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The internal and lattice structures ofmagnetic Skyrmions inB20-type FeGe are investigated using off-axis
electron holography. The temperature, magnetic field, and angular dependence of the magnetic moments of
individual Skyrmions are analyzed. The internal Skyrmion shape is found to vary with applied magnetic
field. In contrast, the inter-Skyrmion distance remains almost unchanged in the lattice phase over the studied
range of applied field. The amplitude of the local magnetic moment is found to vary with temperature, while
the Skyrmion shape does not change significantly. Deviations from a circular to a hexagonal Skyrmion
structure are observed in the lattice phase, in agreement with the results of micromagnetic simulations.
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Skyrmions are nanoscale vortexlike spin objects [1–3] that
are stabilized in chiral crystals [4,5] andbilayer films [6–8] due
to the Dzyaloshinskii-Moriya interaction (DMI) [9,10].
Skyrmions and Skyrmion lattices (SkLs) [4,5] are attracting
considerable attention for their novel electrodynamic proper-
ties and potential applications [3,11]. Although spin-polarized
scanning tunnelingmicroscopy has been used to study bilayer
PdFe=Irð111Þ to reveal the structures of atomic-scale SkLs [6]
and the magnetic field dependence of isolated Skyrmions [8],
detailed information about the SkL structure in chiral crystals
remains elusive. Skyrmions and SkLs in chiral crystals can be
regarded as spatially localized particlelike objects that can
assemble together and are topologically protected [1,3], as
confirmed by real-space observations [5,7,8,12]. SkLs have
been described properly as multiple-Q states in small-angle
neutron scattering studies [13,14]. McGrouther et al. mea-
sured the magnetic field dependence of the Skyrmion internal
structure using differential phase contrast imaging and showed
qualitative agreement with theoretical calculations [15].
However, the quantitative real-space investigation of the
dependence of Skyrmion structure on temperature T and
external magnetic field Bext is still lacking.
In this Letter, we investigate the T and Bext dependence

of the internal and lattice structures of Skyrmions using off-
axis electron holography [16] in the transmission electron
microscope (TEM). The technique can be used to provide
real-space measurements of in-plane magnetic induction

projected onto a plane perpendicular to the incident
electron beam direction (ke) [17]. Previously, Park et al.
observed a SkL in Fe0.5Co0.5Si using off-axis electron
holography and discussed its three-dimensional structure
on the basis of the thickness dependence of the electron
phase shift (ϕ) [18]. In contrast, here we focus on the spatial
distribution of ϕ and discuss the dependence of internal
Skyrmion and SkL structure on T and Bext. We examine a
thin plate of B20-type FeGe, which has suitable physical
properties for electron holography measurements: a high
critical temperature TC (278 K), a relatively long perio-
dicity of the helical magnetic order (70 nm), a large
magnetization (1 μB=FeGe) and a wide SkL phase region
in the T − Bext plane for thin samples [19].
Single crystals of B20-type FeGe were synthesized using

a chemical vapor transport method [20]. A thin platelike
sample of FeGe (110) with a thickness of approximately
120nmwasprepared using a focused ion beammethod (NB-
5000, Hitachi). Off-axis electron holograms were recorded
using an accelerating voltage of 300 kVin an FEI Titan TEM
equipped with a field emission electron gun, multiple
electron biprisms, and an objective lens spherical aberration
corrector [21]. All measurements were performed in aber-
ration-corrected Lorentz mode with a spherical aberration
coefficient Cs of below 1 mm, which reduces image
delocalization. The electron holography experiments were
performed using a single biprism positioned close to one of
the conjugate image planes in the microscope. The sample
temperature was controlled using a liquid N2 cooling holder
(Gatan model 636). An external magnetic field Bext was
applied parallel to the incident electron beam direction (i.e.,
perpendicular to the sample plane) using the magnetic field
of the partially excited conventional microscope objective
lens in order to stabilize Skyrmions [5]. The applied
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magnetic field strength was calibrated using a Hall effect
sensor positioned in a TEMholder. Real-space phase images
were reconstructed from recorded holograms using
HOLOWORKS software (Gatan). The structures of the
observed Skyrmions were analyzed in cylindrical coordi-
nates: r ¼ ðρ sinφ; ρ cosφ; zÞ, where the origin (r ¼ 0) is
taken at the center of each Skyrmion, the z axis is taken to be
perpendicular to the film plane, and theφ ¼ 0 line is taken as
the line passing through the origin and the center of a second
nearest neighbor Skyrmion [see Fig. 3(b) below]. An
incident electron traveling along the þz direction experi-
ences a phase shift that can be described using the equation

ϕðρ;φÞ ¼ e
ℏν

Z þ∞

−∞
Vðρ;φ; zÞdz

−
e
ℏ

Z þ∞

−∞
Aðρ;φ; zÞ · ezdz; ð1Þ

where V is the mean inner electrostatic potential of the
sample, ν is the electron velocity, A is the magnetic vector
potential, ℏ is the reduced Planck constant, e is the
elementary electric charge, and ei is a fundamental unit
vector in the coordinate system (i ¼ ρ, φ, z) [17]. The first
and second terms are the electrostatic and magnetic con-
tributions to the phase shift, respectively.
Figure 1(a) shows a representative reconstructed phase

image recorded at 95 K and 100 mT after field cooling at
100 mT. The hexagonally arranged peaks in the phase
image, each of which corresponds to a Skyrmion whose
in-plane magnetic moments are wound counterclockwise
[18], confirms the formation of a SkL even at 95 K
(≪ TC ∼ 278 K) [12]. Figures 1(b)–1(d) show the distri-
bution of the phase ϕ after heating from 95 K in the
presence of a 100 mT magnetic field. The dependence of ϕ
on Bext was also investigated. After a SkL had formed at

200 K in 100 mT by field cooling, Bext was increased.
Figures 1(e)–1(h) show the distribution of ϕ measured at
different Bext values at 200 K. The SkL survives up to about
350 mT. The application of a 400 mT field then annihilates
some Skyrmions, while some remain [Fig. 1(h)]. At 450 mT
(not shown), no phase peaks are observed, all Skyrmions are
annihilated and a ferromagnetic state is realized.
Assuming a uniform sample thickness t and mean inner

potentialV, i.e., a flat and homogeneous sample, the first term
in Eq. (1) takes the form of a uniform phase offset and can be
ignored. The recorded phase was averaged over different
Skyrmion sites and symmetrized by taking into account the
sixfold andmirror symmetry of the lattice for statistical noise
reduction (see Supplemental Material [22] for the averaging
process and the symmetrized experimental phase maps).
We analyzed themagnetic configurationof eachunit cell of

the SkL using the symmetrized ϕðρ;φÞ maps. Figure 2(a)
illustrates the magnetic configuration of a Skyrmion in the
SkL.Themagneticmoment vectorsm at the core and edge are
antiparallel and parallel to the applied magnetic field
Bext ¼ Bextez, respectively [4,5]. In the intermediate region,
m rotates from the core to the edge in a unique rotational
sense, which is right handed in this case. We assume a
cylinderlike structure, in which mðrÞ is homogeneous along
Bextjjez. This assumption does not strictly hold true, since the
magnetic structure is modulated near the specimen surfaces
[24,25]. However, such small modulations cannot signifi-
cantly change the phase shift because in our micromagnetic
calculations they are exponentially damped and practically
vanish at a depth of ∼20 nm from the surface (see
Supplemental Material [22]). As far as the unit cell of the
SkL is concerned, it is then convenient to describe the
structure as a function of distance from the center of a
Skyrmion (ρ), on the assumption that the Skyrmion can be
treated as an almost axially symmetrical object. We compare
the shapes of Skyrmions determined from different phase
images by normalizing each radial phase profile ϕðρÞ so that
the difference (Δϕ) between the peak and the dip is identical,
as shown in Fig. 2(c) for differentT values atBext ¼ 100 mT.
The consistency between the curves indicates that there is
no significant dependence of Skyrmion structure on T over
the studied range of Bext. Figure 2(g) shows the dependence
of the normalization factor Δϕ on T. The decrease in Δϕ
with increasing T is attributed to a decrease in the
effective magnetic moment due to thermal fluctuations. The
T-dependent variation of Δϕ appears to be consistent with
that of themagnitude of the orderedmoment [26]. Figure 2(e)
shows normalized profiles of ϕðρÞ plotted for different Bext
values at 200K. In contrast to the absence of a T dependence,
the ϕðρÞ profiles vary significantly with Bext.
The spatial distribution of the direction ofmðrÞ was used

as an intuitively understandable quantity to interpret the
magnetic configurations from the ϕðρÞ curves. On the
assumption that the thickness t and mean inner potential V
are uniform in the sample and that there are no strong

FIG. 1. Dependence on temperature T and applied magnetic
field Bext of the phase shift (ϕ) recorded from Skyrmions in a thin
sample of FeGe using off-axis electron holography. (a)–(d) Phase
shift recorded in a magnetic field of 100 mT at a temperature of
(a) 95, (b) 160, (c) 200, and (d) 240 K. (e)–(h) Phase shift
recorded at a temperature of 200 K in a magnetic field of (e) 100,
(f) 200, (g) 300, and (h) 400 mT. The magnetic field was always
applied perpendicular to the plane of the sample (≃120 nm
thick). All scale bars are 100 nm.
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magnetic fringing fields, ∇ϕ is proportional to the pro-
jected in-plane magnetic induction B, which is assumed to
be proportional to the projected in-plane magnetization
[27]. We describe the micromagnetic calculations validat-
ing this assumption in the Supplemental Material [22].
In the present coordinate system, we assume that the
relation ∇ϕðrÞ ¼ −ðet=ℏÞBðrÞ × ð−ezÞ holds. In particu-
lar, we make use of the relation ð∂ϕ=∂ρÞ ¼ eρ · ∇ϕðrÞ ¼
ðet=ℏÞBðrÞ · eφ ∝ tmðrÞ · eφðrÞ along the radial (ρ)
direction. Assuming a fixed magnetization amplitude
M ¼ jmj and a fixed Bloch-type magnetic helicity [3] in
FeGe [19,28], we can describe mðrÞ in the form
m ¼ Mðsin θ cosφ; sin θ sinφ; cos θÞ, where θðρÞ is the
spin rotation angle, as defined in Fig. 2(b). Then, θðρÞ is
given by the expression

θðρÞ ¼ cos−1
�
mðρÞ · ez

M

�

¼ cos−1
 
sgn(mðρÞ · ez)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�∂ϕ
∂ρ =

∂ϕ
∂ρ
����
max

�
2

s !
;

ð2Þ
where the sign sgn(mðρÞ · ez) is taken as 1 (−1) where
ρ > ρ0ð< ρ0Þ, and ð∂ϕ=∂ρÞjmax is the maximum value of
j∂ϕ=∂ρj at ρ ¼ ρ0. Figures 2(d) and 2(f) show the mea-
sured T and Bext dependence of θ plotted as a function of ρ,
derived from Figs. 2(c) and 2(e), respectively, using Eq. (2).
The value of ρ at which m shows an in-plane direction
(θ ¼ π

2
) becomes smaller with increasing Bext. This behav-

ior can be understood in terms of an increasing component
ofmðrÞ parallel to Bext at large Bext due to a gain in Zeeman
energy. Meanwhile, the inter-Skyrmion distance aSk, which
is twice the value of ρ at which θ ¼ −π, is approximately
80 nm and is unaffected by Bext, as shown in Fig. 2(f).
We compare the experimental data with the classical

micromagnetic model for an isotropic chiral magnet.
Equilibrium Skyrmion states are found by energy mini-
mization of the continuum functional, which contains terms
describing the Heisenberg exchange, the DMI, the Zeeman
energy, and the demagnetizing field energy:

E ¼
Z
Vs

fAð∂xm̂2 þ ∂ym̂2 þ ∂zm̂2Þ

þDm̂ · ½∇ × m̂� þMsBext · m̂ −
1

2
MsBd · m̂gdr; ð3Þ

where m̂≡ m̂ðx; y; zÞ is a continuous unit vector field. A
and D are the micromagnetic constants for exchange
interaction and DMI, respectively. Ms is the total magnetic
dipole moment per unit volume, and Bd is the demagnet-
izing field generated by the divergence of the magnetization
in the sample and at its surfaces. The integration in Eq. (3)
extends over the volume of the sample, Vs. We ignore the
relatively weak magnetocrystalline anisotropy of FeGe [28]
here and use the following material parameters estimated
in Ref. [29]: A ¼ 8.78 pJm−1, D ¼ 1.58 mJm−2, and
Ms ¼ 384 kAm−1. For the correct description of the
demagnetizing fields in the case of an extended film, we
use periodic boundary conditions with a large number of
repetitions; we take into account the demagnetizing fields
produced by many copies of the simulated domain trans-
lated in the x and y directions [22].
We performed the calculation using MUMAX

3 [30],
adopting the cuboid unit cell shown in Fig. 3(a), and
finding the equilibrium magnetization distribution for each
value of applied magnetic field with the conjugate gradient
method on a 128 × 64 × 64 mesh. Since the calculated
magnetic structures are almost homogeneous in the z
direction [22], we used the magnetization distribution
averaged in this direction through the thickness of the
film, mðρ;φÞ ¼ t−1

R
t
z¼0 m̂ðρ;φ; zÞdz, for the following
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FIG. 2. Analysis of the T and Bext dependence of internal
Skyrmion structure. (a) Schematic diagram of the magnetic
configuration (m) of a Skyrmion, shown alongside the definition
of the cylindrical coordinate system (ρ, φ, z). Bext and ke are the
external magnetic field and the wave vector of the incident
electron beam, respectively. (b) Definition of spin rotation angle
θ. (c) T dependence of the normalized phase distribution plotted
as a function of distance (ρ) from the center of each Skyrmion.
(d) T dependence of θ plotted as a function of ρ. (e) and (f) show
the Bext dependence of the normalized phase distribution and θ,
respectively, plotted as a function of ρ. (g) Normalization factor
Δϕ for the phase curves shown in (c) plotted as a function of T.
The right axis shows a rough estimation ofMs in units ofM0. The
dashed line is a theoretical curve for the critical exponent
β ¼ 0.336 [23]. The vertical arrow indicates the magnetic
transition temperature. (h) and (i) show the calculated Bext
dependence of the normalized phase distribution and θ, respec-
tively, plotted as a function of ρ.
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analyses. In order to compare the calculations with our
experimental results for the Bext dependence of the θðρÞ
profiles at 200 K, we analyzed the calculation for
Ms ¼ 0.65M0, considering the reduced amplitude of the
magnetization due to thermal fluctuations, which is esti-
mated from Fig. 2(g). We used polar coordinates, as shown
in Fig. 3(b). The normalized ϕ − ρ profile ϕðρÞ ¼
ð2πρÞ−1 R 2πφ¼0

R ρ
ρ0¼0

mðρ0;φÞ · eφdρ0dφ and the calculated

θ − ρ profile θðρÞ ¼ ð2πρÞ−1 R 2πφ¼0 cos
−1½mðρ;φÞ · ez�dφ

are shown in Figs. 2(h) and 2(i), respectively, and provide
a qualitative fit to the data deduced from the ϕ maps. The
slight difference between the experiment and the calcu-
lation results from a systematic error due to the finite
resolution of the instrument and the effect of the demag-
netizing field, as discussed in Ref. [22]. Figures 3(c) and
3(d) illustrate how the equilibrium inter-Skyrmion distance
aSk and the average magnetization change with Bext for
different Ms values. It is worth mentioning that the
demagnetizing field significantly changes the Bext depend-
ence of aSk and Ms. The energy terms describing both the
demagnetizing field and the Zeeman energy are sensitive to
the absolute value of the spontaneous magnetization Ms
which is generally T dependent. The increase in the
saturation field of the SkL for reduced values of Ms shows

the dominant role of the Zeeman energy compared to the
demagnetizing field. According to Fig. 3(c), aSk changes
slightly from 80 to 73 nm as a result of the increase in
external magnetic field field from 100 to 400 mT, which is
consistent with the small change of aSk with Bext shown in
Fig. 2(f). For magnetic fields higher than 500 mT, aSk
increases very rapidly. However, at such high fields the
Skyrmions become less stable with respect to shrinking and
some of them collapse due to thermal fluctuations, ham-
pering the observation of Skyrmions as a regular hexagonal
lattice phase.
A further interesting question is related to the deformation

of the SkL structure when the magnetic field is changed.
Figures 4(a)–4(c) show ∂ϕ=∂ρ calculated from the observed
phase maps along two typical directions of the hexagonal
SkL,φ ¼ 0 and π=6 [see Fig. 2(a)]; ∂ϕ=∂ρ represents the in-
plane component of m according to Eq. (2). Along the two
characteristic directions, the curves cross 0 at different ρ
values (∼45 and ∼50 nm, respectively). This difference is
associated with the deformation of a Skyrmion from a
circular to a hexagonal shape in the unit cell due to the
presence of surrounding Skyrmions in the SkL state.
Figures 4(d)–4(f) show mφ ¼ m · eφ obtained from the
micromagnetic model along the two typical directions.
The shape and period in the experimental data and the
calculation are in a good agreement, even without fitting.
In summary, we have investigated the internal and lattice

structures of Skyrmions in a thin sample of FeGe using off-
axis electron holography. Our measurement has revealed a
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dependence of the local magnetic moment on T, as well as
an internal shrinkage of the Skyrmions with increasing Bext.
The in-plane profile of the magnetic moment in a unit cell
of the SkL measured from an electron holographic phase
image can be fitted well using a micromagnetic model for
an isotropic chiral magnet. The in-plane profile of the
magnetic moment also reveals that each Skyrmion in the
lattice is deformed from a circular to a hexagonal shape.
We calculated the equilibrium magnetization distribution of
the Skyrmion lattice within the film to describe the
experimentally observed change in the in-plane profile
of the magnetic moment with applied magnetic field
strength. It should be noted that, over a certain range of
parameters, for a qualitative description of the Skyrmion
state the effect of the stray field can be omitted; see, for
example, Ref. [15]. However, as we show in this Letter, for
a quantitative description it should be taken into account.
Our results provide a firm basis for understanding the
structures of Skyrmions and Skyrmion lattices.
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