyrmions in single-crystalline MnSi
plates.

Compared to magnetic textures observed in the epitax-
ial MnSi thin film [19], two major differences have been
observed here for the free-standing thin plate specimens.
One is that the periodicity (~18 nm) of the helical structure
without a magnetic field is close to the value [4] (=19 nm)
reported for bulk samples, while that of the epitaxial thin
film is rather reduced to 8.5 nm [19]. The other is that the
almost perfect hexagonal skyrmion lattice is stabilized in
the present thin plate under magnetic fields, whereas that of
the epitaxial film is highly disordered. These differences are
probably due to the fact that the free-standing plate specimens
thinned down from a bulk single crystal are free from the
lattice strain and also from the crystalline-chirality disorder

(chirality-domain distribution) that are present in the epitaxial
thin film.

B. Variation of skyrmion forms with changing external
magnetic field

The field dependence of the LTEM images [Figs. 2(a)-2(f)]
and their FFTs (the respective insets) at 18 K for a (111)
MnSi thin plate represent a variety of magnetic textures. The
helical modulation propagates along the [11-2] axis in the
zero magnetic field [Fig. 2(a)] but begins to curl around the
randomly distributed singularity points with a weak normal
field [Fig. 2(b)]. The ring FFT pattern (the inset at the
right upper corner) of the real-space LTEM image clearly
demonstrates that the reflections related to helical propagation
vectors rotate in the plane. Hereafter, this state will be referred
to as the random/rotating-g helix (Rg-H) state. With the
increase in magnetic field, a multidomain state of hexagonal
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FIG. 2. (Color online) (a)—(f) Changes in magnetic textures in a (111) thin plate with the thickness of ~30 nm with varying magnetic fields
at 18 K. LTEM images (underfocus, defocus distance ~—36 um) and corresponding FFTs (insets) obtained under various magnetic fields
demonstrate (a) the helical structure with an in-plane propagation vector in zero magnetic field, (b) random/rotating-¢ stripes under a weak field
of 25 mT, (c) two domains of SkX, (d) single-domain state of SkX, (e) SKG structure with an obscured FFT pattern, and (f) single-domain state
of field-induced ferromagnetic structure. (g)—(i) Temperature evolution of skyrmion form observed at the overfocused Lorentz mode (defocus
distance ~36 um) for a (110) plate with the thickness of 45nm < t < 75nm at a constant field of B = 300mT from (g) single SkX to (i)
paramagnetic structure via (h) SKG. Insets show the corresponding FFT of LTEM images.

SkX appears, as shown in Fig. 2(c); two sets of sixfold
reflections related to two domains (referred to as domain
A and B) are clearly observed in the FFT. Further increase
of external field drives the multidomain state to a perfect
single domain state of SkX [Fig. 2(d)], while under a higher
field the single-domain SkX is destabilized and changes to
SkG structure, as characterized by an obscured FFT pattern
[Fig. 2(e)]. Finally, a single domain with the magnetization
normal to the plate plane is formed as observed as the
no-contrast LTEM picture [Fig. 2(f)]. The SkG structure has
been also observed with heating the (110) thin plate from 6 K
up to 22 K under a constant field of 300 mT, as shown in
Figs. 2(g)-2(i); the temperature dependence of SkX forms and
their FFTs (insets) represents a variety of magnetic textures
from a single domain structure of (g) hexagonal SkX to (i)
paramagnetic state via (h) SkG.

C. Crossover thickness for skyrmion lattice formation in a (111)
MnSi thin plate

Next, we investigate the plate thickness effect on SkX
formation. Figures 3(a), 3(b) represent the thickness map and
its averaged line profile for a (111) MnSi plate with thickness
gradient, as obtained by EELS [23,24]. The important thick-
ness effect on spiral structure (stripe) originally showing the
“easy” modulation vector along the [111] was revealed by a
real-space LTEM image shown in Fig. 3(c); the in-plane helical
structure is stabilized in zero field in the thinner regions with
the thickness below . ~ 75nm, while it disappears in the
thicker region than f., suggesting the probable out-of-plane
helical modulation of spin spiral structure. The FFT of LTEM
images at 6 K without a magnetic field [Figs. 3(d)-3(g)] and
those under a magnetic field of 290 mT [Figs. 3(h)-3(k)] also
systematically demonstrate that neither spontaneous in-plane
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FIG. 3. (Color online) Thickness dependence of magnetic struc-
tures in a wedge-shaped (111) MnSi plate. (a), (b) 2D thickness map
obtained by EELS and the averaged line profile [over the surrounded
area with red dashed lines shown in (a)] of the sample thickness,
respectively. (c) LTEM image taken under zero field at 6 K. The
defocus distance is approximately —30 um. Dashed line indicates
the boundary between areas 3 and 4. (d)—(g) FFT of each local LTEM
image for areas 1-4 taken at 6 K under zero magnetic field and
(h)—(k) under 290 mT field. (1), (m) LTEM images for the same area
as presented in (c), obtained under 200 mT field at (1) 15 K and (m)
20 K, respectively.

spiral structure nor hexagonal SkX under magnetic field
appears in the thicker region (area 4) at this low temperature,
in contrast to the robust in-plane stripes and field-induced
SkX in the thinner regions (areas 1-3) of the plate. This
indicates that the magnetic anisotropy dominates and induces a
favorable out-of-plane modulated screw and conical structure,
respectively, without field and under normal magnetic field,
when the sample is thick enough. The reduction of the sample
thickness is likely to enhance the loss in the DMI energy gain
for the case of incomplete helix formation along the normal
([111]) direction. When the thickness is below a crossover
thickness (.), the modulation vector slants away from out of
plane to in plane.

Interestingly, the temperature dependence of the LTEM
images under the 200 mT field shown in Figs. 3(1) and 3(m)
reveals that the hexagonal SkX emerges even in area 4 with
the increase in sample temperature near 7y; when we increase
the temperature up to 20 K, the hexagonal SkX emerges and
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extends over area 4 under a perpendicular field of 200 mT
despite the absence of an in-plane helical vector at zero
magnetic field in the same area 4. Thus, to understand the
skyrmion stability in B20-type system, the thermal fluctuation
effect should be taken into account also in the thin film case.
Another point to be noted here is that the magnetic contrast
was observed for a very thin area (even 10 nm thickness
in area 1), as clearly exemplified by the FFTs of helical
and SkX structures [Figs. 3(d), 3(h)], in contrast to a recent
prediction [24] that the minimum thickness for the observation
of skyrmions is 17 nm for MnSi.

D. Skyrmion phase diagrams depending on crystalline
orientation and thickness of MnSi thin plate

Based on the systematic LTEM observations for three
MnSi thin plates with different orientations [(111), (110), and
(001)] and thickness gradient, we established magnetic phase
diagrams, as shown in Fig. 4. The thickness maps obtained
by EELS measurements shown in Figs. 4(a)—4(c) indicate
that the sample thickness changes from O to above 120 nm
for all of the wedge-shaped (111), (110), and (001) plates.
The LTEM measurements for such wedge-shaped thin plates
allowed us to obtain the thickness dependence of the magnetic
phase diagram. In the thicker regions of the MnSi plates
with the thickness (75 nm to 120 nm) above f. ~ 75 nm, clear
differences of the SkX phase are observed for the (111) plate
versus the (110) and (001) plates. In the thicker (111) plate
witht > 1., the SkX phase shrinks to a small pocket [Fig. 4(d)],
almost approaching the A phase region in MnSi bulk [25] in
the 7-B plane, while the robust SkX phase prevails in a wide
window of the 7-B plane in (110) and (001) plates [Figs. 4(e),
4(f)]. Another difference is that the helical propagation vector
in zero field lies within the plane for (110) and (001), while the
vertical helical structure with the modulation vector normal
to the (111) plate is the most plausible one for (111) plate.
As the sample thickness becomes less than the crossover
thickness #, ~ 75 nm [Figs. 4(g)—4(1)], regardless of the crystal
orientation, the SkX phase subsists down to 6 K. These
phase diagrams indicate that the thick (111) plate is rather
unique among the samples investigated, where the vertical
spiral structure is favored in the absence of magnetic field
and the vertical conical structure shows up upon application
of the field at low temperatures. More unexpectedly, contrary
to the relatively stable SkX in (111) and (001) plates, SkX
changes to the SkG structure [shown in Fig. 2(h)] near Ty in the
(110) thin plate, while the most favorable helical propagation
vector (i.e., (111)) is within the plane in this orientation. The
reason for the disappearance of the helical stripe in (110) thin
plate at lower temperatures, which was also observed in the
previous study [26], is not clear at the current stage.

IV. CONCLUSION

In conclusion, systematic real-space LTEM observations
unveil the crystalline-plane and plate-thickness dependences
of skyrmion forms and their stability in B20-type cubic
helimagnet MnSi: Such a variation is mostly attributed to the
competition between the weak uniaxial magnetic anisotropy
and the DMI energy in the finite-thickness plate. Based on
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FIG. 4. (Color online) Magnetic phase diagrams obtained for wedge-shaped (111), (110), and (001) MnSi thin plates with thickness
gradient. (a)—(c) 2D thickness maps of the (a) (111), (b) (110), and (c) (001) plates, respectively. The phase diagrams in the 7-B plane obtained
in (A) thick regions with thickness of 75nm < ¢ < 120 nm [(d)—(f)], (B) intermediate-thickness regions between 45 nm and 75 nm [(g)-(1)],
and (C) thin regions with thickness below 45 nm [(j)—(1)]. These diagrams are obtained from LTEM images taken at the regions designated
as A, B, and C, respectively, in (a)-(c). H, Rg-H, SkX, V-H/C, and FM are the in-plane helical structure, random/rotating-g helical structure,
skyrmion crystal state, (possibly) vertical helical or conical structure, and field-induced ferromagnetic state, respectively. The open circles show

the data points where LTEM snapshots were taken.

extensive LTEM observations, we have concluded that (1)
the robust hexagonal SkX phase exists in a wide window of
the 7-B plane and shows minimal dependence on crystalline
orientation in thin MnSi plate with sample thickness below
t.(~75 nm); (2) in contrast to the robust SkX in (110) and (001)
MnSi, the in-plane spiral structure in zero field disappears and
the SkX phase window shrinks in the 7-B plane for thicker
(111) MnSi with thickness above ¢.. This observation indicates
a favorable vertical spiral structure at the ground state and
possible conical structure under normal magnetic fields due to
the dominant effect of magnetic anisotropy in the (111) plate
with increasing thickness; (3) increasing magnetic field can
drive the crystallographic form of skyrmion from multidomain

state of SkX to the single-crystalline state of SkX and further
to the skyrmion glass structure in the (111) MnSi thin plate.
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