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Control of helix orientation in chiral
magnets via lateral confinement
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Helimagnetic materials offer a versatile platform for spin-based device concepts owing to their long-
range, tunable spiral order. Here, we demonstrate controlled manipulation of the helimagnetic
propagation vector g by geometrical confinement, using FeGe as a model Dzyaloshinskii-Moriya
interaction (DMI)-driven chiral magnet. Micromagnetic simulations based on the nonlinear sigma
model reveal that open boundaries give rise to a chiral surface twist acting as an effective surface
anisotropy, which dictates the preferred helix orientation in the absence of magnetostatic shape
effects. This geometry-induced anisotropy is quantitatively captured by an analytical model derived
from the DMI boundary condition. Magnetic force microscopy measurements on focused-ion-beam
structured FeGe confirm the predicted orientation behavior and establish geometry-controlled
helimagnetic order as a robust, tunable mechanism for steering DMI-stabilized spin-spiral states. The
concept provides a general route toward device-level control of chiral magnetic order in non-

centrosymmetric systems.

Ferromagnetic materials form an important foundation for computing
technologies, most notably in magnetic memory devices such as magnetic
tapes, hard disk drives, and magnetic random-access memory'~*. Their clear
magnetic contrast and straightforward control have made them indis-
pensable for data storage. However, the strong dipolar stray fields inherent
to ferromagnets cause cross-talk between neighboring elements and hinder
device miniaturization, posing fundamental limitations for high-density
integration and energy-efficient operation. To overcome these drawbacks,
antiferromagnets have attracted attention for their compensated spin
structure, which eliminates dipolar stray fields and enables ultrafast spin
dynamics®”. Yet, the same compensation makes them difficult to manip-
ulate and detect, restricting their direct use in practical devices. Alter-
magnets have recently been proposed as a symmetry-driven alternative that
combines the spin polarization of ferromagnets with the magnetic com-
pensation of antiferromagnets, potentially offering the best of both
worlds'*".

At the same time, other magnetic materials with more complex spin
orders have moved into focus, motivated by their unusual physical
properties, which enable innovative approaches for information processing
and data storage'""*. Among these systems, helimagnets represent an

intriguing case: their noncollinear spin order combines characteristics of
ferromagnets and antiferromagnets, exhibiting low or vanishing dipolar
stray fields while retaining spin dynamics and transport features char-
acteristic of ferromagnets'”™’. Helimagnetic materials exhibit long-range
spiral arrangements of spins characterized by a propagation vector g, which
defines the direction and periodicity of the helical order, as illustrated in
Fig. 1. Depending on the crystal symmetry and intrinsic magnetic aniso-
tropy, q typically aligns along high-symmetry axes in the ground state™”.
However, the orientation of q can be altered by external stimuli, such as
magnetic fields or electric currents, affecting key physical properties
including magnetoresistance and spin-wave propagation®**”. This
tunability, which is leveraged in the emerging field referred to as helitronics,
highlights the potential of helimagnetic systems for reconfigurable spin-
based devices™.

Controlling helimagnetic order at the local length scale and in device-
relevant confined geometries, however, remains a challenging task. In
seminal studies, it was demonstrated that helical spin textures with q parallel
to the surface emerge in manganese (Mn) monolayers on W(110)***,
whereas in B20 compounds the helix axis in bulk crystals typically follows
crystallographic high-symmetry directions with a tendency to align with the
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Fig. 1 | Helical spin order in FeGe. a Schematic illustration of the helical ground
state showing the wavelength A and propagation direction g. b Micromagnetic
simulation of the helical state with the magnetization shown as arrows and color-
coded according to the local magnetization direction (black = down, white = up, red
= right, cyan = left). ¢ Corresponding color-map representation of the same state as
in (b).

surface normal near exposed surfaces and in thin films**'~*, In such con-
fined geometries, additional anisotropies become relevant: in many B20 thin
films, shape anisotropy and epitaxial strain favor q along the film normal,
whereas at free surfaces of bulk single crystals, surface anisotropies can
stabilize an in-plane orientation of g*"*"****.

This sensitivity to competing anisotropies highlights the potential for
tailoring the helix orientation through geometry, interfaces, and confine-
ment. The examples above illustrate the general impact of geometrical
confinement, which can readily be leveraged to control magnetic shape
anisotropy and, hence, the propagation direction of the helimagnetic order.

In contrast to vertical confinement effects in thin-film structures,
where thickness has been shown to alter the orientation and stability of
helical states®, the effect of lateral confinement in helimagnets is much less
explored. Existing work on nanostructured chiral magnets has pre-
dominantly focused on skyrmionic textures in confined geometries, such as
FeGe nanodisks™”’, Fe/Ir(111) islands™, patterned “geometric corrals™”,
and FeGe nanostripes*'. While these studies primarily address skyrmions,
they also reveal that the underlying helical state is strongly affected by lateral
confinement—influencing stability ranges, domain formation, and
boundary behavior. Indeed, understanding how confinement modifies the
spin helix is also crucial for controlling skyrmions, as the skyrmion phase
often emerges from, or coexists with, the helical phase.

Here, we study the impact of lateral confinement on the helimagnetic
order in FeGe. Using micromagnetic simulations, we calculate the heli-
magnetic order in rectangular specimens of varying aspect ratio, deter-
mining the energy landscape and the resulting g-vector orientation.
Complementary magnetic force microscopy (MFM) measurements on
comparable patterns at the surface of an FeGe single crystal corroborate the
simulation results, showing a substantial effect of the lateral confinement
even when the helical spin textures are not fully decoupled from the
magnetic order in the bulk. Our results give additional insights into
helimagnetism in geometrically confined spaces and general guidelines for

property engineering.

Helical order under lateral confinement

FeGe naturally forms a helical spin structure below T, =278 K with a
wavelength A = 70 nm ***. The system belongs to the non-centrosymmetric
B20 family and has attracted broad attention as a high-temperature
skyrmion host material”™* and a platform for studying topological
dislocations and domain walls’****¥. Importantly for this work,
its helimagnetism and fundamental physical properties are well

characterized”*’*>***, making FeGe an ideal model system for investigating
lateral confinement effects. In bulk single crystals, q first aligns along (100)
crystallographic directions close to T, and switches to (111) directions upon
cooling, whereas at the surface an in-plane orientation of q is generally
favored ******. Aside from this surface anchoring, the in-plane orientation
of q in FeGe has been shown to be nearly isotropic*"*, with the cubic
magnetocrystalline anisotropy being weak near T.°. Consistent with
literature”*, we therefore model the surface order observed by MFM as an
isotropic two-dimensional system, where the bulk’s cubic magnetocrystal-
line anisotropy is neglected.

Anisotropy due to chiral surface twist

To model the helimagnetic order in FeGe and calculate the energetics, we
apply a similar micromagnetic model as in previous studies” (see Sup-
plementary Information for details). The model includes the standard
magnetic stiffness A,, and bulk-type Dzyaloshinskii-Moriya interaction
(DMI) D, see Supplementary Eq. (S1). The parameters are chosen to
reproduce the experimentally observed helical wavelength of A =70 nm
and the critical field for the conical-polarized transition in bulk FeGe.
Magnetostatic interactions are omitted because (i) the Bloch-type windings
in the bulk produce no magnetic volume charges, V - m, and therefore no
demagnetizing field, and (ii) the surface charges, #1 - m, while nonzero, are
negligible in the DMI-dominated regime relevant here (see Supplementary
Note 2F). No additional magnetic anisotropy terms are included.
Simulations are performed using an enhanced version of MUMAX3’"%,
which implements higher-order finite-difference stencils to minimize arti-
ficial anisotropies originating from the discretization. Lateral confinement is
modeled by simulating rectangular specimens of varying aspect ratios with
open boundary conditions, using a single discretization cell along the
thickness direction to effectively represent a two-dimensional system. Sys-
tem sizes are selected to minimize commensurability artifacts between the
simulated geometry and the helical wavelength.

We first analyze magnetic anisotropy in a rectangular test structure
(aspect ratio 2:1), as shown in Fig. 2. Figure 2a shows a ferromagnet with
long-range dipolar interactions, simulated in a 560 nm x 280 nm (8 1 x 4 1)
rectangular geometry using our customized FeGe parameters, including the
demagnetizing field but no DMI. During energy minimization, specific trial
orientations of the magnetization, M, in the sample interior were fixed, while
only the outer region was allowed to relax. As expected for conventional
ferromagnetic order, in this configuration, M aligns preferentially along the
long side of the rectangle and remains confined to the sample plane as a
direct consequence of shape anisotropy.

In Fig. 2b, we show the helimagnetic order that arises when switching
on the DMI but neglecting dipolar interactions. In this scenario, the asso-
ciated propagation vector, ¢, aligns along the diagonal, which reduces the
total edge energy by orienting the helical stripes so that both sample edges
contribute equally to the boundary-induced spin rotation. This
phenomenon is known as chiral surface twist™ . The surface twist lowers
the energy for certain helix orientations relative to the boundary
and thus acts as an effective surface anisotropy (see boundary condition in
Eq. (1)). The comparison of Fig. 2a and b highlights a qualitatively differ-
entresponse to shape anisotropy: alignment of M with the long outer axis for
the ferromagnet versus a diagonal orientation of q for the helimagnet.

A more detailed analysis of the two systems is displayed in Fig. 2c
(ferromagnet: gray dots; helimagnet: black dots), showing the energy as a
function of the orientation angle, 6, defined in Figs. 2a,b. For the helimagnet,
the values are obtained by preparing helical states of the ideal wavelength,
relaxing the edges, and optimizing the spatial phase shift, ¢, which describes
the translation of the helix along the g-vector. The residual oscillations arise
from edge-related commensurability effects. Both systems exhibit distinct
angular dependencies, with minima at 8= 13" (ferromagnet) and 6= 30°
(helimagnet), marked by orange stars. For the ferromagnet, the minimum is
slightly offset from 8=0" due to a small tilt of M near the edges. By
symmetry, the energy curves are mirror-symmetric about 0° and 90" and
periodic with a periodicity of 180".
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Fig. 2 | Shape anisotropy in a rectangular magnet with an aspect ratio of 2:1.

a Simulated ferromagnetic state including dipolar interactions, showing alignment
of M along the long axis due to conventional shape anisotropy. Color denotes the
orientation of the magnetization, see Fig. 1, with gray triangles emphasizing the in-
plane orientation. The large white arrow highlights the orientation of the magne-
tization in the middle of the sample and its angle 8 with the x-axis. b Simulated helical
state without demagnetization energy, where the propagation vector q aligns diag-
onally to minimize the boundary energy through the chiral surface twist. Color
scheme as in (a), with the large white arrow indicating the orientation of the g-vector
in the middle of the sample. ¢ Corresponding energy landscapes as a function of
orientation angle 6. Orange stars mark the energy minima. In the main panel, the
blue line is the analytical result of Eq. (3), obtained by summing the surface-twist
energy over the four edges of the rectangle. The inset shows the calculated surface-
twist contribution, with the blue line given by the analytical harmonic model of
Eq. (2).

As already noted, for chiral magnets described by Supplementary Eq.
(S1), the boundary condition®**

anmzﬂexnxm (1)

enforces a rotation of the local magnetization m about the surface normal n
on thelength scale 2/;“ = 2/17 = ﬁ. This condition is trivially fulfilled for q||n,
whereas for other orientations of q the energy can be lowered by additional
twisting at the surface. We numerically calculate this energy gain per surface
area OEcqge, Which is shown in the inset of Fig. 2c as black dots, displayed in
dimensionless units using the energy %’ per area A* (see Supplementary
Note 2A). The result is a smooth curve for 6 > 6° with a shallow minimum
around 6 = 90". In turn, for 6 < 6, the projected helical wavelength diverges
and the helical state becomes almost translation invariant along the edge.
This invariance is broken by an energetically favorable surface state with
additional twisting along the edge, referred to as stacked spirals in
literature™. Real-space figures of these special states are included in
Supplementary Fig. S1.

Neglecting the range 0 < 6° where non-linear surface reconstruction
sets in, the angular dependence is well described by the lowest-order sym-
metry-allowed harmonics (see Supplementary Note 2A),

OE,,
Lie g; = ¢,sin?6 + ¢,sin*0. )
D

Note that the zeroth-order contribution (constant offset) precisely
vanishes due to the above argument that a helix with q||n could stay

pristine and would not gain any energy. Fitting Eq. (2) to our
numerical data in the inset of Fig. 2¢c, we find ¢; = — 55 and ¢, = 25,
which is independent of the micromagnetic constants as the problem
is dimensionless. For these parameters, the harmonic surface energy
function, Eq. (2), is shown as the blue line in Fig.2c, matching
the numerical data for 6 > 6°. Furthermore, we use the expression in
Eq. (2) to estimate the energy as a function of the g-vector
orientation in a more complex geometry, here the rectangular sample
in Fig.2b. The resulting function, displayed as the blue line in the
main panel of Fig. 2c, reproduces the numerical data, including
the energy minimum, and only minor commensurability-related
oscillations are not captured.

In conclusion, the combined numerical and analytical analyses
demonstrate that the chiral surface twist constitutes an effective surface
anisotropy, that governs the preferred helix orientation in confined
geometries.

Shape anisotropy of the helix
Next, we vary the width L, and height L, of our FeGe model system to
investigate how the aspect ratio affects the energy landscape.

Figure 3a summarizes the energetically most favorable angles 6,
i.e., the angles between q and é,, as function of both L, and L,. Note
that in contrast to the previous section, we do not pin any parts of
the magnetic texture during minimization, so that the helimagnetic
texture can freely adapt its orientation to minimize the energy.
Selected examples for the lowest energy states are shown in Fig. 3b,
marked by black squares in Fig. 3a.

We find that the phase diagram, Fig. 3a, is symmetric around
L,=L,, with an exception at (1.5,1.51) where the system is too
small and a state with spontaneously broken symmetry emerges. For
sufficiently elongated samples, q aligns parallel to the longer axis
(dark red/blue), in agreement with previous observations on highly
elongated FeGe nanostripes'”, rotating almost monotonously and
smoothly as the aspect ratio varies between the two end states. It is
important to note, however, that within the sample, the helical
orientation is not homogeneous and can significantly vary near the
edges and corners as seen in Fig. 3b.

Finally, we compare the results of the numerical minimization to the
analytical model in Eq. (2). The energy of the chiral surface twist is given by

Etot/d = 2Ly 8Eedge(6) + 2Lx 8Eedge(9 + 7'[/2) (3)

where d is the sample thickness. After some algebra, see Supplementary
Note 2B, and exploiting that 6 depends only on the ratio R = L,/L, and the
ratio ¢ = 2¢,4/c,, we obtain the result

c+1R—1
c—R+1

In this expression, the fit factor ¢ = — 50/55 is obtained from fitting the data

in the inset of Fig. 2, as described above. We show the analytical result
together with the full numerical data in Fig. 3c. The agreement is good and
particularly accurate for larger systems, here quantified by a greater
circumference, 2L, + 2L, which are less affected by commensurability
effects at the corners. We discuss in Supplementary Note 2E that this
approach is also valid for other types of polygonal shapes. Figure 3¢ also
includes experimental results, indicated by a red star and red squares with
error bars, which are in good agreement with the theoretical prediction. The
experimental tests from which the data points are derived are the subject of
the following section.

6 = arctan

4)

Experimental results
To demonstrate the general possibility of controlling helimagnetism in
laterally confined structures experimentally and verify the simulation results
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Fig. 3 | Dependence of the helix orientation on the aspect ratio of the confined
region. a Color-coded phase diagram of the equilibrium orientation angle 8 between
q and &, plotted as a function of lateral dimensions L, and L,. Blue and red corre-
spond to 6 =0 and 90, respectively. Black squares mark data points for which the
corresponding real-space textures are shown in (b). b Representative relaxed helical
states for selected aspect ratios. ¢ Orientation angle 6 as a function of the aspect ratio
L,/L,. Dots show numerical results colored by the total circumference; the black line
represents the analytical model derived from the DMI boundary condition. Dashed
segments denote the range outside the model’s validity (6" < 6 < 84°). The inset
illustrates the restricted Fourier transform used to extract 6, shown here for

(L, Ly) = (10.5, 2.51), corresponding to the orange box in(a, b).

based on a real physical material, we conduct different experiments on FeGe
lamellas and nano-structured single crystals. Figure4 summarizes the
results gained on a FeGe lamella that was cut from a single crystal using a
focused ion beam (FIB, see Methods). A scanning electron microscopy
(SEM) image of the lamella is presented in Fig. 4a (thickness = 1 um). A
representative MFM image recorded at T = 261 K in the area marked by the
blue square in Fig. 4a is displayed in Fig. 4b. The image is taken in dual-pass
MEFM mode using a magnetized probe tip (PPP-MFMR by Nanosensors)
and shows the characteristic pattern of bright and dark lines associated with
the in-plane oriented spin helix in FeGe as explained in detail elsewhere”.
The MFM image shows that the stripe-like pattern is not parallel to either of

the sides of the lamella, exhibiting a nonzero angle 0 between the propa-
gation vector g and the positive x-axis (i.e., the long side of the lamella).
Based on the Fast Fourier transformation (FFT) of the MFM signal (Fig. 4¢),
we determine 6 = 23.7 + 1. 4", This value is in reasonable agreement with the
theoretically expected angle 8 = 33° for a sample with aspect ratio 2:1, taking
into account the much larger lateral dimension of the lamella for which
confinement effects play a less important role than for smaller structures,
but cubic anisotropies of the bulk may be more relevant. Independent of this
discrepancy, this leads to two important conclusions: (i) the applied
nanostructuring process by FIB preserves the helimagnetic texture and
(ii) similar to the bulk single crystal from which the lamella was cut, q
consistently orients within the surface plane, which is essential for its control
via lateral confinement.

In the next step, we move to smaller length scales where confinement is
expected to play a more important role and investigate the orientation of the
spin helix in different rectangular regions with varying aspect ratios. For this
purpose, we use FIB to cut trenches with a depth of about 150 nm into the
surface of an FeGe single crystal, creating laterally confined regions with
aspect ratios of about 1:1, 2:1, and 7:1. Although in this architecture the
magnetic order in the confined structures is not decoupled from the
underlying bulk, it has the advantage, compared to the lamella-based
experiment, that the surface of interest has not been cut by the ion beam,
reducing the risk of extrinsic defect-related pinning effects. Furthermore,
right after cutting the trenches, the surface is protected by an ALD-deposited
Al,O5 capping layer (see Supplementary Fig. S5), which protects the surface
from oxidation, giving stable MFM contrast on FeGe on the timescale of
months (for comparison, without capping, we observe that the MFM
contrast rapidly decays and vanishes after a few days).

The experimental results are presented in Fig. 5, which shows overlays
of SEM and MFM images recorded from different rectangles cut into the
surface of the same FeGe single crystal. The FIB-cut trenches are visible in
the SEM data as darker channels with a width of about 200 nm and the
MFM scans reveal the orientation of g with the confined structures as well as
in adjacent test regions that are displayed for comparison. To determine the
local orientation of g, we consider the FFT of the MFM signals, analogous to
Fig. 4, as exemplified for two selected regions in Fig. 5a. Based on this
analysis, we find the following angles 6 between the propagation vector q
and the positive x-axis, that is, 40.5 £2.7°, 28.7 £2.6", and 14.6 £ 5.6" for
aspect ratios of about 1:1, 2:1, and 7:1, respectively.

For a direct comparison with the theoretically predicted values, the
measured angles, together with their uncertainties, are plotted in red in
Fig. 3¢, showing a remarkable agreement, taking into account that the lat-
erally confined regions are not decoupled from the underlying bulk and its
magnetic order. The latter has a different orientation than the helimagnetic
order within the rectangles, which is confirmed by the MFM data taken in
adjacent regions (see Fig. 5a-c). Notably, in all three cases, the orientation
outside the confined regions differs by up to 20° from the inside. The latter
reflects that the g orientation is given by the helimagnetic domain
orientation of the bulk, which is not controlled by geometry and can vary
from region to region. Variations in the exterior angles, such as the
difference between the upper (31°) and lower (41°) regions in Fig. 5a, thus
naturally occur. Importantly, inside the confined regions, the g orientation
consistently follows the predicted geometry dependence, regardless of
the exterior orientation. This observation corroborates that the lateral
confinement provides a powerful handle for controlling the orientation of
the helimagnetic order.

Summary and conclusion

In this work, we demonstrate that lateral confinement provides a
robust and tunable handle to control the helimagnetic order in chiral
magnets. Using FeGe as a model system, micromagnetic simulations
based on the nonlinear sigma model reveal that open boundaries
generate a chiral surface twist acting as an effective surface aniso-
tropy, which governs the orientation of the helical propagation vector
q in the absence of magnetostatic shape effects. The resulting
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Fig. 4 | Experimental observation of helimagnetic order under lateral confine-
ment. a SEM image of a 1 um thick FeGe lamella with an aspect ratio of approxi-
mately 2:1. b Corresponding MFM image revealing helimagnetic order, with
propagation vector q tilted relative to the long axis. ¢ Fast Fourier transform (FFT) of
the MFM image used to determine the orientation angle 6 between g and the long
axis, yielding 23.7 + 1. 4".

geometry-dependent anisotropy leads to a continuous evolution of
the preferred helix orientation with the sample aspect ratio, fully
captured by an analytical model derived from the DMI boundary
condition which is valid for rectangular geometries and beyond.
MFM measurements on laterally confined structures cut into the
surface of an FeGe single crystal confirm these predictions and demonstrate
their applicability to real physical systems with the experimentally observed
helix orientations inside laterally confined regions quantitatively
following the simulated orientations. Together, these results establish
geometry-induced anisotropy as a general mechanism for steering DMI-
driven spin-spiral states, providing a direct route toward device-level control
of chiral magnetic order. The concept is universal to DMI-dominated
helimagnets and can be extended to multilayer systems and synthetic chiral
heterostructures where geometry and boundaries define the local anisotropy
landscape. Additional effects are expected to arise in systems with
pronounced dipolar interactions (see Supplementary Fig. S4), giving further
yet-to-be-explored opportunities for controlling the helimagnetic order.

Methods

Micromagnetic simulations

Micromagnetic simulations were performed using an enhanced version of
MUMAXS3 (version 3.10) with higher-order finite-difference derivatives to
suppress numerical anisotropies. Verification of the higher-order stencil
implementation will be published in a separate paper when the feature
is made available in the next release of MUMAX3. The numerical
discretization is a=21/32=2.1875nm. The micromagnetic model and
material parameters are given in Supplementary Note 1.

Sample growth

FeGe single crystals were grown by chemical vapor transport using FeGe
B35 powder and I, as the transport agent. The material was sealed in an
evacuated quartz ampoule and heated for 1 month in a three-zone furnace
with a temperature gradient of 560 °C to 500 °C, yielding B20 FeGe crystals,
typically 0.5x 1 x 1 mm’. The B20 structure was confirmed by powder
X-ray diffraction.

Sample preparation and nanostructuring

Surface oxide layers were removed by argon ion beam etching (Technics
Plasma R.IB. Etch 160). The desired structures were then patterned into the
FeGe surface using focused-ion-beam milling with singly charged gold ions
at 35 kV (Raith ionLine). After nanostructuring, the samples were coated
with a 5 nm AlLO; layer deposited by ALD (Picosun R-200 Advanced) to
prevent surface oxidation.

d 6=314°+18°

Fig. 5 | Influence of lateral confinement on the helix orientation. a-c SEM images
of rectangular FIB-cut regions with aspect ratios of about 1:1, 2:1, and 7:1, respec-
tively. Overlaid MFM scans show the corresponding helimagnetic stripe patterns.
White arrows indicate the direction of the helical propagation vector q inside each
confined region and the extracted orientation angle 8 relative to the long side of the
rectangle. The comparison between interior and exterior orientations demonstrates
the predictable geometry-dependent reorientation of q in agreement with the
simulation results.

Magnetic force microscopy measurements

MEM measurements were performed with magnetically coated PPP-
MEFMR tips in two-pass mode, using the second pass to detect the magnetic
signal at a lift height of approximately 30 nm. Imaging was carried out in an
NT-MDT scanning probe microscope equipped with a temperature-
controlled sample holder, enabling measurements down to 260 K. All
experiments were performed in a dry nitrogen environment to ensure stable
imaging conditions.

Data availability

The data and simulation scripts that support the findings of this study
are openly available in the Zenodo public repository at https://doi.org/10.
5281/zenodo.20155860.
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