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Abstract:

Magnetic Skyrmions are well-established to exist in a small pocket of the magnetic phase diagrams of a range of chiral magnets, such as

MnSi  and  FeGe.  The  Skyrmions  typically  form  a  2D  triangular  lattice  that  can  be  described  in  terms  of  triple-q  coupling  of  long

wavelength  single-q  helically-modulated  structures,  and  the  resulting  non-coplanar  spin  texture  gives  rise  to  novel  emergent  fields.

MnGe  is  isostructural  with  the  other  Skyrmion  hosts,  yet  displays  a  very  different  magnetic  phase  diagram  with  a  remarkably  large

Skyrmion lattice (SkL) phase. Further, strong evidence indicates that the SkL topology in MnGe is not the conventional 2D triangular

one, but instead is of novel 3D simple-cubic type. Until now however, experimental confirmation of this 3D cubic SkL has remained out

of  reach  since  only  MnGe  powder  samples  could  be  studied.  Here  we  request  6  days  on  D33  to  carry  out  a  SANS  study  of  newly

available,  and high quality  single-crystalline MnGe thin films.  The main goal  is  to  confirm the existence of  this  new type of  3D SkL

structure in MnGe, the topology of which is expected to support a new and novel lattice of emergent monopole and anti-monopole fields.
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Introduction

Magnetic skyrmions are topological magnetic spin-vortex-like objects that can form in various non-centrosymmetric
magnets [1]. In many skyrmion materials, such as the archetypal B20 chiral magnets MnSi and FeGe, skyrmions
form string-like structures and form a 2D triangular skyrmion lattice (SkL) in a small phase pocket located just
below the ordering temperature Tc and in a low magnetic field. Despite this widespread observation, different SkL
topologies are expected in theory [2] - that could support exotic emergent phenomena. MnGe, also B20 mate-
rial, is a known candidate for hosting a new type of SkL. In this material the topological Hall effect (THE), a
hallmark experimental signature for topological spin texture formation is much larger in MnGe than for the other
B20 compounds, and is observed over an unusually large portion of the magnetic phase diagram (see Fig. 1) [3].
Further, the reported observations indicate the topological phase can exist as a ground state, and over a much
wider range of temperature and magnetic field compared with the small phase pocket in the other B20 compounds.

Figure 1: Magnetic phase diagram of MnGe. The white
line indicates the field-polarised state. The red shading
denotes where negative emergent fields are observed from
THE data, and which denote the region where the possible
cubic SkL is stabilised. From Ref. [3].

The magnetism underlying the unusual behaviour in
MnGe was studied using SANS on a powder sample of
MnGe [4]. In the earlier study the long-wavelength na-
ture of helimagnetic order was confirmed, and suggestive
evidence was obtained for the formation of a SkL in the
region of the phase diagram relevant for the THE. De-
spite the evidence for a SkL state in MnGe however, di-
rect confirmation of SkL formation, and its topology, re-
mains elusive due to ambiguities arising from the powder
nature of the available samples. The motivation for re-
solving these ambiguities comes from additional evidence
from diffraction [3] that suggests the topological phase
in MnGe should have either a 2D square or 3D simple-
cubic topology, instead of the conventional 2D triangular
one. Combining this result with theoretical modelling
of the TH resistivity [4] leads to the emergence of a 3D
simple-cubic topological ‘hedgehog’ lattice as the candi-
date topological magnetic structure in MnGe. If this new
3D SkL is confirmed, a new playground for emergent phe-
nomena becomes accessible that is expected to include
monopole and anti-monopole emergent fields [5].

Experimental Method
Since bulk single crystal synthesis of MnGe is not possible at present, we took advantage of the recent breakthrough
where epitaxially-grown and high quality, single-crystalline MnGe(111) thin films have been successfully grown on
Si(111) substrates. For this growth configuration, two crystal domains nucleate with equal probability that are re-
lated by a 180◦ rotation around a common out-of-plane [111] axis. In this experiment we used SANS to explore the
magnetic structures in a stack of 25 films that were each 160 nm thick, and 15 x 15 mm2 cross-section. The stack of
films were co-aligned and installed into a bespoke aluminium holder. The holder was then itself installed into a 2 T
horizontal field cryomagnet mounted at D33. With the ability to rotate the magnet and sample stick independently,
four experimental geometries were accessible; µ0H∥[111] (µ0H normal to the film plane) and µ0H⊥[111] (µ0H parallel
to the film plane), with µ0H either parallel or perpendicular to ki. The majority of the SANS measurements were
done in the geometry with µ0H∥[111]⊥ki.

In our D33 SANS experiment we used neutrons with a wavelength of 3.35 Å (a short wavelength reached by tilt-
ing the velocity selector and inducing a 15 % FWHM in wavelength spread), an incoming collimation of 5.3 m and
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Figure 2: (a)(d) D33 data for 160 nm thick MnGe films: Scattering intensity maps on reciprocal space spheres at (a) high (T
= 100 K) and (b) low (T = 2 K) temperatures. White and black dots represent the directions of the [100] crystalline axes of the
two coexisting crystal domains. At 100 K the magnetic propagation vector is aligned with the out-of-plane (111) film axis. (c)
The T -dependence of the magnetization 0.1 T, and (d) the magnitude of magnetic propagation vector q and magnetic period
λ in zero field.

positioned the central 2D detector 2 m behind the sample. The SANS measurements were done in the usual way, by
means of rocking scans where the magnet and sample were tilted or rotated together over an angular range that moved
the SANS signal through the Ewald sphere at the detector. Measurements were done at selected magnetic fields and
temperatures following various zero field cooling (ZFC) or field-cooling (FC) protocols. In µ0H=0, rocking scans over
an extended angular range were performed by rotating the sample stick only, and leaving the magnet in a fixed position.

Results

Despite a low magnetic scattering volume of the stack of 160 nm thick MnGe films, clear Bragg scattering was
observed below the magnetic ordering temperature of approximately 202 K. We used D33 to map the distribution
of propagation vectors describing the three-dimensional spin textures in reciprocal space by performing wide-angle
rocking scans at various temperatures in zero field. We found that instead of the magnetic propagation vectors being
aligned with the cubic axes of the film crystal lattice, at 100 K strong magnetic Bragg scattering is observed only at
a single propagation vector aligned along (111) as shown in Fig. 2(a). This clearly shows uniaxial anisotropy, either
in the form of shape or magnetocrystalline anisotropy, to play a decisive role on the chiral magnetism in these films.
On cooling to lower temperatures we a transition in the magnetism is observed, which is characterised by a splitting
of the single-q Bragg peak into at least three Bragg peaks, and so three wavevectors. As seen in Fig. 2(b), at the base
temperature of 2 K the three magnetic wavevectors are tilted by about 10◦ from the (111) direction, and we interpret
this observation in terms of a unique temperature-driven transition between single-q helical and a rhombohedrally
distorted triple-q skyrmionic spin texture.

Figures 3(a)-(b) summarize the observed locations of magnetic Bragg spots at 2 K in stacks of 160 nm films stud-
ied here at D33, and stacks of 735 nm and 1800 nm MnGe films studied later in a similar manner at PSI. In all film
thicknesses, the magnetic q-vectors are of identical magnitude, but the ground state tripe-q structures at low T each
display different values of q-vector tilting angle θ from the out-of-plane (111) direction. Due to the different tilting
angles of the q-vectors, the emergent magnetic field distributions in the magnetic unit cells are observed to vary as a
function of the film thickness.

To describe the topological aspects of such a rhombohedrally distorted triple-q spin crystal more quantitatively,
we start from the general expression

M(r) =
∑

i=1,2,3

aicos (qi · r) + bisin (qi · r) (1)

that describes a three-fold superposition of spin helices around a z-axis using q1 = (sinθ, 0, cosθ), a1 = (cosθ, 0,−sinθ),
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2 , 0). The resulting magnetic texture is visualized in Figure 3(c),
where magnetic moments with positive and negative z components (red and blue arrows) are seen to stack periodically
along the z direction. Figure 3(d) shows the emergent magnetic field distribution calculated from the triple-q mag-
netic structure using bk = 1

2ϵ
ijkn(r) · [∂in(r)× ∂jn(r)], where n(r) = M(r)/|M(r)| [6]. Singularities in the emergent

magnetic field distribution are found where the spin directions flip along the z direction. These points correspond to
emergent magnetic monopoles (yellow points in Figure 3(d)) and antimonopoles (green points) which are connected
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by regions of positive and negative bz (red and blue regions in Figure 3(d)). The yellow and green points respectively
correspond to topological hedgehog [Figure 3(e)] and anti-hedgehog [Figure 3(f)] singularities, which are thus seen to
form a periodic arrangement inside the film.

Figure 3: (a) View along the Si [111] axis for the reciprocal
space sphere, showing the peak positions of the scattering
intensity patterns at 2 K in zero field. Blue, green, and red
spots denote the peaks observed from the 160 nm, 735 nm,
and 1800 nm thick films, respectively. White and black
dots represent the directions of the [100] crystalline axes
of the two coexisting crystal domains. White and black
dashed lines are guides for the eye, indicating the trajec-
tories that scattering peak positions follow with changing
the uniaxial magnetic anisotropy in the two domains (b)
Thickness dependence of the angle θ between the film nor-
mal (MnGe [111] axis) and the q-vectors. The thick gray
line is a guide for the eye. (c) Schematic illustrations of
triple-q spin states with θ = 10◦. Red and blue arrows
indicate spins with positive and negative z components, re-
spectively. (d) Distributions of hedgehog singularities and
the emergent magnetic field in the corresponding green box
region of (c). Hedgehog [emergent monopole, (e)] and an-
tihedgehog [emergent antimonopole, (f)] spin singularities
appear where the spin directions flip.

These results obtained at D33 on the stack of
160 nm thick MnGe films were further reconciled
with magnetization and magnetotransport data, and
later extensive magnetic field-dependent SANS data
obtained at PSI. Overall we observe the forma-
tion of the three-dimensional spin crystal to coin-
cide with the parameter space for nontrivial Hall
signals, which further indicates the existence of
a ground state three-dimensional topological mag-
netic order in the films. Later at PSI we per-
formed further SANS measurements on the stacks
of 735 nm, and 1800 nm thick MnGe films to
determine the thickness-dependence of the rhombo-
hedrally distorted triple-q spin crystal. The re-
sults of this study are reported in our publica-
tion [7].

Summary

To summarize our experiment, we used D33 to
perform the first SANS measurements of the chi-
ral helimagnetic and topological magnetic phases a
stack of 160 nm thick MnGe films. Our data ev-
idence the formation of a rhombohedrally-distorted
triple-q spin crystal in the film, which is very
much distinct to the cubic triple-q spin crystal ex-
pected for bulk MnGe. These results demon-
strate more generally the pivotal role of magnetic
anisotropy in the formation and control of versa-
tile multi-q topological spin states in MnGe thin
films. The artificial nanoengineering of the mag-
netic anisotropy is thus promising for expanding
the range of topological spin textures that may
generate novel functionalities based on emergent
fields.
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