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Abstract

We report the engineering of spin-hedgehog crystals in thin films of the chiral magnet MnGe
by tailoring the magnetic anisotropy. As evidenced by neutron scattering on films with different
thicknesses and with varying magnetic field, we can realize continuously deformable spin-hedgehog
crystals, each of which is described as a superposition state of a different set of three spin spirals
(a triple-q state). The directions of the three propagation vectors g vary systematically, gathering
from the three orthogonal (100) directions towards the film normal as the strength of the uniaxial
magnetic anisotropy and/or the magnetic field applied along the film normal increase. The forma-
tion of triple-q states coincides with the onset of topological Hall signals, which is ascribed to skew
scattering by emergent magnetic field originating in the non-trivial topology of spin hedgehogs.
These findings highlight how nano-engineering of chiral magnets makes possible the rational design

of unique topological spin textures.

PACS numbers: 75.25.-j, 75.70.-i, 72.15.Gd



INTRODUCTION

In strongly correlated electron systems, where charge, orbital and spin degrees of freedom
are entangled[1], complex magnetic spin patterns are an established source of emergent
electromagnetic responses. Examples include multiferroicity in spin spirals|2], the Edelstein
effect in spin-momentum-locked systems[3], and the Berry-phase induced Hall effect in non-
coplanar spin structures[4]. These emergent phenomena can be characterized by local and /or
global geometric quantities, such as a magnetic multipole[5], a toroidal moment[6], and spin
chirality[7].

Most notably, topological spin textures generate remarkable and versatile emergent prop-
erties, which are relevant also for spintronic applications[8-10]. Owing to the energy cost
for unwinding a topological spin arrangement, the spin assembly behaves as a robust super-
structural unit and displays strong electromagnetic responses to external stimuli.

Magnetic skyrmions and spin hedgehogs are representative examples, respectively, for
two- and three-dimensional topological spin textures[11-16] that generate quantized gauge
fluxes acting on electrons. Their topological characteristics are described by an integer
winding number w = =% [ dSpn(r) - [O;n(r) x 9;n(r)] = £1. This quantity describes
the mapping of magnetic moments M (r) from the region of real space S to a sphere of
radius the unit vector n(r) = M(r)/|M(r)|; S for the skyrmion and hedgehog are the
disk and sphere surrounding the core and the singular point, respectively. Meanwhile, the

sensitivity of electrons to the spatial dependence of the relative spin tilting is described by

1

1e n(r) - [Oin(r) x 9m(r)], which corresponds to a gauge field,

the Berry curvature b, =
or the so-called emergent magnetic field[7]. The emergent magnetic field affects electrons’
motion in the same manner as the classical magnetic field, giving rise to the topological Hall
effect[17-19]. As is apparent from the definition of w = ﬁ J 5 ASkby, electrons indeed regard
skyrmions and hedgehogs as each having a flux quantum +¢, = +h/e that emanates from
the respective regions S. It is also worth noting that hedgehogs can be viewed as monopoles
or anti-monopoles of emergent magnetic field[15, 16, 20].

While topological spin textures are sometimes randomly dispersed as either defects or ex-
cited states[15, 21, 22], they can also be densely packed and described in terms of superposi-
tion states of spin spirals with propagation vectors q that define multi-q states[12, 16, 23-32].

In principle, various multi-q states are possible by arbitrary choice of ingredient spirals, how-



ever many of them remain unexplored experimentally. In particular, while suggestions for
three-dimensional archetypes are scarce, a cubic lattice of topological spin hedgehogs and
anti-hedgehogs [Fig.1(c)] formed from a superposition of three orthogonal helices was re-
cently proposed for the chiral-magnet MnGe[16], and directly observed by Lorentz transmis-
sion electron microscopy (LTEM)[33]. The latter study provides an important perspective
towards resolving the long-standing controversy on the magnetic structure in MnGe from
various neutron diffraction studies[34-37].

Magnetic anisotropy can dictate the favorable directions along which spins align, conse-
quently determining both the g-direction and the propagating pattern (e.g., helical, cycloidal
or conical) of spin spirals. Modifying the magnetic anisotropy can also deform a magnetic
structure[38] or even cause magnetic phase transitions[39, 40]. Here we investigate the effect
of additional magnetic anisotropy imposed on the triple-q state in MnGe and realize its
transformation into a new class of multi-q states. MnGe thin films with varying uniaxial
magnetic anisotropy were prepared by tailoring the film thickness and hence the crystal lat-
tice strain. By measuring directly the g-vectors of the spin textures using small angle neutron
scattering (SANS), the pivotal role of uniaxial anisotropy on the superposition pattern of the
spin helices was revealed. In every film, there emerges a triple-q state, where the g-vectors
are drawn towards the film normal, forming the reciprocal bases for a rhombohedral spin
crystal. The mutual angle among g-vectors continuously decreases according to strength
of the uniaxial anisotropy, which enables us to control size of the magnetic unit cell and
therefore density of hedgehog-type spin singularities. The mutual angle between g-vectors
is also reduced by an out-of-plane magnetic field H, which consequently induces a transition
to the single-q (conical) state at a H well below the critical field H. for the ferromagnetic
(g = 0) transition. Despite the dilute hedgehogs and weak averaged emergent magnetic field
in the thinnest film, non-trivial Hall signals possibly due to topological Hall effect arises,
persisting up to the ferromagnetic transition. This may suggest that spin hedgehogs escape
from their unwinding even after the disappearance of lattice formation, and their singular

emergent field distributions remain as skew scattering centers of conduction electrons.



EXPERIMENTS

MnGe thin films were grown epitaxially along the [111] direction on Si(111) substrates,
with micrometer-size crystalline domains forming within the film plane. (See the Supplemen-
tal Material for the growth procedure, characterization, and strain estimation[41].) From
dark-field TEM images reconstructed using reflection a or b [indicated by the red or blue
circle, respectively, in a selected area of the diffraction pattern in Fig. 1(b), right-top panel]
we identify two-types of crystalline domains: domains A and B, i.e., bright regions in left
and middle panels of Fig. 1(b), respectively, that are related by a mirror operation with
respect to the (111) plane (see Ref. [42] for further details).

SANS measurements were performed using the D33 beamline at Institut Laue-Langevin
(ILL), Grenoble, France, and the SANS-T and SANS-II instruments at the Swiss Spallation
Neutron Source (SINQ), Paul Scherrer Institut (PSI), Switzerland. (See the Supplemental
Material for the SANS setup[41].) Since neutron scattering intensity is expected due to the
spin textures in both crystalline domains, we illustrate in Fig. 1(d) the expected intensity
distribution in reciprocal space on the surface of a sphere of radius ¢q. For the case where
the magnetic structure in the thin film is the same as in bulk, i.e., the triple-q state of
three superposed orthogonal spin helices, each of which is fixed along one of (100) axes [Fig.
1(c)], scattering from each crystal domain produces magnetic Bragg spots aligned with the
respective set (100) directions [white or black spots in Fig. 1(d)]. The total scattering
expected [six red spots in Fig. 1(d)] thus displays a six-fold symmetry around the common
MnGe[111]/Si[111] axis.

Hall resistivity in the 160-nm-thik film was measured with a conventional four-terminal
method by using the AC-transport option of a Physical Property Measurement System
(PPMS, Quantum Design). The magnetic field was applied perpendicular to the film plane.

RESULTS AND DISCUSSIONS

Using SANS, we mapped the distribution of g-vectors describing the three-dimensional
spin textures in reciprocal space by performing rocking scans, i.e., measuring the scattering
as the sample was rotated by angle w around the vertical axis [see Fig. 1(a)]. Bearing in

mind the model case for bulk MnGe [Fig. 1(d)], we show in Figs. 2(a)-(j) the observed



SANS intensity maps at zero magnetic field for MnGe thin films of various thicknesses [see
also Supplemental Material for detailed temperature (7") dependence[41]]. Clear magnetic
Bragg spots are identified in each thin film below the helimagnetic ordering temperature T
(206 K, 204 K and 193 K for 160-nm, 735-nm, 1800-nm-thick films, respectively), which is
defined by the peak of magnetization (M) curve as a function of 7" under a low magnetic
field [Figs. 2(c), (g) and (k)]. In each film all g-vectors are of identical magnitude, and
Figs. 2(d), (h) and (1) reveal similar T-variations of |q| and magnetic modulation period A
(= 27 /q) for 160-nm, 735-nm, 1800-nm-thick films, respectively. In contrast to the similar
T-dependences of |g|, the spot positions and their T" variation display a striking dependence
on the film thickness. In the 160-nm-thick film, a single spot with g aligned with the film
normal at high temperature splits to form a three-fold spot pattern at low temperature
[green shaded region in Figs. 2(c) and (d)]. The appearance of multiple magnetic reflections
upon cooling is highly suggestive of the formation of a multi-q state due to the onset of
inter-mode interactions[12, 24, 28]. Such splitting at low temperature into a three-fold spot
pattern also occurs in the 735-nm-thick film, with the three regions of scattered intensity
each being composed of a two-peak structure, leading to six spots in total. In the 1800-nm-
thick film, a six-fold spot pattern is observed in the whole temperature region below Ty.
The g-vectors of the six spots are aligned close to, but not exactly with the (100) directions
expected for bulk MnGe [Fig. 1(d)].

We interpret the non-trivial development of the SANS pattern with both film thickness
and temperature in terms of a deformation of the triple-q structure, not the six-q structure.
Unlike the cubic spin crystal in bulk MnGe, with three orthogonal g-vectors (|| (100)), the
triple-q structures in the films are rhombohedrally distorted with the g-vectors each aligned
closer to the film normal. This observation implies the introduction of a uniaxial magnetic
anisotropy of the easy-plane type in the films that is aligned with the film plane. Such
anisotropy likely stems from shape anisotropy and /or magneto-crystalline anisotropy, both of
which should be stronger in thinner films with larger crystal lattice strain (see Supplemental
Material[41]). Figures 3(a) and (b) summarize the observed locations of the magnetic Bragg
spots at the lowest 7' (=~ 2 K) in the three films. By reducing the film thickness and
correspondingly increasing strength of the uniaxial magnetic anisotropy, the three g-vectors
of the spin crystal gradually align toward the film normal and trace out different curved

trajectories for the two types of crystalline domains [white and black dashed lines in Fig.



3(a)]. The angles 6 between the g-vectors and film normal systematically become larger
with increasing thickness, approaching # = arccos (%) ~ 54.7° expected for the bulk [Fig.
3(b)]. The curved trajectories of the three g-vectors observed on the reciprocal sphere may
share a common origin with the magnetic field-driven reorientation process of the spin helix
in isostructual MnSi, and which is comprehensively explained by a mean-field theory|[43].

To capture topological aspects of the three-dimensional spin structures, in Figs. 3(c)-
(h) we illustrate triple-q spin crystals with different values of § = 10°, 30° and 54.7° (the
latter describes the cubic spin crystal), and their emergent magnetic field distributions in
the magnetic hexagonal unit cell. Triple-q spin crystals can be generally described using:

M(r) = Z a;cos(g; - )+ b;sin(g; - 1),
i=1,2,3

where we consider a three-fold superposition of spin helices around the z-axis using the
following: ¢ = (sinf, 0, cosf), a; = (cosf, 0, —sin#), by = (0, 1, 0), go =
(—%siné’, @siné’, cos@), a, = (—%cosé’, @cosé’, —sin@), b, = (—@, —=, O), qQz =
(—%sin@, \/gsinﬁ, cosH), as = (—%cos@, \/gcosﬁ, —sin@), bs = (ﬁ, —%, O). In

T2 T2 2

N[ —=

each triple-q state, magnetic moments with positive and negative z-components [red and
blue arrows in Figs. 3(c)-(e)] stack periodically along the z-direction. Hedgehog-type topo-
logical spin singularities [hedgehog and anti-hedgehog displayed in Figs. 3(j) and (k)] are
located where the spin directions flip [Fig. 3(i)]. The emergent magnetic field distribu-
tions by = 37" n(r) - [O;n(r) x d;n(r)] also display singularities, i.e., emergent magnetic
monopoles and anti-monopoles [displayed as yellow and green points in Figs. 3(f)-(h)], which
connect regions of positive and negative b, [red and blue regions in Figs. 3(f)-(h)]. By de-
creasing 6, the magnetic unit cell expands in the z-y plane in proportion to 1/sin 6, while its
height along the z-axis converges towards the helical pitch A. This leads to an increase of the
in-plane distance between the hedgehog singularities, while the three-dimensional b-network
becomes a two-dimensional array of separated b-pillars [Figs. 3(f) and (g)].

To investigate the emergent electromagnetic responses from the topological spin crystals
in the films, we first used SANS to elucidate the magnetic field (H) effect on the rhombo-
hedral spin crystal in the 160 nm thick film. Figures 4(a)-(c) show the development of the
scattering maps with H applied along the film normal at T" = 2 K. The out-of-plane H aligns
the three g-vectors towards the H direction, eventually inducing the transition to a single-q

state around pugH = 4 T, where the spin spiral forms a conical shape. Such a magnetic
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transition is observed to occur at pgH = 2 — 4 T at each temperature below 30 K where
triple-q states are clearly discernible in zero H [Fig. 4(f) and see also Supplemental Material
for other H-dependence of the distribution of g-vectors at different temperatures|41]].
Despite the dilute distribution of spin hedgehogs and the faint averaged b in the 160 nm
thick film, non-trivial Hall signals arise in the temperature region of the triple-q state. Fig-
ures 4(d) and (e) show the H-dependence of the Hall resistivity p,, at various temperatures.
At high temperatures above 30 K, p,, changes almost proportionally to H up to the ferro-
magnetic transition at H., followed by a gradual variation where the magnetization is nearly
aligned (see Supplemental Material for magnetization curves[41]). In contrast, below 30 K
the Hall resistivity profile exhibits a broad negative dip structure [yellow shaded regions in
Fig. 4(e)], where the triple-q state forms. As summarized by the color map of the negative
contribution to p,, [Fig. 4(f)], such dip structures survive above 4 T, i.e., in the nearly
single-q phase. This prevents us from attributing them to the conventional topological Hall
signals pgm x b,. Instead, we suppose that a different type of topological Hall effect appears
in the presence of emergent magnetic field. On the expansion of the magnetic unit cell with
H, diffusing spin hedgehogs may become trapped at crystalline defects, magnetic impu-
rity sites, or crystalline domain boundaries, lingering until the full ferromagnetic transition.
The strong emergent magnetic fields within the immediate vicinities of dilutely distributed
spin hedgehogs may cause skew scatterings of conduction electrons that contribute to the
topological Hall signal; it is known that the skew scattering becomes more prominent for a
lower density of scattering centers[44]. Here we note that for the thicker films, the existence
of micro-cracks at intervals of a few hundreds of nanometers prevents us from performing

transport measurements (see Supplemental Material[41]).

CONCLUSIONS

We have revealed by SANS on MnGe thin films that uniaxial magnetic anisotropy con-
trolled by the epitaxial-film thickness modifies the triple-q hedgehog-anti-hedgehog spin
crystal lattice from the cubic to rhombohedral form. A magnetic field can also induce such
a rhombohedral deformation, eventually causing the transition into a single-q conical state.
Formation of the three-dimensional spin crystal coincides with the temperature range for

non-trivial Hall signals, which do not disappear even in the conical phase. We predict that



inherent spin hedgehogs, which escape from their unwinding even after the conical transition,
cause skew scatterings on conduction electrons via their strong emergent magnetic fields.
Theoretical investigation of the deformation of the multi-q states from a multilateral per-
spective, by considering dipole-dipole interactions, finite-size effects, crystalline strain, and
mean-field potential, remain as future challenges as well as experimental measurements of
both diffraction and transport properties in variously-sized specimens by micro-fabrication
methods.

These results allowed us to demonstrate the pivotal role of magnetic anisotropy in the
formation of versatile multi-g topological spin states. The artificial nano-engineering of the
magnetic anisotropy shown here is hence a promising means for expanding the range of
topological spin condensates that may generate unique spintronic functionalities based on

emergent magnetic fields.
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FIG. 1: (a) Schematic illustration of the setup for small-angle neutron scattering. At the rocking
angle w = 0°, the incident neutron beam is parallel to Si[112] axis. Magnetic field direction is
always parallel to Si[111] axis (the film normal) for rocking scans around the Si[110] axis. (b)
Dark-field transmission electron microscopy images (left and middle panels) reconstructed using
the reflections a or b (right-top panel). The complementary images represent the coexistence of
two-types of crystalline domains with different crystalline orientations and chirality, and which are
related by mirror operation with respect to (111) plane (right-bottom panel). Here we call them
domains A and B, respectively. (c) Schematic illustration of the cubic spin crystal (main panel)
formed from superposition of three orthogonal helices (inset), with their propagation vectors g;
(i = 1, 2, 3) parallel to the respective (100) crystalline axes. (d) Expected neutron scattering
intensity map on the surface of a sphere in reciprocal space with constant radius ¢, and under the
assumption that the cubic spin crystal state [panel (c)] is realized in the MnGe thin film with an
equal population of the two crystalline domains [panel (b)]. Red dots represent magnetic Bragg
reflections, while no scattered intensity is expected in blue part of the sphere. White and black
dots represent directions of (100) crystalline axes of domains A and B, respectively. If the three
white dots represent [100], [010] and [001] directions [white arrows in inset of left panel of Fig.
1(b)], the black dots correspond to [100], [010] and [001] directions [black arrows in inset of middle

panel of Fig. 1(b)] due to the mirror operation.
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FIG. 2: (a)-(d) Data for the 160-nm-thick film: scattering intensity maps on reciprocal space
spheres at high (7" = 100 K) and low (7' = 2 K) temperatures [panels (a) and (b)]; T-dependence
of the magnetization (M) at uoH = 0.1 T [panel (c)]; and the magnitude of magnetic propagation
vector ¢ and magnetic period A [panel (d)]. (e)-(h) Data set for the 735-nm-thick film. (i)-(1) Data
set for the 1800-nm-thick film. Vertical dashed lines on the peaks of M-T curves in panels (c), (d),
(g), (h), (k) and (1) indicate the respective helimagnetic ordering temperatures Ti. Green shaded
regions in panels (c), (d), (g), (h), (k) and (1) indicate the temperature ranges with formation of

the triple-q state.
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FIG. 3: (a) View along Si[111] of the reciprocal space sphere showing the peak positions of the
scattering intensity patterns at 7' = 2 K and pugH = 0 T: 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 (100) crystalline axes of the domains A and B, respectively. White
and black dashed lines are guides for eye, indicating the trajectories which scattering peak positions
follow with changing the uniaxial magnetic anisotropy in the domains A and B, respectively. (b)
Thickness dependence of the angle § between the film normal (MnGe[111] axis) and the g-vectors.
The thick grey line is a guide for the eye. (c)-(e) Schematic illustrations of triple-g spin states with
6 = 10°, 30° and arccos(1/v/3) ~ 54.7° as represented in terms of the hexagonal magnetic cell.
Reddish and bluish arrows indicate spins with positive and negative z-components, respectively.
(f)-(h) Distributions of hedgehog singularities and emergent magnetic field in the corresponding
green box regions of panels (c)-(e). Regions with large magnitude of emergent magnetic field
(|b] > 0.25, 1.45 and 4 for triple-q spin states with 8 = 0°, 30° and 54.7°, respectively) are colored
according to the sign of b,: red and blue for positive and negative b,, respectively. Relative size
scale among the magnetic unit cells is not presented precisely for the purpose of visibility [panels
(c)-(h)]. Hedgehog [emergent monopole, panel (j)] and anti-hedgehog [emergent anti-monopole,
panel (k)| spin singularities appear where the spin directions flip, e.g., at the midpoints between
the red and blue clusters consisting of up- and down-moments as exemplified in panel (i) for the
selected region of dashed squares of panels (e) and (h). Black arrows in panel (i) indicate the

directions of the large-magnitude emergent magnetic fields.

17



10 15 20

aoloo
= toH (T)
g (s .
0 !
wH=2T = 10 FM 11l°x”
(c) 17000 T )
e '
) ;1 Single-q ==
Iéh 0 Tri.p!éirg. PRI RS ST IR T °©
0 0 50 100 150 200
LoH=4T T (K)

FIG. 4: (a)-(c) Scattering intensity maps on the reciprocal space sphere at T = 2 K and puoH ||
MnGe[111] = 0, 2 and 4 T. (d) and (e) Hall resistivity at various 7. In panel (e) the data are
shifted in the vertical direction for visibility. The yellow shaded regions in panel (e) represent
estimated non-trivial Hall signals, which are attributed to a topological Hall resistivity pgm due to
skew scatterings by emergent magnetic field. (f) Contour mapping of the non-trivial topological
Hall resistivity in the 7-H || MnGe[111] plane. The critical magnetic fields for the ferromagnetic
transition H, [black dots in panel (f)] are defined as inflection points in the py,-H curves. In the
low T" range, the transition between triple-g and conical states occurs between pugH = 2-4 T, as
indicated with green thick lines. The green curve is a guide to the eye for the region of the phase

diagram that hosts the triple-q state.
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