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In the three-dimensional (3D) Heisenberg model, topological point defects known as spin hedgehogs
behave as emergent magnetic monopoles, i.e., quantized sources and sinks of gauge fields that couple
strongly to conduction electrons, and cause unconventional transport responses such as the gigantic Hall
effect. We observe a dramatic change in the Hall effect upon the transformation of a spin hedgehog crystal
in a chiral magnet MnGe through combined measurements of magnetotransport and small-angle neutron
scattering (SANS). At low temperatures, well-defined SANS peaks and a negative Hall signal are each
consistent with expectations for a static hedgehog lattice. In contrast, a positive Hall signal takes over when
the hedgehog lattice fluctuates at higher temperatures, with a diffuse SANS signal observed upon
decomposition of the hedgehog lattice. Our approach provides a simple way to both distinguish and
disentangle the roles of static and dynamic emergent monopoles on the augmented Hall motion of

conduction electrons.
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Some topological orders in condensed matter systems
behave analogously to elementary particles, enabling a
study of their electrodynamics in the realm of low-energy
physics. As a representative example, artificial magnetic-
monopole-like structures have been proposed in different
ways [1-8]. A hedgehog-type spin structure coupled with
conduction electrons in a metal [2,6] can take on a
quantized nature like a magnetic monopole. Such structures
are composed of spins pointing in to or out from a singular
point, and carry integer topological charges Q = (1/8x)
ek [ dSin(r) - [Oin(r) x On(r)] = £1 [9] [Fig. I1(a)l.
This quantity represents the mapping of the spin moment
m(r) on the sphere S surrounding the singular point in
real space to the sphere of the unit vector n(r) =
m(r)/|m(r)|. Meanwhile, conduction electrons couple
to noncoplanar spins through the Berry curvature b, =
1e'*n(r) - [On(r) x 9;n(r)], which corresponds to an
effective gauge field, a so-called emergent magnetic field
(EMF), that affects electron motion [10]. Correspondingly,
conduction electrons indeed regard hedgehogs as quantized
sources or sinks of EMF with magnetic charge, Q,, =
(1/4x) [gdSyb; = 1 [Fig. 1(b)].

Spin hedgehogs are predicted to be thermally excited in
3D ferromagnetic states and be responsible for both the
ferromagnetic-to-paramagnetic transition [11,12], and
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the concomitant enhancement of anomalous Hall effect
(AHE) [13-17]. In analogy with the Berezinskii-
Kosterlitz-Thouless transition in the 2D XY model [18,19]
driven by the vortex pair dynamics, pairwise excitations
of oppositely charged hedgehogs play a key role in
mediating the disordering transition in the 3D
Heisenberg spin system. With increasing density of the
pairwise excitations in the vicinity of the transition,
conduction electrons are strongly deflected by the quan-
tum flux lines of EMF generated at skyrmion strings,
which bridge the hedgehog pairs [Figs. 1(c) and 1(d)].
The Hall effect due to EMF attracts renewed attention and
is termed the topological Hall effect (THE) [20]; typically
it can be generated by a static order of skyrmion strings in
chiral magnets [21-23].

While the THE serves as a probe of the static properties
of emergent monopoles [13-17], their dynamics, which
leads to fluctuations of EMF and hence scatters electrons,
would manifest itself as small noise voltage [6,24,25]
posing considerable difficulty for its detection. It is
nonetheless expected that spin fluctuations can cause skew
scattering of electrons and show up as a steady Hall signal
if they have finite thermally averaged total chirality (S -
(S, x S3)) [26]. In this context, thermally excited hedge-
hogs displaying large spin chirality may produce distinct
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FIG. 1. (a),(b) Schematic illustrations of hedgehog and
antihedgehog spin structures (a) and their monopolelike EMF
distributions (b). (c) A pair of hedgehog (yellow dot) and
antihedgehog (green dot) in the ferromagnetic background (red
arrows). The magnetic line defect (blue arrows) appears between
the pair, where the negative EMF emerges as indicated by the
blue region. (d) The bridging skyrmionic structure between the
pair in cross section. (e) Cubic hedgehog lattice (HL) state in
MnGe. Reddish and bluish arrows indicate spins with positive
and negative z components, respectively. (f) EMF distribution
of the HL at zero magnetic field. Reddish and bluish regions
represent EMF with positive and negative z components, re-
spectively. (g) Expected neutron scattering intensity map for the
MnGe thick film with the two chiral crystalline domains. Red
dots represent magnetic reflections. White and black dots
represent directions of (100) crystalline axes of right- and left-
handed domains, respectively.

Hall signatures through preferential selection of one of their
chiral fluctuation modes.

As an ideal platform for studying the emergent-
monopole dynamics, we target the chiral magnet MnGe
in which hedgehog pairs condense due to higher-
order magnetic interactions [27-31], and form a hedge
hog-antihedgehog lattice bonded by skyrmion strings
[32—-34] [Figs. 1(e) and 1(f)]. Owing to the lack of space
inversion symmetry in MnGe, we expect a homochiral
nature of spin fluctuations [34]. From small-angle neutron
scattering (SANS) on a thick epitaxial film of MnGe
(see the Supplemental Material [35]), we identify thermal
fluctuations of hedgehogs to develop at temperatures
(T's) far below the magnetic transition temperature
(Ty ~ 170 K). In particular, we observe a pronounced
fluctuating hedgehog state when the magnetic field
(H)-driven transformation of the hedgehog lattice (HL)
from cubic to rhombohedral takes place, and the rearrange-
ment of hedgehogs are involved. Meanwhile, through
electrical transport measurements on a bulk single crystal
synthesized by a flux method under high pressure [35], we
observe a distinct Hall response in the 7-H region of
pronounced hedgehog fluctuation which is opposite in sign
to the THE induced by EMF of the static HL. The close
correlation between SANS data and Hall response profiles
reveal charge transport characteristics that are distinct

according to if they are due to the statics or dynamics of
emergent monopoles.

We performed SANS on a MnGe film of 3-um thickness,
which is roughly 1000 times larger than the magnetic
modulation period of 3-6 nm [33,37]. Due to reduced
surface and interface effects, the magnetic structure in the
film is confirmed to be essentially equivalent to that in the
bulk. The HL state is constructed by the superposition of
three orthogonal proper-screw structures with propagation
vectors (¢, ¢, and ¢3) aligned with the equivalent (100)
directions [32,34]. Although the film is epitaxially grown
along the [111] direction, there exist two crystalline
domains with opposite chirality, which are related by a
mirror operation with respect to the (111) plane [47]. As a
result, not a threefold-, but instead a sixfold-symmetric
pattern of scattering peaks appears around the [111]
direction, along which H is also applied [Fig. 1(g)].
Here we also note that there is controversy regarding the
magnetic structure [35].

With varying 7 and H, we investigated the peak
positions and area sizes of SANS diffraction spots.
Figures 2(a)-2(f) show representative scattering patterns
and their schematic illustrations viewed from the film
normal of [111] (see also Figs. S2-S4 [35]). In finite H,
the H direction remains fixed along [111], and both the
sample and cryomagnet are rotated together to map the
SANS intensity. Due to the limited opening angle of
the magnet’s neutron access windows, some azimuthal
angle ranges [gray shaded regions in Figs. 2(d)-2(f)] are
not observed. At zero magnetic field, the sample is rotated
independently from the magnet, and the expected sixfold-
symmetric pattern of satellites due to cubic HL formation is
indeed observed [Figs. 2(a)-2(c)]. The spot sizes are larger
at T =100 K compared to those at 7 =2 and 50 K as
evident from Figs. 2(a)-2(c) and from quantitative evalu-
ation of the spot area shown in Figs. 2(j)-2(l). This
indicates a strong 7" dependence of the magnetic correlation
length deep within the ordered phase. Taking into account
the results reported from so-called MIEZE spectroscopy on
polycrystalline bulk samples [42], the observed spatial
disorder of the magnetic structure can be understood as
a consequence of the temporal spin fluctuations observed to
survive over an exceptionally wide temperature range
above T = 30 K. In contrast, the spread in width of the
magnetic Bragg peaks below 7' = 30 K is attributed mainly
to static disorder of the hedgehog arrangement. With
increasing H, the three ¢ vectors of HL tilt from their
original alignment with (100) towards the H direction
[Figs. 2(d)-2(f)]. Eventually the magnetic diffraction spots
from each of the crystalline domains tend towards over-
lapping, resulting in a threefold scattering pattern as
deduced at, for example, 7 =50 K and pyoH=6T
[Fig. 2(e)]. Although a large portion of the scattering
pattern is either inaccessible at 7T =2 K and yoH =8 T
[Fig. 2(d)], or the increasingly diffuse signal spreads
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(a)—(f) Representative SANS patterns (left panels) and their schematic illustrations (right panels) at zero (a)—(c) and finite (d)—

(f) magnetic fields. The view is along the film normal direction. (g)—(1), Magnetic-field dependence of positions and area sizes of
magnetic Bragg satellites at various temperatures. The position and area size are described as the angle 6 between g; and the film normal
[inset of (i)] and the product of half widths of the elliptical intensity distribution along its long and short axes, respectively. The inset of
(1) shows an enlargement of the main panel. The horizontal dotted lines at § = 54° represent the angle which corresponds to a g-vector
alignment of spots with the original orthogonal (100) axes, while vertical dotted lines indicate critical fields for HL transformation (H,)

and ferromagnetic transition (H,.).

beyond the observable range at 7 = 100 K [Fig. 2(f)],
the overall scattering patterns at these 7 and H conditions
also tend towards being threefold symmetric too. Since the
directional change in the basis g vectors of the HL requires
a lattice transformation from cubic to rhombohedral forms,
hedgehog motion must be induced at the transition. Such a
large deformation of the HL likely enhances hedgehog
fluctuations, resulting in the diffuse scattering patterns
observed under H at 50 and 100 K, which are temperatures
far below Ty.

Next we measured the Hall resistivity p,, to reveal its
connection to the magnetic state. To estimate the THE,
which shows up in addition to the normal and anomalous
Hall effects (NHE and AHE), we employed a comple-
mentary approach using both thick film and bulk single
crystal samples. Since the inevitable small cracks in the
thick film inhibit electrical transport measurements,
we used the single crystal [35]. The single crystal was
cut into a cuboid with a thickness (¢ =3 ym) and the
largest face being the (111) plane (Fig. S1 [35]). On the
other hand, we exploited the thick film with larger volume
than the single-crystal cuboid for magnetization (M)
measurements. Figures 3(d)-3(f) show the H dependence
of py, and the estimated conventional Hall response
PS5y = RoH + R,p2.M, where R, and R, are coefficients

for the NHE and AHE, respectively. As is obvious from
the difference between the M — H [Figs. 3(a)-3(c)] and
pyx — H [Figs. 3(d)-3(f)] curves, there are additional
Hall contributions with various characteristics that are
collectively expressed as p)T,x. At T =10 K, where the
HL state is static, p,, shows a broad negative signal with
a small positive bump structure below the ferromagnetic-
transition field H ., before rising sharply and exceeding pS3!
with further increasing H [Fig. 3(d)]. At 7T = 50 K, where
the HL state fluctuates upon its transformation by H, py,
overtakes pest above H =3 T, peaking at H =6 T, and
finally converges to pfY. [Fig. 3(e)]. At T = 100 K, where
thermal fluctuations of the HL are evident even at zero
field, p,, is always larger than p§} below H. [Fig. 3(f)]. As
seen from the above, the H dependence of p,, changes
dramatically in response to the static and dynamic character
of the HL.

The connection between the magnetic state and the
Hall response becomes clearer when we compare their
development with both 7" and H. Figure 4(a) displays the H
dependence of pgx at various 7. With increasing 7, the
broad negative dip structure observed below 7= 20 K
becomes confined to the low-H region, and the response
becomes dominated by the growing positive peak.
Summarizing together the pj, profiles with the SANS data
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FIG. 3. (a)—(c) Magnetic-field dependence of magnetization
along [111] in the thick (3 um) epitaxial (111) film at various
temperatures. Inset of (c) shows scanning electron microscope
(SEM) image of a MnGe single crystal. (d)—(f) Magnetic-field
dependence of Hall resistivity p,, and the estimated contribution
from conventional Hall response p5Y in the single crystal at
various temperatures.

in the phase diagram of Fig. 4(b), we find that the
emergence of positive pJ, correlates with the fluctuating
feature of the HL. It is thus evident that the H of the positive
peak (H) correlates with the transition of the g-vector
alignment. Furthermore, the positive p;x shows up in the
T — H region where diffuse scattering patterns [cyan,
orange, and yellow markers in Fig. 4(b)] appear near the
transition boundary of the HL transformation. In contrast,
the negative p)T,x is confined to the low-T region where the
SANS pattern exhibits well-defined peaks due to the static
HL [blue and red markers in Fig. 4(b)]. The above
observations imply that the static and fluctuating properties
of emergent monopoles are each likely origins of unusual
Hall effects with opposite signs. As theoretically predicted
[48] and experimentally demonstrated for a polycrystalline
sample [33,35], the negative p!, can be assigned to a THE
induced by EMF that are present for both cubic and
rhombohedral HLs [bottom panels of Fig. 4(b)]. On the
other hand, the coincidence of the positive p;x and the
proliferation of spin-chirality fluctuations at the HL trans-
formation can be reasonably assigned to skew scatterings of
the spin-polarized conduction electrons due to the spin-
chirality fluctuations, as theoretically proposed in Ref. [26].
The prediction is for a THE-like response to emerge so long
as there exists a correlated spin state with finite scalar spin
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FIG. 4. (a) Magnetic-field dependence of p}T,x in the single
crystal, obtained at various temperatures. Data at adjacent
temperatures are shifted vertically for clarity. Black triangles
indicate the magnetic fields H, at the tops of positive peak
structures. (b) Color map of pI, and scatter plot of SANS pattern
type along with critical fields H » and H.. A different color
marker as shown in the middle panels of (b) indicates each
different category of pattern classified according to the directions
and diffuseness of the scattering spots. The bottom panels are the
distributions of hedgehogs (yellow dots), antihedgehogs (green
dots) and emergent magnetic field (reddish and bluish regions) in
the respective magnetic unit cells of the cubic (bottom left) and
rhombohedral (bottom right) HL.

chirality. The present case exemplifies this situation in
terms of the fluctuations of hedgehogs.

We distinguish experimentally the static and dynamic
effects of emergent monopoles via their unique signatures
in Hall transport. In particular, large spin-chirality fluctua-
tions either at high T or around the H-induced HL trans-
formation generate a steady Hall response of opposite sign
to the EMF-induced THE. The appearance of such Hall
anomalies is not specific to HLs but is a general pheno-
menon associated with non-coplanar spin structures. It may
be interesting to revisit the dynamics of topological spin
singularities around the order-disorder transitions in
ferromagnets [13-17]. In addition, Hall measurements
on other topological spin crystals [21-23] may yield
valuable information about their melting phenomena
[49]. The demonstrated ability may contribute to establish-
ing the generic properties of omnifarious topological spin
textures and their excitations. The establishment of a
theoretical model reproducing the complex spin texture
is also left as challenges for future study.
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