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Peripheral chiral spin textures and topological Hall effect in CoSi nanomagnets
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The spin structure and transport behavior of B20-ordered CoSi nanomagnets are investigated experimentally
and by theoretical calculations. B20 materials are of interest in spin electronics because their noncentrosym-
metric crystal structure favors noncoplanar spin structures that yield a contribution to the Hall effect. However,
stoichiometric bulk CoSi is nonmagnetic, and combining magnetic order at and above room temperature with
small feature sizes has remained a general challenge. Our CoSi nanoclusters have an average size of 11.6 nm and
a magnetic ordering temperature of 330 K. First-principle calculations and x-ray circular dichroism experiments
show that the magnetic moment is predominantly confined to the shells of the clusters. The CoSi nanocluster
ensemble exhibits a topological Hall effect, which is explained by an analytical model and by micromagnetic
simulations on the basis of competing Dzyaloshinskii-Moriya and intra- and intercluster exchange interactions.
The topological Hall effect is caused by formation of chiral spin textures in the shells of the clusters, which
exhibit fractional skyrmion number and are therefore termed as paraskyrmions (closely related to skyrmion spin
structures). This research shows how nanostructuring of a chiral atomic structure can create a spin-textured

1,4

material with a topological Hall effect and a magnetic ordering temperature above room temperature.
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I. INTRODUCTION

The understanding and control of topological and emer-
gent properties of matter through nanoscale structuring is a
topic of great current interest in both science and technology,
especially in spin electronics [1-4]. It is well known that
noncoplanar spin structures in conducting magnets give rise to
a Hall-effect contribution known as the topological Hall effect
(THE) [5,6], thin-film skyrmions being the prime example
[5-8]. Miniaturization requires small-scale magnetic feature
sizes [9—11] at and above room temperature, which is difficult
to achieve due to the competition between Dzyaloshinskii-
Moriya (DM) interaction (D) and interatomic exchange J
Increasing the former reduces the feature or skyrmion size
A ~ J /D [12-20], whereas the latter has the opposite effect
of being adverse to miniaturization. The exchange can be
reduced by using a material having a low Curie temperature
T. ~ J /kg, but this approach is contradictory to the aim
of having a THE at and above room temperature. Exam-
ples are FeGe (1. = 278 K), which exhibits a relatively large
skyrmion size (A = 70nm) compared to MnSi (7, = 30K
and X = 18nm) [12], as well as inverse tetragonal Heusler
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compounds and multilayered thin-film systems with feature
sizes generally larger than 100 nm [4,21-23].

The THE is caused by conduction electrons exchange-
interacting with neighboring atomic moments M; that are
not only noncollinear but also noncoplanar, Fig. 1(a). The
corresponding spin rotation creates a Berry curvature [24]
that translates into an emergent magnetic field By [green
arrow in Fig. 1(a)] and yields the THE. The emergent
magnetic field is proportional to the triple product yp =
M- (M, x M3), whose continuum equivalent is ® =M -
(0M /9x x 0M /dy)/4m. Several names have been given to
these entities, but there is some ambiguity. The quantity xrp
is often referred to as scalar spin chirality, but true chirality
implies, by definition, a distinction between left- and right-
handedness [25]. Some systems, such as multilayers with Cyy
symmetry, are neither structurally nor magnetically chiral but
have a nonzero xrtp. The quantity ® is known as the skyrmion
density [8,26], but it is important to keep in mind that @ is
generally different from the number of skyrmions per unit
area. The THE is obtained by areal integration Q = [ ®dxdy,
and this integral is quantized (Q = = 1) for skyrmions but not
for other skyrmionic spin structures [27] that may be termed
partial skyrmions or “paraskyrmions.” The equation for &
means that the THE is a functional of the local magnetization
M(r), that is, the THE is determined by the local magneti-
zation and its gradient, which is strongly influenced by the
exchange and DM interactions. A key question is therefore to
relate the THE to the nanoscale spin structure M (r).

©2021 American Physical Society
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Si substrate

FIG. 1. Spin structure of CoSi: (a) triple-product spin configura-
tion yielding a THE contribution, (b) schematic nanoscale geometry
and spin structure, where H, J, and e correspond to applied magnetic
field, current density, and Hall emf, respectively.

B20 compounds such as T50Xs9 (T = Fe, Co, Mn and
X = Ge, Si) are promising spintronics materials, because
their noncentrosymmetric and chiral crystal structure leads
to scalar DM interactions, which create spin spirals with
well-defined helicity in the bulk [12-20] and skyrmions in
homogeneous thin films. We have recently used nanostruc-
turing to achieve room-temperature skyrmions with sizes of
about 17 nm through exchange engineering in a B20-type
bulk Coj 043510957 [28]. However, this exchange engineer-
ing involves nonstoichiometric crystals and a quantum phase
transition because equiatomic CoSi is nonmagnetic. In this
article, we show that nanostructuring can be used to resolve
the size-vs-temperature dilemma on a length scale of about
10 nm or less, exploiting that the scalar DM interaction in
B20 magnets enhances ®. Our previous studies have shown
that an inert-gas plasma-condensation-type cluster-deposition
method is promising in fabricating other CoSi compounds
such as Co3Si and Co,Si, which form noncubic centrosym-
metric crystal structures and show controllable ferromagnetic
properties upon nanostructuring [29,30].

II. METHODS AND RESULTS

Our thin films consist of B20-ordered CoSi nanoclusters
having an average size of 11.6 nm. Figure 1(b) summarizes
schematically the structural and measurement geometry of
the nanocluster film. The cluster-deposition method was used
to produce CoSi nanoclusters and deposit them onto room-
temperature substrates for an extended time to form dense
films of thickness about 200 nm.

The projector-augmented-wave method (PAW), as imple-
mented in the Vienna ab-initio simulation package (VASP),
was employed to carry out the first-principles calculations
[31,32]. Micromagnetic simulations were carried out using
MuMax3 to determine the spin structures in CoSi nanoclusters
[33]. More details on the experimental and computational
methods are discussed in the Supplemental Materials S1-S3
[34].

A. Structure

Figure 2(a) shows a unit cell of the noncentrosymmetric
cubic B20 structure (point group 7', space group P2;3, and
prototype FeSi). X-ray diffraction (XRD) patterns of CoSi
nanoclusters and polycrystalline bulk CoSi [Fig. 2(b)] are
indexed to the cubic B20 structure [35]. An additional XRD
peak seen in the nanocluster sample corresponds to the (111)
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FIG. 2. Structure of CoSi: (a) unit cell, (b) x-ray diffraction pat-
tern for bulk and nanoclusters, (c) HRTEM image of a nanocluster,
and (d) the corresponding fast Fourier transform pattern indexed with
the cubic B20 structure along the (001) zone axis.

reflection from the carbon cap layer [36]. A high-resolution
transmission-electron microscopy (HRTEM) image of a CoSi
nanocluster [Fig. 2(c)] and the fast Fourier transform (FFT) of
the HRTEM image along the (001) zone axis [Fig. 2(d)] also
confirm the B20 cubic structure.

In brief, XRD and HRTEM results show that the nanoclus-
ters form the cubic B20 structure similar to polycrystalline
bulk CoSi. The average grain sizes determined from x-ray
diffraction data using Scherrer’s equation [37] are 34.8 nm
(bulk) and 12.7 nm (nanoclusters). The latter value is a close
agreement with the average cluster size of 11.6 nm determined
from the TEM results (Supplemental Material S2).

B. Magnetism

Figures 3(a) and 3(b) show the field dependences of the
low- and room-temperature magnetizations of bulk (a) and
nanoclustered CoSi (b) measured using SQUID (supercon-
ducting quantum interference device) magnetometry. The
bulk alloy does not order magnetically, and its susceptibility
shows a crossover from positive (paramagnetic) at low tem-
peratures to negative (diamagnetic) near 160 K, similar to the
behavior observed in CoSi single crystals [38], whereas the
nanoclusters have a high Curie temperature of about 330 K
(see Supplemental Material S4).

-60-30 0_ 30 60
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FIG. 3. Magnetization of CoSi: (a) bulk and (b) nanoclusters.
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FIG. 4. Schematic structure and X-ray absorption spectra (XAS)
for CoSi nanocluster film near CoL;, edges (2p — 3d): (a), (b)
Schematic of the nanocluster film, where the red, orange, and yellow
regions represent the strongly spin-polarized surface, spin-polarized
intermediate region, and the almost nonmagnetic core, respectively.
The top surface in (a) shows the region from which the surface
XAS spectra originate. XAS and XMCD spectra of the surface and
volume-average (whole film) regions [(c) and (e) and (d) and (f),
respectively]. (g) Spin (m,) and orbital (m,) moments at different
temperatures. The filled and empty symbols are moment contribu-
tions from the whole CoSi film thickness (average) and film surface,
respectively. (h) Magnetic moments (m; = m, + ms) obtained from
XMCD and SQUID for the surface and whole CoSi film.

To experimentally investigate the magnetization distribu-
tion, we measured x-ray absorption spectroscopy (XAS) data
near the CoLs » edges (760-830 eV) for the CoSi nanocluster
film in the presence of an external magnetic field (3 kOe)
normal to the sample surface. The XAS spectra were retrieved
from two parallel detection channels: (i) the current of elec-
trons emanating from the surface of the CoSi nanocluster film
and (ii) after passing completely through the nanocluster film.
The former approach provides a probing depth of about 6
nm into the film, schematically shown as the colored region
in Fig. 4(a), whereas the latter contains information about
volume-averaged (average) properties from the whole CoSi
film, as schematically shown in Fig. 4(b).

Figure 4(c) shows the XAS spectra for the photon an-
gular momentum parallel (x4) and antiparallel (®_) to the
applied magnetic field at 300 K from the surface (a) and from
the whole film (b). The x-ray magnetic circular dichroism
(XMCD) signal was obtained from the difference between the
corresponding blue (1) and red (u4) curves in Figs. 4(c)
and 4(d) and is shown for different temperatures in Fig. 4(e)
and Fig. 4(f), respectively. Orbital and spin moments (m, and

(b) 31286 atoms Core
= 2]
()
8 1-M ’
@
50 LN
c/V) A
: W |
21
-3 v
-4 -2 0 2
Energy (eV)
(c) 3{286 atoms Surface | (d) os o DFT .
= =0 1
s 2 E - - Fitting :
() © 5
@ 0.6
g1 ! 3 ;
B = ,
@0 2 0.4 .
8 15 ¢
a l £ 0.2 .
-2 = %
0,0-»00...;.-"."
3 : ! 6 2 i & @
Energy (eV) Radial distance (A)

FIG. 5. DFT calculations on CoSi nanoclusters having 286
atoms. A schematic of the nanocluster (a). Average densities of states
for surface Co atoms (b) and core Co atoms (c). Radial distribution
of the magnetic moment per Co atom from the center of the cluster
(solid circles) is fitted using a decay function, dashed line (d).

mg, respectively) from the surface and whole film at different
temperatures were obtained from the corresponding XAS and
XMCD spectra [39,40] (see Supplemental Material S5 for
more details) and are shown in Fig. 4(g). The magnetic mo-
ments, m; = m, + m,, measured from the surface and whole
film, are compared with the values measured using SQUID
magnetometry in Fig. 4(h). The magnetization near the sur-
face is higher than the magnetization of the whole film (see
Supplemental Material S6 for more explanation).

To understand the nanocluster magnetism, we have per-
formed density-functional-theory (DFT) calculations for the
CoSi cluster shown in Fig. 5(a), which has 286 atoms (Supple-
mental Material S1). Figures 5(b) and 5(c) correspond to the
average DOS calculated from the innermost core Co atoms
(three Co atoms situated near the center of the cluster) and
outermost 37 surface Co atoms, respectively. The calculated
spin polarization, that is, the difference between the local
1 and | densities of states, is virtually zero in the cluster
core, Fig. 5(b), whereas the nanocluster surface exhibits a
large magnetic magnetization of m’ = 0.88 up per Co atom,
Fig. 5(c). The calculated average magnetic moments for the
core is 0.02 ug/Co. This indicates that the atoms near the
surface spin-polarize the interior Co atoms.

Analytically, the radial dependence of the magnetization
m(r) for a spherical cluster with a radius R approximately
obeys the preasymptotic differential equation —V?m + k?m =
0, whose solution is m(r) = m/f ;fh((féi [29]. Fitting the
above equation to the DFT moments using m’ = 0.88 ug/Co
[Fig. 5(d)] yields an inverse decay length x = 0.88/ A, which
suggests that the magnetic moments of Co atoms are mostly
situated within a shell thickness of about 0.5 nm from the
cluster surface. The average moment is 0.26 g /Co estimated
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FIG. 6. Hall resistivity and dc susceptibility of the CoSi nan-
ocluster film: (a) THE analysis at 320 K, (b) topological Hall
resistivity as a function of field and temperature, (c) field depen-
dences of magnetization M and dc susceptibility x = dM/dH at
300 K, and (d) comparison of experimental and theoretical field
dependences of the THE and skyrmion number (Q).

from moments of all Co atoms in the cluster, comparable to
0.24 ug/Co at 10 K measured using SQUID.

C. Topological Hall effect

A widely used experimental method to determine the THE,
also used as the starting point in the present paper, is to use
the equation p,, = RoH + R;M + pruE [8,26]. Here pyy is the
measured Hall resistivity, RyH is the ordinary Hall effect, R:M
is the conventional [41] contribution to the anomalous Hall
effect, and pryg is the Berry-phase contribution to the anoma-
lous Hall effect, or simply topological Hall effect. When the
magnetization approaches saturation, R,M becomes a con-
stant, Ry and R, can be determined by plotting pyx/H vs
M/H in the high-field region (20-50 kOe), and RyH + R:M
can then be subtracted from py, to yield ptug [27,42,43]. We
have measured the Hall resistivity of the CoSi nanoclusters for
temperatures below 7; and in magnetic fields of up to 50 kOe,
applied perpendicular to the film plane. Figure 6(a) shows
a typical Hall-effect analysis, namely, at 320 K, comparing
total Hall effect (purple) with RyH + RsM (black) and with
the THE (red). The field and temperature dependence of the
corresponding THE is shown in Fig. 6(b). The THE is often
accompanied by anomalies in the magnetization M(H) and in
the dc susceptibility y = dM/dH, and Fig. 6(c) shows that
such anomalies also exist in the present nanocluster thin films
(see also Supplemental Material S8). The longitudinal resis-
tivity of the CoSi nanocluster film at 10 K is about 50 €2 cm
(Fig. S7), an order of magnitude higher than bulk value, and
this is due to the fact that the conduction proceeds through the
contact points between the nanoclusters.

Figure 6(d) compares the experimental THE measured at
10 K (open circle) with theoretical calculations. The dotted
red curve in Fig. 6(d) has been obtained by solving an analyt-
ical model yielding ytp = M - (M, x M3). The calculation
assumes three spins forming an angle 6 with the film plane,

FIG. 7. Simulated spin structures in CoSi nanoclusters: (a)
three-dimensional view on magnetic shell, (b) two-dimensional
cross-section view on the equator plane, and (c) spin structure in
the vicinity of the contact points (c). In this figure, the field was
taken as 1.6 kOe, roughly corresponding to the THE maximum, and a
nonzero D has been used (Supplemental Material S9), as appropriate
for B20 materials. Note the poles of the spin structures in (a), which
are distantly related to bobbers [45].

Fig. 1(a). The spins are subjected to an easy-plane uniaxial
anisotropy of magnetostatic origin, which tries to keep the
magnetizations in the film plane (6 = 90°). For such a con-
figuration, the response to an external field is well known,
namely, a straight line M, = Mcos® ~ H. The evaluation of
the corresponding triple product is straightforward and yields
x1p = 3v/3/2M> £(0), where f(0) = cosfsin6. In terms of
the normalized magnetization m = M,/M;, we obtain f(m) =
m(1-m?), which is the dotted red curve in Fig. 6(d).

III. DISCUSSION

While magnetization and susceptibility anomalies are an
indication of THE, a proof requires analysis of M(r) and
®(r). To obtain explicit information, we have used MuMax3
and carried out micromagnetic simulations using experimen-
tal parameters (see details in the Supplemental Material, S1
and S9). Figure 7 shows the spin structure obtained in our
simulations. Without loss of generality, the figure is limited to
three nanoclusters in contact with each other.

We have also investigated many-cluster systems, where the
spin structure is very similar to Fig. 7 but difficult to visualize.
The subfigures show the spin distribution in the magnetic shell
(a), the corresponding equatorial cross-sectional view (b), and
the spin structure in the vicinity of the contact points (c). The
three spins Sy, S;, and Sj are clearly noncoplanar and forms
chiral spin textures [similar to Fig. 1(a)], causing the conduc-
tion electrons to accumulate a Berry phase and to contribute
to the Hall effect. The presence of B20-type scalar DM inter-
actions (D) is essential for the formation of the noncoplanar
spin structure in the present sample [blue curve in Fig. 6(d)];
by choosing D = 0, the simulations cause the THE to collapse
[green line in Fig. 6(d)]. Note that the magnetocrystalline
anisotropy of the CoSi clusters is small and does not affect
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the spin structures according to our simulations. There is a
probably also some C,,,-type surface DM interaction (Figs. 1
and 2 in Ref. [44]), which yields additional noncoplanarity but
is ignored in the present simulations. Note that the addition of
other DMI terms would somewhat modify the spin structures
of Fig. 7 but does not change the overall picture, namely, the
creation of the Berry phase and corresponding THE.

The total THE contribution corresponds to Q ~ 0.15 per
nanocluster, as estimated by numerical integration over &.
Along the surface and through the contact points, the feature
or “paraskyrmion” size, deduced from the magnetization gra-
dient in ®, is of the order of 10 nm. Figure 7(c) visualizes
the filigree nature of the CoSi paraskyrmions. Note that both
intra- and intercluster exchange interactions are involved in
the nanoscale confinement of M (r) and ®(r).

Our above-outlined experimental and theoretical findings
prove the existence of paraskyrmions in CoSi nanocluster
films. While the spin structure of Fig. 7 unambiguously
yields THE signatures such as those in Fig. 6, there may be
other contributions. One mechanism is thermal spin-chirality
fluctuations, which exist, for example, in thin films with per-
pendicular magnetic anisotropy. The chiral spin fluctuations
may cause or contribute to sign changes in the Hall effect
[46-48], a feature we also see in our data THE above 210 K,
Fig. 6(b). In terms of Fig. 7(c), these fluctuations would
correspond to a thermally activated noncoplanarity of the
spins. However, they are limited to the vicinity of T, [46—49],
while our CoSi nanocluster film exhibits a THE down to
10 K, far below T;.. Note that the chiral spin fluctuations may
also cause or contribute to the observed sign change of the
Hall effect [46,48], but this interpretation is not conclusive
and somewhat speculative, and thermally fluctuating magnetic
moments cannot explain the low-temperature effect that we
observe even after considering the relatively small number of
spins. In addition, the nanocluster film also exhibits a metal
to semiconductor like transition in the longitudinal resistivity
data (Supplemental Material S7). Therefore a comprehensive
explanation of the temperature dependence of the Hall trans-
port in core-shell structures close to the Stoner transition (and
generally in B20 magnets) is a major challenge to future
research.

From the viewpoint of first-principles theory, bulk CoSi is
a semimetal close to a transition between diamagnetism and
Pauli paramagnetism. It has a complicated Weyl-point struc-
ture near the Fermi level, which could give rise to a Hall-effect
contribution, Egs. (2) and (6) in Ref. [41]. However, the bulk
CoSi in the core is nonmagnetic, whereas the magnetic CoSi
in the surface shell has a very different electronic structure,
Fig. 5, so the intrinsic contribution to the Hall effect is virtu-
ally zero.

A third mechanism is Hall-effect anomalies that may arise
from multichannel Hall effects. The equation p,, = RoH +
RM + pryg is limited to homogeneous (single-phase) thin
films and cannot be easily generalized to inhomogeneous

thin films [50,51]. The reason is that the current density
(responsible for skyrmionic spin density and THE) and the
magnetization are generally realized in different spatial lo-
cations. The corresponding corrections are large in some
systems, for example, in hard-soft composites having a bi-
modal switching-field distribution [51]. In our CoSi thin-film
structures, the THE is largely given by currents traversing the
sample, that is, going through the contact points. The surface
spins away from the contact points fully contribute to the
magnetization but only partially to the Hall resistivity. The
THE contribution from the contact points is not suppressed by
this mechanism, because our system is rather soft, with a very
narrow switching-field distribution, and most of the sample
inhomogeneity is associated with regions that contribute virtu-
ally nothing to M and to pryg (core of the CoSi nanomagnets
and vacuum).

IV. CONCLUSIONS

In summary, we found a substantial topological Hall effect
in ensembles of CoSi nanoclusters. In contrast to bulk CoSi,
which is nonmagnetic, the nanoclusters are magnetically or-
dered at room temperature. The magnetization is confined to
a thin surface shell and forms peripheral chiral spin textures
that we call paraskyrmions. The small feature size of about
10 nm or less is effected by B20-type Dzyaloshinskii-Moriya
interactions in CoSi and may lead to new room-temperature
spin-electronics approaches. See Supplemental Material for
additional details on methods and results [34], which also
includes Refs. [52-63].
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