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Atomic-scale visualization of topological spin
textures in the chiral magnet MnGe
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Topological spin textures in chiral magnets such as manganese germanide (MnGe) are of fundamental
interest and may enable magnetic storage and computing technologies. Our spin-polarized scanning
tunneling microscopy images of MnGe thin films reveal a variety of textures that are correlated
to the atomic-scale structure. Our images indicate helical stripe domains, in contrast to bulk, and
associated helimagnetic domain walls. In combination with micromagnetic modeling, we can deduce
the three-dimensional (3D) orientation of the helical wave vectors, and we find that three helical domains
can meet in two distinct ways to produce either a “target-like” or a “p-like” topological spin texture.
The target-like texture can be reversibly manipulated through either current/voltage pulsing or applied
magnetic field, which represents a promising step toward future applications.

T
opological spin textures in chiral mag-
nets are of interest both to fundamental
science, through Berry phase–induced
Hall effects, and for potential device ap-
plications, including magnetic racetrack

memories and neuromorphic computing (1–8).
Competing magnetic interactions lead to spin
textures such as helices, where spins periodi-
cally tumble with a characteristic pitch length,
and magnetic skyrmions, which are whirling
localized textures with a total p rotation of the
spins. In many cases of interest, the competi-
tion is between ferromagnetic exchange, which
favors aligned spins, and the Dzyaloshinskii-
Moriya interaction (DMI), which favors per-
pendicular spins and arises from spin-orbit
coupling in the presence of broken inversion
symmetry (9). The noncentrosymmetric “B20”
crystal structure breaks bulk inversion sym-
metry, and magnetic skyrmions were first
discovered in B20MnSi (9) and FeGe (10). In
these materials, the magnetic phase diagram
and its evolution frombulk crystals to thin films
are now well understood. Within the B20 fam-
ily, MnGe is an intriguing outlier (11), with a
helical pitch length of 2.8 nm that ismore than
an order of magnitude smaller than in other
B20 crystals (12) and whose bulk phase dia-
gram shows unusual “hedgehog-antihedgehog”
crystals, for reasons that are not well under-
stood (13–15). Spin-polarized scanning tunnel-
ing microscopy (SP-STM) is uniquely suited to
probe the rich physics of such nanoscale spin
textures in real space and provides microscopic
insights that complement those obtained from
ensemble techniques that may average over dif-
ferent chiral domains (16).

We used SP-STM to probe the magnetism
on the surface of 80-nm-thick MnGe(111) films
with atomic resolution. Our SP-STM images
revealed a variety of topological spin textures
depending on the local nanoscale structure,
which we interpreted using micromagnetic
modeling that builds on recent advances in
the theory of helimagnetic domain walls (17).
Figure 1, A and B, shows atomically resolved
topographic images of the MnGe(111) surface.
These images are consistent with the B20
structure of MnGe, which features alternating
Mn and Ge layers with atoms arranged in
triangular lattices of single atoms or trimers
(18). The structure comprises a quadruple
layer of alternating planes of Mn and Ge atoms
with sparse or dense packing; the atomic ar-
rangements exactly repeat after a sequence of
three such layers. The relative stacking order
and orientation of these layers determine the
structural andmagnetic chiralities (19–22). The
surface lattice constant from these images is
0.67 ± 0.01 nm, within experimental uncer-
tainty of the expected bulk value for the (111)
surface (0.678 nm). Point defects on the sur-
face are imaged with bright and dark contrast,
but they do not affect the magnetic textures
reported here.
In addition to the topographic informa-

tion, Fig. 1, A and B, shows a subtle (~5 pm)
periodic modulation of the atomic corruga-
tion, reflecting the surface magnetic texture
picked up by the SP-STM tip. This modulation
is evident in the topographic linecut shown
in Fig. 1C. To better isolate the stripe pattern
from the topography in Fig. 1A, we performed
a fast Fourier transform (FFT) (Fig. 1D). In
addition to the primary hexagonal spot pat-
tern from the MnGe atomic lattice, there are
satellite spots corresponding to scattering vec-
tors of ±q, rotated by f ~ 14° with respect to
the lattice. An inverse FFT image of the area,
computed with only the atomic lattice and
satellite spots, clearly resolves the stripe pat-

tern while removing obscuration from the
point defects (Fig. 1E). In bulk MnGe crystals, a
3D hedgehog lattice was observedwith Lorentz
transmission electron microscopy (LTEM) (12),
which would yield a 2D lattice projected onto
the surface, in contrast to the observed stripe
pattern here (18). Furthermore, from the FFT
analysis wemeasure a stripe period of 5.96 nm,
which is considerably larger than the helical
pitch length for bulk MnGe (2.8 nm).
This stripe pattern is consistent with a 1Q

helical state in these MnGe thin films, in
contrast to the 3Q state observed in bulk
crystals. A priori, one could explain the stripe
contrast with helices anchored to the surface
plane as reported for FeGe (17), but this is
contradicted by the larger observed pitch
length. Prior neutron scattering studies in
MnGe thin films indicate that the magnitude
of Q = 2.2 nm–1 is unchanged from the bulk
value (23), and we expect that any additional
surface-specific effects, such as reduced ex-
change or enhanced surface DMI, would lead
to an even smaller pitch length, in contrast to
the observation. Instead, we consider the tilting
of Q toward the film normal [111] direction
by a polar angle q, which was invoked in the
neutron studies (23). Following conventions
for topological defects in chiral magnets (24, 25),
states with wave vectorsQ and –Q correspond
to the same helical structure, and we chose a
positive projection along the surface normal
ẑ ¼ 111ð Þ. We defined the surface wave vector
q as the projection of Q in the plane of the
surface (i.e., q = Q sin q), so that the polar tilt
angle can be related to the observed real-space
periodicity by q = sin–1[2p/(Q·5.96 nm)] =
28.6°, compared to the bulk angle of 54.7° with
Qs along (100). Our estimated q is roughly
consistent with the neutron studies, where a
linearly decreasing tilt angle with decreasing
film thickness down to 160 nm was attributed
to strain-dependent magnetic anisotropy (23).
To directly probe the sensitivity of the spin

helices to strain in real space, we imaged re-
gions of the film where small curvatures are
indicative of inhomogeneous strain. For exam-
ple, in a different microscopic region of the
sample shown in Fig. 2A, three terraces were
observed, separated in height by steps of one
quadruple layer each in the layered MnGe
structure. Focusing on the middle terrace,
topography line profiles show small (<0.1%)
but significant bowing and curvature of the
surface along the horizontal direction (Fig.
2B, blue profile). We note that these images
are atomically resolved and the lattice spacing
does not show any significant variation, but
our experimental uncertainty in this measure-
ment (~0.5%) is larger than the 0.1% height
variation shown in the image.
To examine the stripe patterns over larger

distances in such areas, we simultaneously
mapped the differential conductance signal,
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which relates to the spin-dependent density
of states. Our SP-STM simulations (fig. S17)
explore the expected magnetic contrast for
textures with varying Q and tip magnetiza-
tion vectormtip. Because the textures here
represent a helical whirling of spins with
both in-plane and out-of-plane components,
magnetic contrast occurs for any combina-
tion ofQ andmtip, except for the special case
mtip ||Q where there is zero contrast. Figure
2C shows an SP-STMmap of the area, where
faint magnetic contrast reveals stripes along
different directions and more complicated
patterns. During repeated imaging of this
area, we observed a complete reversal in mag-
netic contrast associated with an inversion
of the tip’s spin polarization (Fig. 2D). To con-
firm these stripes as magnetic in origin, we
computed a difference image in Fig. 2E, as
topographic or electronic contributions to the
STM image would not invert under otherwise
identical tunneling conditions. Whereas the
magnetic contrast is absent in the sum image
(fig. S16), the difference image accentuates
intersections, bowing, and terminations of
the stripe patterns in this area. We attribute
these spin textures to local variations in the
orientation of Q. For example, the observed

stripe periodicity in Fig. 2E varies in the range
of 6 to 10 nm depending on position, cor-
responding to respective variations 28° > q >
17° in the polar angle of Q. The stripe cur-
vature and intersection points furthermore
indicate helical domains with distinct azi-
muthal angles of Q.
To understand these features, we used a

phenomenological model that builds on recent
advances in the theory of topological domain
walls in helimagnets (17) and uses inputs from
neutron data (23) to constrain the magnetic
anisotropy and hence the orientations of the
helical wave vectors (18). The structure of a
domain wall between two helical regions de-
pends primarily on the angle q12 between their
wave vectors Q1 and Q2. Three fundamental
types of helical domain walls have been reported
recently in magnetic force microscopy imag-
ing of B20 FeGe (17). Where q12 ≲ 85°, “type I”
walls are observed, which are smooth and
free of disclination defects or phase mismatch.
We found that for the parameters relevant for
our MnGe films, the type I domain walls are
energetically preferred.
Our micromagnetic modeling shows a dis-

tortion of the helices near the domain wall
(Fig. 2, F and G). There are two characteristic

surface projections depending on whether the
Q1,2 vectors are oriented toward or away from
the intersection domain wall plane. For Qs
oriented toward the wall, the intersection plane
is characterized by series of sharp, nested ver-
tices along thedomainwall (Fig. 2F). In contrast,
forQs oriented away from the wall, the domain
wall is characterized by a nesting of more
gradual, curved helices (Fig. 2G). In both cases,
the surface projectionsq1, q2make an in-plane
angle f12 = 120° independent of q12. The differ-
ence between these projections reflects round-
ing of the helical stripes in proximity to the
domain wall and the surface.
In good agreement with our modeling, both

projections of type I domain walls are ob-
served experimentally (Fig. 2E, dashed boxes).
The domain wall in the left box shows the
nested, sharp vertex-like structure expected
from Fig. 2F. By considering the 3D nature of
Qi, we can extract the angle q12 geometrically
using

cos q12 ¼ Q1 � Q2

Q1j j Q2j j ¼ sin q1 sin q2 cos f12

þ cosq1 cosq2 ð1Þ

where q1 = 26°, q2 = 19° are the polar angles
calculated in each domain from the period of
the stripes, and f12 = 113° is estimated as the
angle between the stripe patterns on either
side of the domain wall. (The simplest model
that ignores surface effects predicts a 120° angle,
as noted above.) This then gives an angle q12 =
37° between Q1 and Q2 in this region, which
is within the established regime for a type I
domain wall (17). The right box in Fig. 2E
shows the other surface projection of a type I
domain wall, characterized by a nesting of
rounded helical stripes, and can be analyzed
in a similar way to give q12 = 30°, also within
the type I regime.
More complex magnetic textures can be

found at the intersections of domain walls.
Our modeling shows that the intersection of
two domain walls must necessarily involve
at least one wall that is of type II or type III,
which are energetically unfavorable and not
observed experimentally (fig. S6). We found,
however, that three type I domain walls can
meet along an axis perpendicular to the sur-
face and can lead to two distinct spin tex-
tures depending on the orientations of the
Qis. The spin texture in Fig. 3A results when
all three Qs are oriented toward or away
from the intersection axis, and exhibits a core
region that is wrapped with closed helical
loops. These textures closely resemble topolog-
ical defects known as “target” states or 2p-
disclination defects (26, 27). The second “p”
texture results from the arrangement of Qi as
shown in Fig. 3B. Both of these textures have
nonzero topological charge density, concen-
trated in the vicinity of the domainwalls, which
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Fig. 1. Atomic-resolution SP-STM imaging of spin helices in MnGe. (A) Topographic image of the
MnGe(111) surface (–0.17 V, 0.54 nA, T = 5 K). The helical magnetic texture is imaged as modulation
in the atomic corrugation. (B) Close-up view of the outlined area in (A). Bright and dark lattice spots are
observed, depending on the relative alignment between tip and surface spins. In this area, the surface
projection of the helical wave vector q is rotated from the atomic lattice vector by an angle f ≈ 14°. (C) Line
profile taken at the blue line in (A) along nearest-neighbor atoms on the surface, showing the helical
periodicity of 5.96 nm. The dotted line is a guide to the eye. (D) FFT image of the area in (A). Arrows
indicate satellite peaks due to the surface-projected q. (E) Inverse FFT image produced by passing only
the atomic lattice and satellite peaks in (D), allowing an unobstructed view of the stripe pattern and its
effect on the atomic corrugation. (F) Schematic side view of the 3D helical texture showing the relation
among Q, q, and the real-space modulations.
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oscillates in sign as one moves outward from
the core of the texture (fig. S9). In the absence
of awell-defined boundary, however, neither the
target nor the p texture have a quantized topo-

logical charge.Ourmodeling also shows that the
core of the target texture consists of a string of
alternating hedgehogs and anti-hedgehogs that
is oriented perpendicular to the surface (fig. S10).

Experimentally, we found both the target
and p textures in a region of the film where
there was also nanoscale curvature. Figure 3C
shows the conjunction of three type I walls to
form the target texture, with closed helical
loops wrapping around a central ~10-nm core.
The isometric topographic image (Fig. 3E) and
topographic linecuts (Fig. 3F) of this area
indicate that the core is localized to the region
of convex curvature to within a few nanometers
in both the horizontal and vertical directions,
although there was some variation in this
proximity among the other target textures
observed (fig. S14). Figure 3D shows the p
texture in an adjacent region spanning two
terraces separated by an atomic step across
the middle. The local curvature in this region
is slightly concave and connects adjoining re-
gionswith target textures and convex curvature
(fig. S14).
Applications of magnetic skyrmions rely on

the ability to manipulate these spin textures,
which has been demonstrated with a variety
of stimuli (28–31), including STM pulsing (30)
and pressure (31). We found that the target
texture can be similarly manipulated by local
current/voltage pulses. Figure 4, A to D, shows
a sequence of SP-STM images where current/
voltage pulses were applied to the core region
using the STM tip. The initial state of the
target texture in Fig. 4A displayed a bright
core and several surrounding closed loops.
After imaging, the STM tip was positioned over
the core and a short (0.5 s) current/voltage
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Fig. 2. Spectroscopic imaging of helical domains in a bowed region of
the surface. (A) Topographic image of a bowed region of the surface
containing three atomic terraces (0.17 V, 1.0 nA, T = 5 K). (B) Line profiles
taken along the blue and red lines in (A). (C and D) Subsequent dI/dV images
of the same region as in (A) (0.17 V, 1.0 nA). The contrast of the helical
texture is subtly visible and inverts upon reversal of the tip magnetization
vector mtip. (E) Difference image [(C) – (D)] showing a variety of helical

textures. Two type I domain walls are boxed and indicated by the dashed
lines. (F) Micromagnetic model of a domain wall where Q1 and Q2 are
separated by an angle q12 and point toward the intersection plane. The
surface projections (q1, q2) intersect at a domain wall showing a nesting of
sharp vertices. (G) Micromagnetic model of a domain wall where Q1 and
Q2 point away from the intersection plane, resulting in a nesting of more
rounded helices.

Fig. 3. Modeling and observation of
target and p textures. (A) Micromag-
netic model of the target spin texture,
with arrows indicating surface qs
pointing away from the intersection axis.
This results in rounded triangular rings
wrapping a central core. (B) Model of the
p texture, where two q vectors point
inward toward each other and the third
points away, resulting in two rounded
domain walls meeting a sharp domain
wall. (C) SP-STM image of the target
texture (–0.31 V, 0.22 nA). (D) SP-STM
image of a p texture (–0.31 V, 0.20 nA).
The SP-STM images in (C) and (D) are
shown without additional processing.
(E) Three-dimensional view of the area
hosting the target texture, showing
curvature of the surface. Topographic
information is shown along the z axis and
the color scale is a dI/dV overlay from
the image shown in (C). (F) Line profiles
taken along the x (blue) and y (red)
directions in (E) to show in more detail
the curvature of the surface in this area.
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pulse was applied. A new disclination defect
(branch point) appeared in the subsequent SP-
STM image (Fig. 4B, red circle), which repre-
sents a discrete change in the topological charge
densitywithin this region. The core center also
shifted by ~5 nmwith respect to the fixed back-
ground of atomic defects. Subsequent pulsing
shifted the disclination defect closer to the core,
which itself changed contrast and size (Fig. 4C).
A final cycle of pulsing annihilated the dis-
clination defect and further shifted the core
(Fig. 4D). Although this series of images was
taken with different atomic tip terminations
(and thus possibly different magnetic con-
trast), the topology of the final state was iden-
tical to the starting state (Fig. 4A). This indicates
that the target texture had been reversibly ma-
nipulated through a landscape of metastable
topological states.
We also observed hysteretic behavior of the

target texture with applied out-of-plane mag-
netic field, as shown in Fig. 4E. After acquir-
ing the SP-STM image at zero field (image 4 in
Fig. 4D), the magnetic field was ramped up to
+1 T. As shown in SP-STM image 5 in Fig. 4E,
the core region is reduced in size and shows
faintly dark contrast (dashed lines). Ramping
the field back down to 0 T (image 6) shows an
expansion of the wrapping and increased dark
contrast of the core region. The core region
flips back to bright contrast and shrinks when
the field is ramped to –1 T (image 7), and then

expands again when the field is ramped back
down to 0 T (image 8). Comparing images 4
and 6 reveals a clear hysteresis effect, and the
identical magnetic contrast in images 4 and
8 indicate that this effect is reversible. Con-
sistent with previous SP-STM studies using
bulk Cr tips (30), this hysteretic behavior
cannot be explained as a field-dependent
polarization of the tip. In fig. S17 we show
SP-STM simulations indicating that if the
tip polarization vector were changing with
applied field, there would be changes in stripe
contrast and/or anisotropy, which are not ob-
served in Fig. 4E. Instead, our micromagnetic
modeling explains the contrast reversal as
arising fromanetmagneticmoment associated
with the finite-volume texture, which aligns
with the applied magnetic field. A p phase shift
is induced when the magnetic field switches
direction, leading to a reversal of contrast in
the SP-STM images (fig. S10).
The topological spin textures observed in

our thin films are distinct from those in bulk
samples, which raises questions concerning
the interplay of bulk and surface magnetism
(32). How, or whether, the textures we ob-
served extend into the bulk of the films can be
further explored by comparing bulk measure-
ments of topological Hall effect with magnetic
imaging techniques such as (surface-sensitive)
SP-STM and (volumetric) Lorentz transmis-
sion electron microscopy. Although additional

study is needed to establish quantitative cor-
relation, the association of these textures with
local strain may reflect an interplay of magne-
tostriction effects, which have been studied in
B20 materials (33–35), and further advances
strain as an additional tuning parameter in
thin-film devices for future memory and logic
applications (12, 31, 36).
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Fig. 4. STM tip and magnetic field manipulation of a target texture. (A to D) SP-STM images of the target
spin texture in different configurations. Between each image, current/voltage pulses were applied with the STM tip
(~2.0 V, 0.5 s, I ≲ 1 mA due to 300-pm approach). White dashed lines are guides to the eye showing wrapping around
the core region. The red circle in (B) and (C) indicates a disclination defect that is generated, moved, and then
annihilated. The blue dot represents the same atomically registered fixed point in the images, showing motion of the
core. (E) SP-STM images showing the magnetic field dependence of the texture. Image 5, taken after image 4 with
an out-of-planemagnetic field of +1 T, shows reversed contrast. Subsequent imaging (images 6 to 8) was performed in
the indicated loop, with a clear hysteresis effect evident upon comparison of images 6 and 8. All images were
taken under conditions of –0.3 V, 0.2 nA, and T = 5 K and are shown without any additional processing.
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Atomic-scale visualization of topological spin textures in the chiral magnet MnGe
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Peeking into magnetic textures
Topological spin textures hold promise as robust carriers of information and have been observed in bulk materials with
a specific crystal structure. One of these materials, manganese germanide (MnGe), exhibits unusual textures in bulk
form. Repicky et al. used spin-polarized scanning tunneling microscopy to study surface magnetism in thin films of
MnGe. Achieving high spatial resolution, the researchers observed stripe-like features consistent with a helical state.
In regions where the film was slightly curved due to strain, the intersection of domain walls led to characteristic closed
patterns that could be manipulated with current/voltage pulses. —JS
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