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Envisaged applications of skyrmions in magnetic memory and logic devices crucially depend on the
stability and mobility of these topologically non-trivial magnetic textures in thin films. We present
for the first time quantitative maps of the magnetic induction that provide evidence for a 3D modula-
tion of the skyrmionic spin texture. The projected in-plane magnetic induction maps as determined
from in-line and off-axis electron holography carry the clear signature of Bloch skyrmions. However,
the magnitude of this induction is much smaller than the values expected for homogeneous Bloch
skyrmions that extend throughout the thickness of the film. This finding can only be understood,
if the underlying spin textures are modulated along the out-of-plane z direction. The projection of
(the in-plane magnetic induction of) helices is further found to exhibit thickness-dependent lateral
shifts, which show that this z modulation is accompanied by an (in-plane) modulation along the x

and y directions.

I. INTRODUCTION

Skyrmions [1] are topologically non-trivial vortex-like
spin textures, anticipated for application in spintronic
technologies, referred to as skyrmionics, in next genera-
tion magnetic data processing and storage due to their
facile manipulation by spin-polarized currents of very low
magnitude [2, 3]. The unique features of skyrmions, e.g.,
their dynamics, topological structure, competing mag-
netic interactions, are generally of great interest from a
fundamental physics point, understanding emerging mag-
netic field-like interactions induced by topologically non-
trivial chiral spin structures. In chiral-lattice ferromag-
nets without spatial inversion symmetry, such as the B20
compound Fe0.95Co0.05Ge (see Fig. 1 (a)) investigated in
this work, skyrmions arise from the interplay between
the Dzyaloshinskii-Moriya interaction [4, 5] and ferro-
magnetic exchange mechanisms [6]. Indeed, these and
similar competing interactions, such as surface dipolar in-
teraction, may lead to a whole zoo of non-trivial spin tex-
tures, including helical, cycloidal and various skyrmionic
phases (antiskyrmions [7], Néel skyrmions [8]). Besides
spin-polarized STM [9] and MFM [10] probing the sur-
face spin texture, X-ray microscopy [11] was used to in-
vestigate the projected magnetic structure of skyrmions.
Furthermore Lorentz transmission electron microscopy
(TEM) and transport of intensity (TIE) holography have
been employed to reveal the projected skyrmionic texture
in a variety of studies [12–15] in dependency of the ap-
plied magnetic field, temperature, sample thickness and

crystallographic orientation, covering a large class of ma-
terials.

However, in particular for skyrmionics, knowledge
about the full three-dimensional spin texture including
its coupling to surfaces and interfaces, ubiquitous in
thin film technology, is of fundamental importance, be-
cause it determines the stability and dynamics of the
skyrmion state. Several theoretic studies predicted the
occurence of 3D modulated skyrmion textures [16–19]
as a consequence of surface anisotropies as well as 3D
Dzyaloshinskii-Moriya interaction, also taking into ac-
count similarities to smectic liquid crystals [20, 21]. In
particular, Rybakov, Borisov and Bogdanov theoretically
predicted the presence of a chiral surface twist [16], which
was later experimentally discovered in epilayers of chi-
ral magnets [22, 23]. This surface modulation renders
the skyrmionic state stable in thin film geometries (mak-
ing it a ground state) as opposed to its metastable (i.e.,
excited) nature in the bulk. Later, a full-blown phase
diagram of helical, skyrmionic, and other magnetic tex-
tures, such as Bobbers [24] has been computed for thin
films of isotropic chiral magnets [19]. Experimental stud-
ies on modulated 3D spin textures in skyrmions have
been, however, elusive to date. Similarly, almost none
of the abundant microscopy studies [12–15, 25–28] give
quantitative values of projected magnetic fields carrying
a fingerprint of the modulated 3D texture to the best
knowledge of the authors.

Here, we seek to fill this gap by carrying out electron
holography (EH) studies at different orientations of the
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sample to quantitatively reconstruct the projected mag-
netic field pertaining to both the helical and the skyrmion
lattice phase in single crystal nanoplates of the isotropic
chiral magnet Fe0.95Co0.05Ge. We compare our experi-
mental results to magnetostatic simulations taking into
account 3D modulation models such the chiral surface
twist in order to discuss the presence of 3D spin tex-
tures in skyrmions. Our findings clearly suggest (i) the
presence of inhomogeneous spin textures similar to pre-
viously discussed surface modulations and (ii) show that
currently available spin structure models cannot account
for our experimental results.

II. FUNDAMENTALS

Following [29] one may describe the isotropic chiral
magnet FeGe (space group P213) with a continuum spin
model (normalized magnetization vector m), i.e., as a
(meta)stable state of the free energy
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the interplay of ferromagnetic exchange and the
Dzyaloshinskii-Moriya interaction leads to the formation
of a helical spin order with a periodicity LD = 4πJ/D
determined by the ratio of the Dzyaloshinskii–Moriya in-
teraction constant D and the ferromagnetic exchange in-
teraction constant J (LD ≈ 70 nm in FeGe [30]). When
additionally applying a weak magnetic field below the
critical field HD = D2/ (2MSJ) skyrmions typically ar-
range in a hexagonal lattice formed by three superim-
posing helical spin waves appearing in a plane normal to
the field irrespective of the crystal orientation due to the
weak crystal anisotropy in FeGe.

In addition, it is well-known that the stability of a
skyrmion state increases as the thickness of the FeGe
sample decreases [13]. Recently, a 3D modulation of the
spin texture of the helical and Skyrmion phase with a
chiral surface twist was predicted [16, 17, 19], which sta-
bilizes the skyrmionic state in thin films. The proposed
3D texture can be described by the z-invariant helical
spiral modulated by an additional azimuthal modulation
of the magnetization, ψ = sinLDz, which resembles to
add a Néel type magnetic texture close to the surfaces
[19]. Note, however, that the predicted length of the
chiral surface twist is rather small (< LD/4), rendering
its experimental observation challenging. Furthermore,
little is known about additional possible surface modu-
lations, e.g., induced by surface anisotropies. Another
layer of complexity is introduced by surface modulations
occurring during the fabrication of thin magnetic layers.
For instance, surface damage during synthesis or TEM
specimen preparation may lead to a non-magnetic layer.

III. EXPERIMENTAL

In order to experimentally probe the 3D modulation
of magnetic textures we apply focal series in-line and
off-axis EH enabling the reconstruction of the projec-
tions of the lateral components of the magnetic induc-
tion

´

B⊥dz, respectively (see the Supplemental Mate-
rial, Suppl. I [31]). This implies that cycloidal modu-
lations (and hence also Néel skyrmions) are invisible in
these techniques, if they are aligned perpendicular to the
beam, because the stray fields above and below the thin
film sample cancel the lateral fields within the sample in
projection. Thus, to observe cycloidal modulation the
specimen needs to be tilted with respect to the electron
beam.

The skyrmion phase was investigated using a dou-
ble corrected FEI Titan3 80-300 microscope operated in
imaging corrected Lorentz mode (conventional objective
lens turned off) at an acceleration voltage of 300 kV . All
measurements were performed at a sample temperature
of 90K using a Gatan double tilt liquid nitrogen cooling
holder. Since artifacts implemented during the sample
preparation in the standard FIB preparation of thin TEM
lamellas may alter the magnetic properties of the thin
film, we investigated as-synthesized Fe0.95Co0.05Ge par-
ticles (see the Supplemental Material, Suppl. II [32]). For
TEM investigations, the particles were transferred onto
a holey carbon film by swiping the TEM grid gently over
the particles on top of the Ge substrate. An applied field
of 43mT in out-of-plane direction leads to the appear-
ance of the skyrmion phase in the slab-like Fe0.95Co0.05Ge
nanoplate (see Fig. 1 (d)). A focal series of Lorentz TEM
(L-TEM) images ranging from +840µm to −840µm in
focus steps of 84µm of a single isolated nanoplate ori-
ented along [001] zone axis (see Fig. 1 (b)) was recorded.
Reconstruction of the electron wave’s phase and hence
the magnetic induction was obtained with the help of a
modified Gerchberg-Saxton type algorithm incorporating
affine image registration due to magnification change and
residual shifts as well as rotations building up in such a
long range focal series [33].

To supplement the focal series reconstructions from
large field of views (eventually suffering from a damping
of very low and large spatial frequencies [33]), smaller
areas of the same nanoplate were investigated by off-axis
EH [34]. To this end, the electron biprism voltage was
set to 180V to produce an overlap interference width of
500nm and a holographic interference fringe spacing of
1.4nm. For hologram recording, an exposure time of 4 s
was employed. Off-axis electron holograms were recon-
structed numerically using a standard Fourier transform
based method with sideband filtering using in-house de-
veloped scripts for Gatan Microscopy Suite (GMS) soft-
ware package. Contour lines and colour maps were gen-
erated from recorded magnetic phase images to yield
magnetic induction maps (see the Supplemental Mate-
rial, Suppl. III). The sample thickness was determined
by means of zero-loss energy-filtered (EF)TEM using
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a Gatan Tridiem 865 energy filter yielding a thickness
wedge over the field of view between 100nm and 150nm
in the case of in-line EH as well as between 100nm and
200nm in the case of off-axis EH. In the latter case, the
thickness measurement was confirmed by using the phase
image (see the Supplemental Material, Suppl. IV [35]).

To reveal the z-modulation, we recorded a EH tilt se-
ries of the helical phase of the previously investigated
nanoplate ranging from -40° to +30° without magnetic
field applied at both temperatures 90K and room tem-
perature (see the Supplemental Material, Suppl. V).
Higher tilt angles could not be attained because of tech-
nical limitations of the liquid nitrogen cooling holder.
We reduced dynamical diffraction contrast by tilting the
specimen -7° out of the [001] zone axis in direction per-
pendicular to the TEM goniometer axis. In order to ex-
tract 3D information from the limited tilt range of pro-
jections, we compare the tomographic data to projected
magnetic fields obtained from magnetostatic simulations
(see the Supplemental Material, Suppl. VII). Hereby, we
take into account several z-dependent spin modulations,
such as a non-magnetic surface layer or a chiral surface
twist. The z-invariant case (i.e., surface layer thickness
equal zero) is thereby used as reference.

IV. RESULTS

Fig. 2 (a) depicts a L-TEM micrograph in underfocus
showing the hexagonal skyrmion lattice as dark contrast,
which is one image of the focal series used for in-line
holography reconstruction of the object exit wave in am-
plitude and phase (see Sect. III for acquisition and recon-
struction parameters). The projected in-plane compo-

nents of magnetic induction (Bproj

⊥
(x, y)) were computed

from the spatial derivative of the reconstructed phase im-
age (Supplemental Material, Eq. (2)). The knowledge of
the projected thickness, which we determined by zero-
filtered EFTEM, enables us to compute the B⊥ (x, y)
components averaged along z-direction, i.e., B⊥ (x, y).
Figs. 2 (b,c) show magnetic induction maps B⊥ (x, y) in
cylindrical coordinate representation visualizing the spin
texture of the skyrmions by Bφ (x, y) (Fig. 2 (b)) and

their donut-shaped magnitude by Br (x, y). Likewise, we
observed magnetic induction maps (Figs. 2 (e,f)) from
a phase image reconstructed by off-axis EH (Fig. 2 (d))
on the same Fe0.95Co0.05Ge nanoplate. Comparing the
results of the two holographic methods, we measure
a slightly higher magnetic induction Br (x, y) with a
slightly higher spatial resolution in the case of off-axis
holography. However, we consistently observe a reduc-
tion of the B-fields (Bmax = (0.2 ... 0.3) T ) with respect
to the z-invariant case (Bmax = 0.43T ) obtained from
magnetostatic simulations. Note that we observe similar
reductions in a variety of FeGe samples subject to differ-
ent preparation histories (e.g., as-synthesized nanocrys-
tals, FIB lamellas). Consequently, we can exclude the
presence of a non-magnetic surface layer of approximately

Figure 1. (a) Structure of FeGe and Fe0.95Co0.05Ge in the cu-
bic B20 phase. Fe and Co atoms are shown in violet and Ge
in brown. (b) TEM image of a Fe0.95Co0.05Ge nanoplate in
[001] orientation on a holey carbon support with the diffrac-
tion pattern shown in the inset. The red square marks the
area investigated by L-TEM and EH. (c) Skyrmion lattice
and (d) helical phase as observed within the marked area in
panel (a) in fields of 43mT and 0mT , respectively. The in-
sets show schematically the magnetic phase diagrams with
the corresponding phases marked in red. H, C, S, and FP
denote the helical, cycloidal, skyrmion or field polarized fer-
romagnetic phases, respectively.

40nm as the principle reduction mechanism. In order
to clarify the origin of the reduced values a 3D recon-
struction of the magnetic induction by means of elec-
tron holographic tomography [36] would be required. In
case of the skyrmionic lattice a tomographic investiga-
tion of the 3D modulation is currently experimentally un-
feasible, because this necessitates an externally applied
out-of-plane magnetic field to be tilted with the sam-
ple. In the current experimental setup, the skyrmions
align along the magnetic field of the objective lens which
has a fixed orientation along the optical axis. In order
to overcome these pertaining experimental challenges in-
situ magnetic vector field application devices and auxil-
iary magnetic signals such as EMCD [37–40] would be
helpful. In the following, we therefore resort to acquir-
ing a tilt series of the helical phase stabilizing without
applied external field. A representative holographic B-
field reconstruction of the helical phase is depicted in
Fig. 3 (a,b). Accordingly, we observe sinusoidal modu-
lations of the projected lateral B-field component with
a period of 77nm corresponding to spiral magnetic tex-
tures aligned in plane (see the Supplemental Material,
Suppl. VI). Unfortunately, upon tilting rather large lo-



4

Figure 2. Reconstruction of the projected in-plane compo-
nent of the magnetic induction, B⊥, within the hexagonal
skyrmion lattice of the Fe0.95Co0.05Ge nanoplate using in-
line (a-c) and off-axis holography (d-f). (a) L-TEM image
at −84µm defocus showing the skyrmions as dark contrast.
(d) Phase image at the position indicated by the red square
in (a). (b,e) Mapping of the direction of B⊥ by combining a
vector plot (white arrows) and a false color image. (c,f) False
colour mapping of the magnitude of B⊥.

cal variations occur in the phase images (e.g., bending
fringes visible in the inset of Fig 3 (a)) that are related
to changes in the dynamic scattering conditions of the
175nm thick crystalline sample in the region of interest
(ROI). Likewise, the phase images taken at room tem-
perature required to determine the thickness maps for
each tilt, suffer from dynamical diffraction contrast and
need to be treated with care (see the Supplemental Mate-
rial, Suppl. V). After normalizing the projected magnetic
fields with corresponding thickness maps, we consistently
observe a reduction of the B-fields (Bmax = 0.2T ) with
respect to the z-invariant case (Bmax = 0.43T ) as deter-
mined in the case of the skyrmion texture. Consequently,
a similar 3D modulation as for the skyrmion lattice is ex-
pected under field-free conditions.

To gain more insight in the underlying spin texture,

Figure 3. Dependence of the in-plane magnetic induction on
the specimen tilt around the propagation axis of the helical
phase in a Fe0.95Co0.05Ge nanoplatelet. (a) In-plane compo-
nent Bx (as determined from off-axis holography) normalized
to the specimen thickness. The tomographic tilt axis and the
direction of the thickness gradient are indicated by black ar-
rows. The inset shows the corresponding L-TEM image (scale
bar = 200nm). (b) Line profile of the projected in-plane mag-
netic induction B̄x along the red arrow (and averaged along
its width) in (a) and sinusoidal fit using the function denoted
above. (c) B-field amplitudes B̄max obtained from likewise
determined fits to the induction maps as function of the tilt
angle. Simulations for (z-invariant) pure helical spirals (solid
line) and with chiral surface twist (dashed line) are included
for comparison. (d) Amplitude ∆ of the undulation of the
magnetic stripe contrast (perpendicular to the helical axis)
around its mean value as function of the thickness in units
of LD. The anisotropically magnified stripe image shown as
an example above indicates how ∆ is determined. The error
bars in (c) and (d) are given by the fit error.

we analyze the magnetic contrast as function of the tilt
angles (Fig. 3 (c)). In the investigated nanoplatelet, the
helices are aligned almost parallel to the tilt axis (mistilt
of 5° as depicted in Fig. 3 (a)). This orientation is well-
suited to identify any 3D spin modulation, such as the
previously discussed mixing of helical (i.e., Bloch type)
and cycloic (Néel type) spiral spin textures in the chiral
surface twist, as additional contrast modulation of the
stripe pattern in the tilt series. For the contrast mea-
surement, we shifted the ROI in each phase image of the
tilt series such that the same mean thickness of 175nm
was achieved. This suppresses the possible influence of
the thickness on the projected fields. The tilt series show
a nearly constant value of Bmax for tilt angles from -40°
to 12° and a strong drop by more than 10% at higher
tilt angles. Two different scenarios have been evaluated
to clarify the 3D spin configuration: (i) in case of a pure
helical spiral without surface twist (solid red line) and
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upon tilting, the thickness-normalized fringe contrast is
almost constant except for a slight modulation around
zero tilt due to the above-mentioned mistilt of -7°. This
also causes a reduction of Bmax from 0.43T to 0.38T .
(ii) Cycloic-like modulations in a surface twist layer with
a thickness of 0.1LD lead mainly to an additional con-
trast damping (dashed red line) of approximately 3%
percent, which is, however, significantly smaller than ex-
perimentally observed (Fig. 3 (c)). The measured 50%
reduction of the projected fields may only be explained
by additional z-dependent modulations, spanning larger
sections of the film. Evaluating the local fringe position
(lateral phase) in a representative induction map from
the tilt series (cf. Fig. 3 (a)) and correlating the latter
with the corresponding thickness map, we also observed
lateral in-plane) displacements of the helical stripes as
a function of the overall thickness (see Fig. 3 (d) and
scheme above). Such an undulation points to a lateral
shift of the helix as a function of the z-coordinate, which
in turn would on the one hand lead to an additional con-
trast damping, while on the other hand, would explain
the observed asymmetric dependence of the contrast on
the tilt angle (Fig. 3 (c)). Such surface-related modula-
tions of the spin texture may be stabilized by additional
(surface) anisotropies in the above free energy functional.

In summary, we carried out a quantitative electron
holographic reconstruction of the projected in-plance
magnetic induction in Fe0.95Co0.05Ge examined under
various tilt directions. We show that these projected
magnetic fields are significantly smaller than the fields
expected for both z-invariant Bloch Skyrmions and the

theoretic predictions of chiral surface twists in the thin
surface layers of such helimagnets. Although this find-
ing cannot be accounted for by any present model of
spin structures, it clearly shows that the underlying mag-
netic structure substantially deviates from that of a reg-
ular Bloch skyrmion in major sections of the film in z-
direction. Analyzing the thickness dependence of the
projeted in-plane field pattern of the helical phase fur-
ther reveals modulations of this structure also in the x-
y-plane. Hence, rather than supporting the model of a
homogeneous skyrmion lattice, the results of the present
investigations can only be understood by assuming mod-
ulations of the skyrmionic structure in all three dimen-
sions throughout the helimagnetic film.
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