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Helical magnetic ordering in thin FeGe membranes
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A detailed magnetic phase diagram of FeGe membranes with fields applied out-of-plane is determined using
small-angle soft x-ray elastic scattering. In addition to the well-established skyrmion and helical phase, we
identify an additional ordered phase which partly coexists with the helical phase in a pocket beneath the skyrmion
phase. Furthermore, an evolution of the modulation wave vector, q, is observed when traversing the magnetic
phase pocket. For the ordinary and the additional helical phase, q only varies with normalized field but not with
temperature—in sharp contrast to the skyrmion phase, for which q is both field and temperature dependent. This
study of the helical phases in thin FeGe membranes lays the foundation for their use in future magnetic storage
and logic devices.
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I. INTRODUCTION

Complex spin structures are one of the most interesting
topics in magnetism, as they contain rich underlying physics,
on both microscopic and macroscopic length scales, and as
they can serve as efficient storage media for memory ap-
plications. FeGe is a noncentrosymmetric helimagnet (cubic
space group P213) in which noncollinear spin textures result
from a competition between the exchange interaction and the
spin-orbit-induced Dzyaloshinskii-Moriya (DM) interaction.
Among the known cubic chiral magnets, FeGe has a high
ordering temperature of TC = 278 K [1–3] (only second to
Mn-type Co-Zn-Mn alloy [4]—in comparison to 29 K for
MnSi [5,6] and 170 K for MnGe [7,8]. Bulk FeGe has a
well-established magnetic phase diagram showing ordered
helical, conical, and skyrmion states [9]. The skyrmion pocket
has a wide temperature vs field window reaching up to near
room temperature [10,11], which has been observed through
multiple techniques, including Lorentz transmission electron
microscopy (LTEM) [10,12]. Further, the dimensions of a
FeGe sample also has strong influence on the phase diagram.
For instance, when the thickness of the sample is reduced
to be on the order of the skyrmion lattice parameter, the
skyrmion lattice phase pocket increases significantly in terms
of temperature and field [10,13].

Topological aspects of complex spin structures were be-
coming the focus of interest in particular after the discovery
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of two-dimensional solitonic skyrmion structures. However,
spins can also form much simpler, yet still as topologi-
cally entangled structures, the so-called chiral soliton lattice
(CSL) [14,15]. Such a structure can be regarded as the one-
dimensional version of the soliton solution, due to the com-
petition among isotropic exchange, DM, and Zeeman interac-
tions, whereby skyrmions represent the two-dimensional case.
A CSL can be expected when a field is applied perpendicular
to the modulation vector q in the helical phase. The helical
spin structure contains alternating regions of spins aligned
parallel and antiparallel to the applied field. Zeeman-energy
minimization gives preference towards the spins aligned with
the field and leads to an expansion of this region in the struc-
ture with respect to the antiparallel aligned spins. This results
in a CSL structure with an associated reduction in q with
an out-of-plane applied field [14,15]. The zero-field helical
modulation period of λ ≈ 70 nm [1] is determined by the
ratio J/D of the exchange interaction J and DM interaction D
(and nearly identical to the skyrmion lattice constant [7]). So
far, helical ordering in FeGe thin films has only been studied
with small-angle neutron scattering [16], and investigation of
the field and temperature dependence of the ordered helical
structures high q resolution has been lacking.

Here, we study the helical phase in FeGe in great detail us-
ing small-angle resonant elastic x-ray scattering (SAREXS).
This technique with its inherent high resolution is particularly
suited to detect the complex variations in q as the field
vs temperature (B-T ) phase diagram for FeGe is traversed
[17–20]. We find that the ratio of J/D alone is insufficient
to describe the magnetic winding within the helical (as well
as the skyrmion) phase. Furthermore, we report the existence
of an additional helical phase that is found to coexist between
the skyrmion and helical pockets along a specific crystalline
orientation.
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FIG. 1. Small angle x-ray scattering from a FeGe membrane with
the magnetic field applied out-of-plane of the sample (along the
x-ray beam direction). (a) Experimental setup showing the scattering
configuration (not to scale). (b-d) Representative scattering patterns
observed at 0, 58, and 90 mT, respectively, at 257 K. Patterns are
dominated to first order by a bright ring, indicative of the disordered
helical phase. Further, four-fold symmetric brighter arcs are due
to locking of the helices in the sample plane because of magne-
tocrystalline anisotropy. In (c), two additional peaks are observed
(indicated by white arrows) identified in this paper as a second
helical phase, Hel-II. (d) At high fields, the system transforms into
a multidomain skyrmion state.

II. METHODS

A ∼200-nm-thick FeGe membrane, measuring 20 ×
20 μm2 in area, was milled from a single crystal using
focused-ion-beam processing (see Ref. [21] for details). The
membrane was transferred onto a 3-mm-diameter Si disk with
a 10 μm × 10 μm square aperture in the center, and secured
in place with locally deposited Pt. The sample was studied
using high-resolution SAREXS in transmission geometry, as
depicted in Fig. 1(a), on beamline I10 at the Diamond Light
Source (Oxfordshire, UK). Circularly polarized x-rays with
energy tuned to the Fe L3 absorption edge were scattered
from the magnetic structure in the sample. This small-angle
scattering was captured by a CCD detector with a sample to
detector distance of 474 mm, giving an angular resolution of
0.0016◦ and q resolution of 1.6 × 10−2 μm−1 at the Fe L3

edge. The sample was mounted on a He cryostat within an
octupolar vector magnet, and the small-angle magnetic scat-
tering was investigated as a function of both the temperature
and the out-of-plane applied magnetic field.

III. EXPERIMENTAL RESULTS

Figures 1(b)–1(d) show typical small-angle scattering data
collected at 257 K in different out-of-plane magnetic fields

(field along the x-ray propagation direction). At zero field
[Fig. 1(b)], the ring of scattered intensity with constant |q|
originates from the helical phase. Here, the proper-screw spin
structure has a fixed periodicity, and hence constant magni-
tude. However, as the crystal is cut in an arbitrary direction,
the propagation directions of q are to first-order not fixed
giving rise to a ring-shaped intensity distribution. Within the
ring, some regions appear brighter, however, these features are
not correlated with the cubic magnetocrystalline anisotropy,
which is suppressed in thinned-down samples [22].

At an applied field of 58 mT [Fig. 1(c)], a reduction in q
accompanied by a decrease in scattered intensity is observed.
Additionally, two peaks (indicated by the white arrows) ap-
pear along the near-horizontal axis at q values lower than
those of the helical ring. These indicate the presence of a spin
structure with a single propagation vector q, which is aligned
perpendicular to the film plane, similar to the one observed in
epitaxial FeGe thin films using small-angle neutron scattering
[16]. Note that the conical peaks are not visible in this scatter-
ing geometry as their q is along the beam. Further, increasing
the field to 90 mT, a phase transition into the skyrmion state is
observed [Fig. 1(d)]. For this magnetic history, the skyrmion
state is initially a multidomain state, which transforms into a
single domain skyrmion state at higher fields.

Next, we determine the q dependence of the scattering on
the applied field and temperature by first integrating over the
radial distribution of the scattered intensity and then fitting
a series of Lorentzians to the respective data sets. These
Lorentzians are parameterized by peak position, amplitude,
and width. Plots of the scattered intensity and peak position
(i.e., |q|) as a function of field and temperature are shown in
Fig. 2. The phase diagrams on the left [Figs. 2(a) and 2(c)]
show intensity and |q|, respectively, for the scattered intensity
integrated over the majority of the ring in Figs. 1(b)–1(d).
They cover the well-known helical phase, as well as the
skyrmion lattice phase (SkL) for higher fields, and are labeled
‘Hel-I’ and ‘SkL.’ The phase diagrams on the right [Figs. 2(b)
and 2(d)] show intensity and |q| obtained for an integration
over a 10◦ region of interest around the horizontal, i.e.,
capturing only the two peaks marked by arrows in Fig. 1(c).
These features occur at a field in between the helical Hel-I and
skyrmion phase at lower temperatures where the phases are
clearly separated. The phase diagrams highlight the behavior
of the additional helical phase and are labeled ‘Hel-II.’

The scattered intensity in the ‘Hel-I + SkL’ phase diagram
in Fig. 2(a) clearly shows two distinct regions of high intensity
(red color coded) in which the system is in the helical or, at
high field, in the skyrmion phase. Above TC ≈ 273 K, the
scattering intensity vanishes. The observed value of TC agrees
with the observations in thin films [10], and is slightly lower
than the bulk value of 278.7 K. The q dependence of the Hel-I
phase [Fig. 2(c)] shows a decrease in q with increasing field,
while temperature only has a small effect on q. In contrast, in
the SkL phase, which is also visible in Fig. 2(c), q is affected
more strongly by both temperature and field. The Hel-II phase
diagrams in Figs. 2(b) and 2(d) show intensity and q for the
additional helical phase. |q| shows a similar field dependence
to that of the dominant helical phase but at a lower value.

Figure 3 shows the dependence of the magnitude of the
magnetic modulation vector q for the different magnetic
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FIG. 2. Magnetic phase diagrams for (a),(b) the scattered inten-
sity (top row) and (c),(d) the magnitude of the modulation vector
q (bottom row) for the dominant helical phase (Hel-I and SkL, left
column) and the additional helical phase (Hel-II, right column). In
the left column, at higher fields, the skyrmion lattice phase (SkL)
appears.

phases as a function of applied field for different temperatures
(isotherms). The field values have been normalized to the up-
per critical field of the SkL phase pocket, Hc2, which decreases
with temperature (in line with the decrease of magnetization
with temperature). After this renormalization, q of the helical
phases is independent of temperature, as can be seen in Fig. 3,
which shows coinciding isotherms.

FIG. 3. Field dependence of |q| for helical and SkL phases for
different temperatures. The field was normalized against the upper
critical field Hc2. Solid lines show the measured data (isotherms),
while the dotted and dashed lines show the simulated |q| dependen-
cies. Above: helical phase Hel-I and skyrmion phase SkL; below:
additional helical phase Hel-II.

For both helical phases, q decreases with increasing ap-
plied field, i.e., the real-space helical structure expands, ac-
companied by a decrease in the scattered intensity. Overall,
the q values of the additional Hel-II phase are smaller than
those of the ordinary Hel-I phase. With a further increase
in field the system transitions from the Hel-I phase to the
skyrmion phase (for which q is both temperature and field
dependent). The temperature, on the other hand, only has a
minor effect on q, as is different from the skyrmion phase.

For the two helical phases, the decrease of q with field
means that the pitch of the proper screw magnetization struc-
ture increases. With the field applied perpendicular to q, the
width of regions within the structure with spins aligned with
the field increases at the cost of those aligned opposite the
field. This transition is accompanied by a net expansion of
the lattice period. This behavior is reminiscent of the CSL
observed, e.g., in CrNb3S6 [14], showing a net expansion
of the magnetization screw structure with field applied per-
pendicular to q. In this case the Zeeman energy favors the
ferromagnetic alignment of spins with the field, however, the
Dzyaloshinskii-Moriya interaction still prefers a chiral spin
rotation. The combined effect gives a periodic distortion to
the helical chiral structure which is well described through the
effective one-dimensional chiral sine-Gordon model [23–28].
Following this method, the CSL period L can be expressed as

L(H ) = 8K (κ )E (κ )/(πQ0), (1)

where K (κ ) and E (κ ) are the complete elliptical integrals of
the first and second kind, respectively, and Q0 is the wave
number of the helix.

The elliptic integrals are parameterized by the elliptic mod-
ulus κ which takes the value 0 < κ < 1. This value is found
by energy minimization and relates to the applied magnetic
field via κ/K (κ ) = √

H/Hc. At the critical field, H = Hc, the
CSL transitions into the field-polarized state with no helical
modulation and corresponds to κ = 1 [E (1) = 1]. At zero
field the helical state is not affected by periodic distortions,
κ = 0, and through the relations K (0) = E (0) = π/2 the
period from Eq. (1) simplifies to L(0) = 2π/Q0.

Following a similar analysis by Togawa et al. [14], and by
taking q(H )/q(0) = L(0)/L(H ), the dimensionless ratio of q
for the CSL can be expressed as

q(H )/q(0) = π2/[4K (κ )E (κ )]. (2)

Here, the change in q is temperature independent and can be
entirely described by a change in H . The q varies from the
helical pitch modulation at zero field and approaches 0 as H
approaches Hc.

The dashed black lines in Fig. 3 show how the q de-
pendence of both the Hel-I and Hel-II phases are accurately
modeled by the expected q dependence from Eq. (2). In this
figure, q(0) takes the value of 93.4 and 92.0 μm−1 for Hel-I
and Hel-II, respectively. Note that the CSL will give rise to
higher harmonics of q (i.e., 2q, 3q,...) [19], however, with
the detector distance optimized for high q resolution, these
additional peaks cannot be observed in our measurement.

Note that the field axis for Eq. (2) in Fig. 3 has been
stretched by a factor of 0.55 and 0.40 for the two phases,
respectively. The model in Eq. (2) uses a field normalized
against a critical field at which the phase transforms into the
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field-polarized state (i.e., where all spins are aligned). The
factors to adjust the field axis are likely to result from changes
in this phase transition since we normalized against the upper
critical field for the skyrmion phase pocket. Additionally,
anisotropy in the thin slab of FeGe used in this investigation
could provide an effective field in addition to the applied field
also leading to a modification in the normalized field values.
Note that the helical axis (q-vector direction) in FeGe also
depends on temperature. In bulk crystals, it is along the [001]
direction below 280 K and changes to the [111] direction at
lower temperatures (from 211 to 245 K) [1].

An anisotropy resulting from the shape of the thin-film
slab could also explain why the effective field of the two
helical phases is different. This would also be consistent with
the additional Hel-II phase having a preferential ordering
direction with respect to the geometry of the sample, while
the Hel-I phase does not.

The observation that the temperature does not affect the
helical phase (in the investigated temperature range near TC)
is in contrast to measurements on MnGe [7,8,29,30] showing
a significant temperature dependence of q. Note that as the
temperature is lowered significantly, the magnetic anisotropy
change will affect the q of the helical phase.

IV. CONCLUSIONS

In summary, we have studied the magnetic phase diagram
of a 200-nm-thick FeGe film in out-of-plane fields using

small-angle soft x-ray elastic scattering. It was found that
the modulation wave vector of the magnetic structures in the
various phases shows a clear dependence on field strength
and temperature. In the normal helical phase, the modulation
period decreases with normalized field and is temperature
independent. In contrast, in the skyrmion pocket at higher
fields, q is a function of both field and temperature. The two
additional scattering peaks give rise to an additional pocket in
the phase diagram between the helical and skyrmion phases,
showing some overlap with the helical phase. This feature
has a stronger q dependence on the reduced field than the
normal helical phase but otherwise follows the same trend
and is temperature independent. The field dependence of the
magnetic structure of both helical phases follows the model
for a chiral soliton lattice. The deeper insight in the field
dependence of chiral spin structures, in combination with
magnetoresistance effects that are intimately connected to the
number of kinks, could lead to novel nonvolatile memory
devices in the future.
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