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Strongly pinned skyrmionic bubbles and higher-order nonlinear Hall resistances at the interface
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Engineering of magnetic heterostructures for spintronic applications has entered a new phase, driven by
the recent discoveries of topological materials and exfoliated van der Waals materials. Their low-dimensional
properties can be dramatically modulated in designer heterostructures via proximity effects from adjacent
materials, thus enabling the realization of diverse quantum states and functionalities. Here we investigate
spin-orbit-coupling proximity effects of Pt on the recently discovered quasi-two-dimensional ferromagnetic state
at the FeSi surface. Skyrmionic bubbles (SkBs) are formed as a result of the enhanced interfacial Dzyloshinsky-
Moriya interaction. The strong pinning effects on the SkBs are evidenced from the significant dispersion in
size and shape of the SkBs and are further identified as a greatly enhanced threshold current density required
for depinning of the SkBs. The robust integrity of the SkB assembly leads to the emergence of higher-order
nonlinear Hall effects in the high current density regime, which originate from nontrivial Hall effects due to
the noncollinearity of the spin texture, as well as from the current-induced magnetization dynamics via the
augmented spin-orbit torque.
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I. INTRODUCTION

Atomically thin magnets and their heterostructures offer
an excellent platform for realizing a variety of spin states
and spintronic functionality [1–4]. The recent energetic explo-
ration of magnetic or magnetically proximitized topological
materials [5–8] and van der Waals materials [9–13] pushes
the frontier as highlighted in the realization of the quantum
anomalous Hall effect [14–17] and the advances in valleytron-
ics applications [18,19]. Simply because a small number of
carriers and spins are involved in the ultrathin films, the mag-
netic states are responsive to external stimuli such as electric
currents and gate voltages or are susceptible to extrinsic ef-
fects such as defects and surface roughness. This enables us to
control their spintronic functionalities in various ways, while
dramatically reducing the energy consumption.

In addition to the low dimensionality, structural symmetry
breaking is particularly important for emergent phenomena
induced by spin-orbit coupling (SOC) in the ultrathin films
[20–23]. As a consequence of the broken inversion symmentry
at the surfaces or interfaces, antisymmetric SOC effects arise,
such as the Rashba effect [24] and the Dzyaloshinsky-Moriya
(DM) interaction [25,26]. Their antisymmetric nature leads
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to the formation of rich spin textures in momentum spaces
and real spaces, i.e., spin-momentum locking in energy bands
[20,23] and Néel-type domain walls and skyrmions [27–29].
The interplay between the conduction electrons and those
spin textures causes various transport phenomena, to name
a few, the Edelstein effect [30], spin-orbit torques (SOTs)
[31,32], nonreciprocal transports of the second order in the
electric field E [33,34], the topological Hall effect [35,36],
and skyrmion drive [37,38].

The recently discovered ferromagnetic surface of the
chiral-lattice FeSi constitutes a new form of quasi-two-
dimensional (2D) magnetic state [39,40]. While the bulk
interior of FeSi is of a nonmagnetic insulating state [41], mul-
tiple experimental techniques have revealed that its surface
exhibits both conductive (metallic) behaviors [39,40,42–44]
and ferromagnetic ordering [39,40]. Here the ferromagnetic
order is confined within a depth of ∼3.5 Å from the surface,
which corresponds approximately to the top three surface-Fe
layers [39]. Polar distribution of surface electronic orbitals,
which is characterized by the quantized Zak phase [45] or the
topology of electric polarization [46–48], boosts the poten-
tial gradient perpendicular to the surface and results in large
Rashba spin splitting (∼35 meV) [39] despite the relatively
low atomic numbers of Fe and Si. Owing to the coexistence
of the ferromagnetic-metal properties and the large Rashba
SOC at the surface, SOT-induced magnetization switching
is realized even at room temperature without external assist
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FIG. 1. Magnetic properties at the interface between Pt (t = 3
nm) and FeSi (t = 5 nm). (a) Schematic picture of the Pt/FeSi bi-
layer. As a consequence of the spin-orbit-coupling (SOC) proximity
of Pt, the interfacial Dzyaloshinsky-Moriya (DM) interaction twists
the spins at the ferromagnetic-metal (FM) surface of FeSi with the
nonmagnetic-insulating (NI) bulk, inducing noncollinear spin tex-
tures. Here D12 represents the DM vector acting on spins S1 and
S2. (b) Temperature dependence of the magnetization M under an
out-of-plane magnetic field μ0Hout = 0.1 T. The kink around T =
295 K represents the helimagnetic ordering. (c) and (d) Out-of-plane
and in-plane magnetic-field dependence of magnetization at various
temperatures. The measured data (color dots) are smoothed (color
lines) for clarity. The unit area corresponds to

√
3a2, where a is the

lattice constant of the cubic unit cell of FeSi.

magnetic fields [40]. Here we note that there are other argu-
ments for topological aspects of the FeSi surface state in terms
of topological Kondo insulators [42] or Weyl semimetals [49],
partly because the origin of the bulk band gap still remains an
interesting question [50–53].

In this article, we explore spintronic properties at the FeSi
surface by fabricating an interface with Pt and leveraging the
intrinsically strong SOC through proximity effects. The en-
hanced DM interaction facilitates the formation of skyrmionic
bubbles (SkBs) at the ferromagnetic interface [Fig. 1(a)],
where they undergo a strong pinning effect from inherent
structural disorders. The simultaneous confinement of con-
duction electrons and SkBs within the 2D interface offers a
unique platform for examining their interplay through SOC
by standard electrical transport measurements, which have
not been feasible on mono- or bi-atomic-layer interfaces seg-
mented into islands of tens of nanometers in size [54,55]. Here
we find higher-order nonlinear Hall effects, extending up to
the seventh order, in the high current density regime, indi-
cating an unconventional mechanism of asymmetric electron
scatterings by the noncollinear spin structure of SkBs.

II. METHODS

The Pt/FeSi bilayer was fabricated on an insulating
Si(111) substrate in an in situ setup combining molecular
beam epitaxy (MBE) and sputtering methods. While the
FeSi(111) layer with thickness t = 5 nm was epitaxially
grown on the Si substrate by MBE [56], the Pt layer with

t = 3 nm was deposited at room temperature by sputtering.
Also see Refs. [39,40] for the detailed growth procedures.
The epitaxial growth of FeSi was confirmed by the θ -2θ x-ray
diffraction method, while the surface roughness was estimated
by atomic force microscopy (AFM) (Supplemental Material
[57], Fig. S1). The thin-film sample was processed into Hall-
bar devices of 30-µm width and 40-µm length by using UV
lithography and Ar ion milling. The Hall-bar devices were
connected to electrodes made of Au (45 nm)/Ti (5 nm) by
electron beam deposition.

Magnetization measurements were performed by using the
reciprocating sample option of a magnetic property mea-
surement system (MPMS, Quantum Design). Hall resistance
measurements were performed by using a lock-in technique
(SR-830, Stanford Research Systems), where higher-order
harmonic Hall voltages up to the seventh order in response
to an input of ac current were measured.

Frequency-modulated magnetic force microscopy (MFM)
was performed in noncontact mode with a lift height of
160 nm in a commercially available scanning probe micro-
scope (AFM/MFM I, attocube) on a Hall-bar device. We
used the MFMR tip (supplied by NANOSENSORS). Electric
current pulses were injected into the Hall-bar device before
each MFM scan for evaluating the magnetic domain response
to the current.

III. RESULTS AND DISCUSSION

Magnetization (M) measurements revealed that the in-
terfacial state shows ferromagnetic behaviors with in-plane
anisotropy below the ordering temperature Tc ≈ 295 K
[Figs. 1(b)–1(d)]. Here we convert the magnetization size
to a value per unit area of the FeSi(111) surface. (The unit
area corresponds to

√
3a2, where a is the lattice constant of

the cubic unit cell of FeSi.) The magnetization size gradu-
ally grows with decreasing temperature T and subsequently
undergoes little variation below Tc under an out-of-plane
magnetic field μ0Hout = 0.1 T [Fig. 1(b)]. The magnetiza-
tion increases linearly with Hout below the saturation field
Hc [Fig. 1(c)], while it shows a clear hysteresis loop under a
cyclic variation in the in-plane magnetic field Hin [Fig. 1(d)].
These anisotropic responses of M indicate that the interfa-
cial ferromagnetic moments tend to align in the film plane,
in contrast to the perpendicular anisotropy observed at the
FeSi interfaces with insulating oxides or fluorides [39,40].
The change in the easy direction of M indicates the variation
in the magnitude and the direction of the orbital magnetic
moment [58,59], which can be ascribed to reconstruction of
the d-orbital occupancy of the FeSi surface state through the
electronic hybridization with the Pt layer. We also note that
the degree of the interlayer hybridization dramatically affects
the magnetic transition temperature through modulating the
density of states around the Fermi energy [40]. In particular,
the chemical stability of Pt with the nearly filled d orbitals and
the consequent low degree of hybridization may underlie the
generation of the high Tc.

To further investigate the detailed magnetic structure and
its responses to electric currents, we performed MFM imaging
of a Hall-bar patterned Pt/FeSi under various Hout at T =
10.8 K [Fig. 2(a)]. Here the spatial modulation of out-of-plane
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FIG. 2. Magnetic force microscopy (MFM) imaging of the Hall-
bar patterned Pt/FeSi bilayer under out-of-plane magnetic fields
Hout at T = 10.8 K. (a) Experimental setup for MFM imaging. The
Au/Ti electrode pads (yellow regions) are used for the injection
of current pulses and the detection of Hall voltages. Inset shows
schematic illustrations of the expected magnetic structures, i.e., a
transverse-conical state (cycloidal spin modulation with an in-plane
ferromagnetic component) and a skyrmionic-bubble state (bimeron
in an in-plane magnetization background). (b)–(e) MFM images at
μ0Hout = 0 T (b), 0.4 T (c), 0.6 T (d), and 1.0 T (e). No current
pulses were applied before taking the MFM images. The line scans
along #b1, #c1, and #c2 (dashed lines) are shown in the insets of
panels (b) and (c). The scale bars represent 2 µm.

M, i.e., the local Mz component, was detected as a frequency
change � f of the vibrating cantilever magnetized along Hout.

An intricate pattern comprising isolated magnetic do-
mains of various sizes and shapes is observed at μ0Hout =
0 T, ranging from submicrometer-scale circular bubbles
to micrometer-scale island domains [Fig. 2(b)]. Under the
application of μ0Hout = 0.4 T, these domains undergo frag-
mentation, resulting in a disordered assembly of irregularly
shaped bubble domains [Fig. 2(c)]. The number of these do-
mains decreases with increasing Hout [Fig. 2(d) for μ0Hout =
0.6 T] and finally disappear above Hc [Fig. 2(e) for μ0Hout =
1.0 T]. The residual contrast observed at μ0Hout = 1.0 T
[Fig. 1(e)] is attributed to the structural roughness at the
surface [Supplemental Material [57], Fig. S1(b)], since no
change in the image was discerned even at μ0Hout = 4.0 T
(not shown). The domain width is roughly 500 nm as evalu-
ated from the line scans in Figs. 2(b) and 2(c).

By analogy with the formation of spiral or skyrmionic spin
textures commonly found in many heterostructures of ferro-
magnetic metals and heavy elements [27,28,60], the observed
submicron domains are likely to originate from the interfacial
DM interaction, which should be significantly enhanced by

the intrinsically strong SOC of Pt [61,62]. On the other hand,
given the in-plane magnetic anisotropy in the Pt/FeSi bilayer,
the magnetic domains would host different internal spin struc-
tures from the conventional cycloidal spin modulations or
Néel-type skyrmions formed in the background of perpendic-
ular magnetization. Although the in-plane spin arrangement
cannot be determined in the present MFM setup, the observed
domains may be highly deformed variants of transverse coni-
cal states [63] and bimerons [64–67] [see the inset of Fig. 2(a)
for their schematic illustrations]. These postulated magnetic
domains are in line with the oscillation profiles observed in
the line scans [Fig. 2(c), #c1 and #c2].

The emergence of such noncollinear spin structures may
be attributed to the DM vector Di j with an out-of-plane
component [65]. The direction of the Di j vector is crucially
dependent on the atomic arrangements at the interface as
dictated by Moriya’s rule [26] and consequently determines
the twisting pattern of neighboring spins (Si and S j) as ev-
ident from the expression of DM interaction [HDM = Di j ·
(Si × S j )]. The formation of bimeron-type magnetic domains
indicates a different atomic stacking pattern at the Pt/FeSi
interface and hence a distinct geometry of DM vectors, com-
pared to the conventional multilayer films. These differences
may stem from the characteristic chiral lattice structure of
FeSi. The elucidation of the three-dimensional spin config-
uration and the interfacial crystal structure remains a future
challenge for unraveling the formation mechanism of the com-
plex spin texture. Hereafter, the isolated magnetic domains
with noncollinear spin arrangements are collectively referred
to as SkBs.

The observed features of magnetic domains, including the
substantial dispersion in size and shape of SkBs and their
disordered arrangements and zero-field metastability, indicate
the presence of underlying structural disorders. These disor-
ders include defects, surface roughness, and grain boundaries,
which produce spatial fluctuations of magnetic interactions
and anisotropy and hence a nonflat energy landscape for
magnetic domains [68–70]. In fact, the consequent strong
pinning effects are observed as robust immobility of mag-
netic domains against electric currents (Fig. 3). We injected
successive three-current pulses with a duration of 10 ms at
intervals of 1 s into the Hall bar and subsequently took a MFM
image [Figs. 3(a), 3(b) 3(d), and 3(e)]. The current-induced
changes in the magnetic-domain pattern were evaluated as
the difference between MFM images with opposite current
polarities [Figs. 3(c) and 3(f)]. Here the pulse current density
J is calculated assuming that the current flows homogeneously
through the device (cf. Supplemental Material [57], Fig. S2).

There is little change in the magnetic domain pattern
in response to the application of |J| ∼ 1.5 × 1011 A/m2

[Figs. 3(a)–3(c)]. For the higher current pulses |J| ∼ 2.5 ×
1011 A/m2, distinct transformations are spotted at various
regions of the MFM image [Figs. 3(d)–3(f)], while no more
variations can be induced by further injection of current pulses
(Supplemental Material [57], Fig. S3). These results represent
that a fraction of magnetic domains are selectively driven
perhaps in a manner dependent on the strength of the pin-
ning force and are subsequently trapped at the strong pinning
sites like grain boundaries. Interestingly, the domain pattern
can be repeatedly and reproducibly alternated between the
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FIG. 3. Current-induced changes in the magnetic domain pattern at zero magnetic field. (a) and (b) Magnetic force microscopy (MFM)
images after the injection of the pulse train (i.e., successive three-current pulses with current density J = 1.5 × 1011 A/m2, with a duration
of 10 ms, and at intervals of 1 s) in the positive (a) and negative (b) directions. (c) Difference between the MFM images [panels (a) and (b)]
with the opposite current polarities. (d)–(f) MFM images [panels (d) and (e)] and difference image [panel (f)] in the case of the higher current
density J = 2.5 × 1011 A/m2. The scale bars represent 2 μm. (g) Current density J dependence of the total difference integrated over the
scanned area. The typical threshold current density Jc is estimated as the intersection of the dashed lines.

distinct trapped states [e.g., Figs. 3(d) and 3(e) for J =
±2.5 × 1011 A/m2] by reversing the current polarity (Supple-
mental Material [57], Fig. S3). This may be because the strong
pinning sites are closely distributed at micrometer-scale inter-
vals and effectively constrain the random diffusion of SkBs.
The reversible nature also indicates that thermal or heating
effects on the magnetic domain’s motion play a secondary
role, as these effects should be independent of the current
polarity.

The total difference, i.e., the integrated value over each
difference image, shows an accelerated rise with J [Fig. 3(g)],
rather than an abrupt upturn across the threshold current den-
sity Jc. This continuous change with J also corroborates the
local variations in the pinning potential, which lead to an
expansion of the spectrum of threshold values. Nevertheless,
the average Jc for depinning the domains can be approxi-
mated as 1.7 × 1011 A/m2 [Fig. 3(g)]. The estimated Jc is
several orders of magnitude larger than those for conventional
skyrmions [37,71–73] and ranks among the highest reported
values [38,74,75]. The greatly enhanced Jc can be partially
attributed to the reduced dimensionality of this interfacial
magnetic order; this aligns with theoretical predictions that
suggest an inverse relationship between Jc and the thickness
of magnetic layer [76,77].

The strong pinning effects at the Pt/FeSi interface enable
us to investigate Hall transport properties in the SkBs without
causing their displacement or disruption under a high current
below the threshold value (I < Ic). Here we focus on the
nonlinear Hall effects, motivated by the burgeoning interest in
the nonlinear electromagnetic responses for their potential as
novel quantum functionalities. Specifically, the nonreciprocal
electrical conductions of the second order enable the rectifi-
cation of current flows as represented by the recent discovery
of superconducting diodes [78,79], while the highly nonlinear

magneto-transport properties constitute the fundamental ele-
ment of physical reservoir computing [80–83].

The nonlinear Hall signals are typically enhanced in the
high-I regime, in accord with their definition:

Vy =
∑

n

R(n)
yx In, (1)

where R(n)
yx is the nth nonlinear Hall resistance. We evalu-

ated R(n)
yx (1 � n � 7) by measuring higher-order harmonic

Hall resistances R(n f )
yx in response to an input of harmonic

ac current I = I0 sin (2π f t ). There is a direct relationship
between R(n)

yx and R(n f )
yx , which can be mathematically deduced

in the low-frequency limit (see Supplemental Material [57]).
The important point is that the even-order R(n)

yx is detected

as the imaginary (out-of-phase) part of R(n f )
yx ; the odd-order

R(n)
yx is detected as the real (in-phase) part of R(n f )

yx . For ex-
ample, the relationships for the second and third orders are
expressed as follows:

Im
[
R(2 f )

yx

] = −R(2)
yx I0/2, (2)

Re
[
R(3 f )

yx

] = −R(3)
yx I2

0 /4. (3)

Figures 4(a)–4(d) show Hout dependence of real and imag-
inary parts of R(n f )

yx (n = 1, 2, 3, and 5) at T = 10 K under
the input ac current with I0 = 30 mA (i.e., |J| � 1.25 × 1011

A/m2) and f = 111 Hz. (See Supplemental Material [57],
Fig. S4 for other R(n f )

yx .) The linear response R(1 f )
yx represents

a conventional anomalous Hall resistance in proportion to the
out-of-plane component of M (i.e., Mz) [Fig. 4(a) and also
see Fig. 1(c)]. In contrast, the higher-order harmonic R(n f )

yx ,
while being of significantly smaller magnitude as compared to
R(1 f )

yx [Fig. 4(f)], exhibit distinctive features that deviate from
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FIG. 4. Fundamental R(1 f )
yx and higher-order harmonic R(n f )

yx Hall
resistances in response to the ac current I = I0 sin (2π f t ) (I0 =
30 mA and f = 111 Hz). (a)–(d) Out-of-plane magnetic-field Hout

dependence of fundamental R(1 f )
yx (a), second-harmonic R(2 f )

yx (b),
third-harmonic R(3 f )

yx (c), and fifth-harmonic R(5 f )
yx (d) at T = 10 K.

Fitting curves (gray lines) are produced on the basis of the spin-
orbit-torque model (see main text and Supplemental Material [57] for
details). (e) Schematic illustrations of the models for understanding
mechanisms of nonlinear Hall effects: (i) oscillation of magnetization
by a damping-like spin-orbit torque and (ii) deflection of conduction
electrons by vector and scalar spin chiralities. (f) Comparison of
the respective maximum values of R(n f )

yx (n = 1–7) at T = 10 K. No
clear signals of forth- and sixth-harmonics are detected around zero
magnetic field. (Also see Supplemental Material [57], Fig. S4.)

the proportionality with respect to Mz. A hysteresis loop is
observed in the second-harmonic resistance, which is charac-
terized by a pronounced peak around zero magnetic field and
followed by the rapid attenuation in the fully polarized state
above Hc. Other even-order harmonics are not detected around
zero magnetic field (Supplemental Material [57], Fig. S4). On
the other hand, the third- and fifth-order harmonic resistances
exhibit Hout-dependence profiles resembling those of R(1 f )

yx ,
albeit showing nonmonotonic behaviors below Hc.

First examining an overall trend, we find that the second-
order harmonic resistance becomes pronounced below Hc,
while the odd-order harmonics gradually develop with in-
creasing H and reach their maxima above Hc. These
contrasting behaviors between even and odd orders can be
comprehensively rationalized within the framework where
the ac current induces oscillating motions of the background
magnetization via the SOT mechanism. When the in-plane
M is tilted by an angle θ in the presence of Hout, and
this orientation is further oscillated by an angle �θ due to
the dampinglike SOT [inset (i) of Fig. 4(e)], the anomalous
Hall resistance can be extended to higher orders of I in the

following way:

Ryx = RAMz = RAM sin (θ + �θ )

≈ RAM sin θ+cRAM cos θ · I− c2

2
RAM sin θ · I2+· · · .

(4)

Here we assume the linear relationship �θ ≈ cI in addition
to the approximation by the Taylor series. (RA is the anoma-
lous Hall coefficient and c is a coefficient representing an
efficiency of SOT [Supplemental Material [57], Fig. S4].)
As evident from the correspondence between this equa-
tion (Eq. 4) and the definition of R(n)

yx (Eq. 1), the even-order
R(n)

yx is proportional to the in-plane component of M, whereas
the odd-order R(n)

yx is proportional to the out-of-plane compo-
nent of M. Namely,

R(n f )
yx ∝ M cos θ for even n, (5)

R(n f )
yx ∝ M sin θ for odd n. (6)

This model effectively captures the general behaviors of
all higher-order harmonic resistances. [See gray fitting curves
in Figs. 4(b)–4(d) and also see Supplemental Material [57]
for the detailed fitting curves.] However, there is discernible
variation in the fitting coefficient c among different orders
n, particularly the reduced c for reproducing R(2 f )

yx (Supple-
mental Material [57], Fig. S4). Ideally, the estimated values
of c should remain consistent, as the magnetization oscil-
lation amplitude is uniquely determined. First, the modest
discrepancy in the fitting coefficients for the odd-order R(n f )

yx

suggests the necessity to extend the relationship between �θ

and I to higher orders (i.e., �θ ≈ cI + c′I2 + c′′I3 + · · · ) and
improve the approximation accuracy. On the other hand, the
significant reduction in c for R(2 f )

yx may be ascribed to the
existence of multiple domains with different in-plane magne-
tization directions. There occurs strong cancellation between
the contributions from the domains with oppositely polarized
background magnetization. Only an uncompensated R(2 f )

yx ,
which appears as the reduction of c, survives as a result of
an accidental imbalance of the magnetic domain population.
The same thing happens to other even-order R(n f )

yx , which are
undetectably small (Fig. 4(f) and Supplemental Material [57],
Fig. S4).

Next we focus on the nonmonotonic profiles of R(n f )
yx that

result in the discrepancies between the measured R(n f )
yx and the

fitting curves derived from the above model [Figs. 4(b)–4(d)].
It is highly plausible that these R(n f )

yx anomalies are associated
with the SkB formation, as they show up exclusively below
Hc. One possible microscopic origin could be asymmetric
scatterings of the conduction electrons by the noncollinear
spin structures [84–86]. On the basis of the symmetry ar-
gument, the higher-order nonlinear Hall effects are indeed
expressed using vector and/or scalar spin chiralities as de-
scriptors of the spin noncollinearity [Fig. 4(e)]. Given the
symmetry of the heterochiral FeSi thin film (i.e., D3 sym-
metry) and SO(3) spin rotational symmetry, the nonlinear
Hall effects bear proportionate relationships to the scalar spin
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chirality, as is the case of the topological Hall effect:

σ (n)
xy ∝

∫
S(r) · [∂xS(r) × ∂yS(r)]dxdy for all n. (7)

Here, σ (n)
xy is the nth-order Hall conductivity that causes

Hall current in response to the nth power of the input elec-
tric field, namely, J (n)

y = σ (n)
xy (Ex )n. In fact, R(3 f )

yx profiles
show little current dependence (Supplemental Material [57],
Fig. S5), ensuring consistency with the asymmetric scattering
mechanism, rather than with the effects of the emergent elec-
tromagnetic fields [76,87,88] or emergent induction [89,90]
due to the current-induced motion of SkBs.

However, there is a peculiar structure in R(5 f )
yx , which

remains unexplained by the asymmetric scattering mecha-
nism. According to Eq. (7), the Hall signals resulting from
asymmetric scattering are expected to display a similar H
dependence over all orders n, since they are directly corre-
lated with the scalar spin chirality, i.e., the noncollinearity
of the spin structure. Indeed, R(2 f )

yx and R(3 f )
yx exhibit broad

dip structures, seemingly reflecting the H dependence of SkB
density as expected. In contrast, a sharp anomaly appears
around Hc in R(5 f )

yx , representing the discrepancy with the
present model. The anomaly in R(5 f )

yx could potentially orig-
inate from enhanced skew scattering due to prominent spin
fluctuations upon the collapse of SkBs [91]. The development
of a comprehensive theory on nonlinear transport phenomena
in noncollinear spin structures is highly desirable.

IV. CONCLUSION

We have realized the formation of SkBs at the quasi-2D
ferromagnetic surface state of FeSi by leveraging the SOC

proximity of the adjacent Pt layer. The SkBs are strongly
pinned by the structural disorders, resulting in their polydis-
persity or polymorphism and the greatly enhanced depinning
threshold Jc ≈ 1.7 × 1011 A/m2. The strong pinning effect
preserves the assembled structure of SkBs even at high current
densities below Jc, enabling the access to the regime where
prominent nonlinear responses show up. Consequently, we
have identified the higher-order nonlinear Hall resistances R(n)

yx
(2 � n � 7) with the characteristic H dependencies. These
nonlinear Hall resistances comprise (i) the primary contribu-
tion from the magnetization dynamics due to SOT and (ii) the
nontrivial Hall effects related to the noncollinearity inherent in
the topological spin textures. The latter effect may stem from
the asymmetric electron scattering by the scalar spin chiral-
ity, behaving as nonlinear extensions of the topological Hall
effect. The observed rich profiles of nonlinear Hall effects
may experimentally exemplify the theoretical model in the
initial proposal for utilizing skyrmions in reservoir computing
[80,81]. The present study also demonstrates the potential for
tailored manipulation of various quantum functionalities via
the interface engineering of the topological surface state of
FeSi, in analogy to the van der Waals heterostructures.
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