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Tailoring energy barriers of Bloch-point-mediated transitions between topological spin textures
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Magnetic skyrmions are nanoscale spin textures whose thermal stability originates from the nontrivial
topology in nature. Recently, a plethora of topological spin textures have been theoretically predicted or experi-
mentally observed, enriching the diversity of the skyrmionic family. In this work, we theoretically demonstrate
the stabilities of various topological spin textures against homochiral states in chiral magnets, including chiral
bobbers, dipole strings, and skyrmion tubes. They can be effectively classified by the associated topological
Hall signals. Multiple transition paths are found among these textures, mediated by Bloch-point singularities,
and the topological protection property here can be manifested by a finite energy barrier with the saddle point
corresponding to the Bloch-point creation/destruction. By carefully modulating the local property of a surface,
such as interfacial Dzyaloshinskii-Moriya interaction induced by breaking the structural symmetry, the energy
landscape of a magnetic system can be tailored decisively. Significantly, the proposed scenario also enables
the manipulation of stabilities and transition barriers of these textures, even accompanied by the discovery of
ground-state chiral bobbers. This study may raise great expectations on the coexistence of topological spin

textures as spintronics-based information carriers for future applications.
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I. INTRODUCTION

Chiral magnets can host a rich variety of spin textures
due to their inherent broken inversion symmetry of crystal
structures [1-9], including many Ge- [1-5] and Si- [6-8]
based B20 compounds, and some insulating magnets such
as Cu,0SeOs [9]. Their stabilization highly relies on the
occurrence of the Dzyaloshinskii-Moriya interaction (DMI)
[10-12]. Magnetic skyrmions are usually referred to as two-
dimensional particlelike spin configurations [13], and their
nontrivial topology can be characterized by the topological
charge [14]:
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which is the effective flux of the emergent magnetic field
B = %m - [0ym x 0,m] originating from the spatial variation
of the magnetization field m, with ¢, indicating the flux quan-
tum 27h/q° (¢° = £1/2 for minority/majority spins) [15].
For a single skyrmion, the Q»p corresponds to an integer value
+1 with the sign determined by the skyrmion polarity. How-
ever, in bulk chiral magnets with a considerable size along
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the thickness direction, more diverse and complex spin tex-
tures exist [Figs. 1(d)-1(h)]. Single skyrmions are stabilized
as a form of skyrmion tubes through the samples [1,2,16—
18] [Fig. 1(d)]. In addition, Bloch points (BPs) are pointlike
topological defects where the magnetization vanishes in the
center and play crucial roles in mediating skyrmion anni-
hilation processes [2,14,18-20]. Chiral bobbers are formed
by skyrmion tubes partially penetrating into a sample with a
finite depth and ending with Bloch points [Figs. 1(f)-1(h)],
whose thermal stability is attributed to the geometrical con-
finement of surfaces [4,20-22]. The vicinity of Bloch points
at both ends can lead to spin textures referred to as dipole
strings [23-26] [Fig. 1(e)]. These spin textures involve three-
dimensional spin swirling in nontrivial manners, and usually
possess complex distributions of the emergent magnetic field
Bf. The collective effect of Bf is associated with unique
topological properties for different textures, and the topolog-
ical Hall effect enables a concise solution for detecting and
distinguishing these structures using electronic-transport mea-
surements [8,22,27-32]. Most of the existing studies focused
on the correlation of topological Hall signal and the topo-
logical charge in quasi-two-dimensional systems [29-31].
However, concerning the above-mentioned spin textures, such
transport properties should also consider the depth-dependent
complexity. Redies et al. [22] analyzed the unambiguous sig-
nals of chiral bobbers and skyrmion tubes, which are relevant
to the volume that a spin texture occupies in the sample. Our
previous work also revealed the topological Hall response of
skyrmion “chains” in magnetic multilayers, and its stepwise
variation is induced by the Bloch-point hopping through the
multilayer [32]. It can be speculated that Bloch points play

Published by the American Physical Society
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FIG. 1. Various topological spin textures in chiral magnets. (a)-(c) Homochiral state, including (a) helical state at zero magnetic field
with the wave vector (propagation direction) perpendicular to the film surface, (b) conical state with the wave vector perpendicular to the
field direction, and (c) saturated state with all magnetization pointing along the field direction. (d) Skyrmion tube with spatially nonuniform
chiralities along the tube. (e) Dipole string with two Bloch points at the upper and lower ends. (f)—(h) Chiral-bobber states, including a single
chiral bobber situated near the (f) top or (g) bottom surface, and (h) chiral-bobber pair near both surfaces. Two types of Bloch points with
opposite topological charges (BP' and BP™) are located at the ends of dipole strings and chiral bobbers. The color palette represents the
magnetization direction, and isosurfaces indicate the positions of m, = 0. (i) Variation of the total energy of these textures as a function of
the magnetic field. The total energies are plotted with reference to the homochiral state (Ep¢) and the background colors indicate the ground
states. Specifically, the single chiral-bobber states include two metastable types with the penetration depth Lp < Lp (cyan left triangles, <) or
Lp > Lp (blue right triangles, >), and can be switched from one to another with a hysteretic behavior. Solid lines connecting the data points

are guides to the eye.

key roles in modulating the topological behavior in an explicit
form of transport property. Furthermore, before further exper-
imental implementation in actual spintronic devices, studies
on thermal stabilities and transitions among these textures
are necessary and have drawn much attention [6,33—38]. The
energy barriers of transitions could imply the robustness of
specific textures against external excitations, especially the
thermal fluctuations. These properties can be explored by
investigating the minimum-energy paths between two equi-
librium states. At the same time, the topology of skyrmions
endows them with stability [6,36,39], which suggests that
topological constraints prohibit continuous deformations into
other textures with different topological charges. For exam-
ple, the topological charge of a skyrmion remains relatively
invariant (Q>p = %1) under its expansion or reduction in size,
whereas a considerable energy barrier exists when it unwinds
into a topologically trivial ferromagnetic state (also called
homochiral state in the following sections, Q>p = 0). These
topological charge descriptions essentially correspond to the
two-dimensional winding number in either an infinite plane
R? or a unit sphere S? around a point [14], and is inappropriate
to be directly migrated to a three-dimensional regime. It thus
raises an intriguing question of how the topological protec-
tion property assists topological spin textures with complex
magnetization profiles to maintain the topological charge in a
depth-dependent manner.

In this work, we present that various topological spin tex-
tures, including chiral bobbers, dipole strings, and skyrmion
tubes, can be stabilized in chiral magnetic nanodisks. Their

associated topological Hall responses are analyzed, which
points to distinct magnitudes of signals regarding the type
of textures. Then we calculate several possible transition
paths between the homochiral (HC) and skyrmion tube (SkT)
states, which reveals the limitation of the topological protec-
tion property within finite magnetic systems. A scenario for
tailoring the thermostabilities as well as energy barriers of
transitions is also proposed via local modulation of surface
properties, such as additionally breaking the structural sym-
metries. It can be regarded as a superior solution for switching
between the topological spin textures apart from conventional
magnetic field or thermally induced mechanisms.

II. STABILIZATION AND ASSOCIATED
TOPOLOGICAL SIGNATURE

The phase diagram of magnetic textures in bulk chiral
magnets has been extensively studied [20,40,41]. At zero
(or small) external magnetic field, the magnetization prefers
an in-plane alignment due to the weak magnetocrystalline
anisotropy in pristine crystals such as FeGe [42], correspond-
ing to a helical state [Fig. 1(a)]; when a strong out-of-plane
field is applied, a conical [Fig. 1(b)] or even a saturated fer-
romagnetic state [Fig. 1(c)] becomes energetically favorable.
The magnetization profiles of these three states periodically
propagate by the length of Lp. Regarding their homogeneous
spin along the propagation direction (wave vector), we refer
to them as HC states to distinguish them from the topolog-
ical nontrivial spin textures which will be discussed in the
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following. Magnetic skyrmions in three dimensions are sta-
bilized in the form of skyrmion tubes [Fig. 1(d)]. Although
the ideal solutions of skyrmions modulated by the bulk DMI
are Bloch type, the lack of neighboring spins near the top and
bottom surfaces induces distortions of the chiralities along a
skyrmion tube [16,17,40,43], i.e., the chirality of the skyrmion
profile is /2 (pure Bloch type) in the middle plane, but
gradually increases/decreases with the mixture of a Néel-
type profile when moving towards the top/bottom surface.
As a result, this “surface twist” effect will induce a spatial
inhomogeneity of energy distributions throughout the film,
especially the magnetostatic energy [18]. Moreover, dipole
strings (DSs) are a type of topological spin textures located
in the interior of the system without the occupation of surface
states [Fig. 1(e)], accompanied by BP pairs holding oppo-
site topological charges at the two ends [25]. In contrast,
the surface confinement facilitates the stabilization of chiral
bobbers (CBs) with the vicinity of single Bloch points at the
end [4,20]. If the sample thickness is beyond a critical value
(around half of Lp [20]), chiral bobbers can exist as local
states near the top [Fig. 1(f)] or bottom [Fig. 1(g)] surface.
Pairs of chiral bobbers (CB pairs) may also be stabilized at
both sides [Fig. 1(h)] where the couplings between the two
Bloch points can be relatively weak.

The total energies of the aforementioned topological spin
textures are illustrated in Fig. 1(i) as a function of the external
magnetic field Bey. They are plotted as the relative magni-
tude with reference to that of the HC state (black circles).
Specifically, in the phase diagram B, can be expressed in the
units of the critical field By = D?/2AM;, (0.37 T for FeGe)
[40,44], which indicates the transition field between the con-
ical and saturated states in an ideal bulk system. However,
this critical-field consideration in literature does not include
the contribution of magnetostatic interactions, which we find
plays essential roles in finite systems, such as nanodisks.
Therefore, in this work, we denote an adjusted critical field
B, = 0.57T, extracted from the numerical results of conical-
saturated transitions (see Appendix B for more details). The
ground states of the nanodisk system are dependent on the
external field: the global energy minimum is the HC state
in a wide range; as the stability of in-plane helical modes is
weakened by By, the out-of-plane modulation starts to play a
role with the emergence of metastable stacked spin spirals (a
mixture of the helical and conical states) [40], and thus yields
a ground-state skyrmion tube (in the range of 0.39B;-0.84By).

All the other topological spin textures, including dipole
strings and chiral bobbers are metastable in a wide range
of the external field B.. The stabilization of single dipole
strings in bulk chiral magnetic crystals can be assisted by
the coupling to adjacent spin textures, such as skyrmion tubes
[25]. In our case, their stabilities are enhanced by the top and
bottom surfaces, and the mechanism is similar to that of chiral
bobbers where a sufficiently large energy is required to push
the Bloch points out of the surfaces. Different annihilation
fields [dashed lines in Fig. 1(i)] of dipole strings and chiral
bobbers could indirectly reflect different barrier heights of
their Bloch-point-mediated transitions. The application of a
magnetic field Bex (along the +z direction) pushes Bloch
points with positive/negative charges (BPT/BP~) to move
downwards/upwards. As the magnitude of By increases, the

annihilation of a dipole string is initiated by the mutual com-
bination and annihilation of two opposite-charge Bloch points
[dashed green lines in Fig. 1(i)] [25]. In contrast, the anni-
hilation process of a chiral bobber (or chiral-bobber pairs)
occurs with the Bloch point(s) being pushed out of surface(s).
Although Bloch points are commonly simplified as magnetic
monopoles, it should be noted that their interaction with the
Bex: field cannot be completely analogous to the motion of
electric charges under an external electric field, because the
topological charge of a Bloch point is the dot product of its
polarity and vorticity [45,46] [Eq. (1)]. They are relevant to
the spin configuration parallel and perpendicular to the field
direction, respectively, and only the former term determines
the propagation direction [18].

Furthermore, Miiller et al. [25] demonstrated that a dipole
string can be elongated to a length in several orders of Lp. In
this work, we observe similar characteristics in single chiral
bobbers, whose penetration depth is also modulated by Lp
[cyan/blue triangles in Fig. 1(i)]. The existence of finite en-
ergy barriers even enables a “hysteretic switching” operation
within single chiral bobbers (shaded cyan/blue region), i.e.,
a “short” chiral bobber (penetration depth Lp < Lp) can be
switched to an elongated bobber (Lp > Lp) by altering the
external field lower than 0.70B; (0.40T), and the state can
be recovered by simply raising the field higher than 0.98B;
(0.56 T). Appendix C also shows that even more types of chi-
ral bobbers can be stabilized in a thicker nanodisk (L = 4Lp).

The discovery of the above-mentioned (meta)stable topo-
logical spin textures could significantly enrich the diversity
of skyrmionlike nontrivial quasiparticles. Their electronic-
transport fingerprints, which stem from the emergent mag-
netic properties, are highly relevant to technologies such as
erecting distinct states, which is paramount for the imple-
mentation of skyrmionic devices [22]. Previous numerical
works have shown that the topological Hall (TH) effect
of a spin texture is correlated to its three-dimensional ex-
tent [22,31,32]. In the following, we further identify the
topological Hall responses arising from these complex three-
dimensional textures. Our demonstrations are based on the
calculation performed on defect-free nanodisks that are at-
tached to four terminals [schematic is shown in Fig. 2(a)],
where the spin textures are placed in the center. We also
assume an adiabatic regime with a strong coupling Jy = 5¢,
where ¢ denotes the size of the hopping integral between
nearest-neighbor sites (see Appendix A2 for the simulation
method of the electronic transport property). With this strong
coupling, moving electrons will align their spins with the
direction of local magnetization of the textures [28,32]. Fig-
ure 2(b) illustrates the topological Hall resistivities pIH as
a function of the Fermi energy Ep, whose magnitudes are
substantially distinguishable between different textures. Here
a wide range of Er is considered, for the purpose of ensur-
ing the generality of the relationship between the magnetic
textures and their associated pH, as well as providing a ref-
erence for experimentalists who seek to operate under various
conditions. General behaviors of the spin injection here are
in qualitative agreement with those in two-dimensional sys-
tems shown in previous work [27-29]. When Ep increases
from zero and starts to overlap with the energy bands, spin
injection and deflection are initiated with the presence of
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FIG. 2. Topological Hall transport properties of various topological spin textures. (a) Schematic of the four-terminal setup, with a single
topological spin texture placed in the disk center. (b) Topological Hall resistivity p\T}H of topological spin textures as a function of Fermi
energy Ep, and only Er = O is visualized. Solid lines connecting the data points are guides to the eye. (c) Normalized topological Hall
resistivities pva of a given magnetic texture by rescaling its magnitude regarding those of the HC state and SKkT at each Ep: pnorm =
[o—p(HC)]/[p(SkT) — p(HC)]. As a comparison, the 3D topological charge Qsp is presented as dots in the units of film thickness L = 2Lp.

finite p M.

magnitude between these two reference states. As the pXTyH
manifests the collective effect of the emergent magnetic field
B: radiated by the whole three-dimensional system, instead
of referring to the general expression of two-dimensional
topological charge [Eq. (1)], we introduce a “3D topological
charge,” defined as the volume integral of the emergent mag-
netic field B over the whole three-dimensional (3D) magnetic
system [33]:

1
Osp = —/B§d3r.
¢o Jv *

As a result, the normalized p;' of each spin texture is
approximately invariant in a wide range of Ef, and the mag-
nitude is further proportional to Qsp [Fig. 2(c)]. It should be
noted that Q3p of a HC state or SkT is not exactly an integer
value. The negative offset is a result of the magnetization
canting induced by the demagnetization field near the edge
of a nanodisk, towards the in-plane direction [36]. It thus
ensures the sensitivity of classifications of topological spin
textures regarding the topological Hall signals via electronic-
transport measurements. Moreover, it should be noted that the
topological Hall resistivities p1' of some spin textures have
relatively similar magnitudes, e.g., dipole strings with short
chiral bobbers, and long chiral bobbers with chiral-bobber
pairs. The existence of monopolelike Bloch points signifi-
cantly enhances the B field in local regions compared to the

Its variation, especially the sign change from
positive to negative, is explained in Ref. [28], where the
carrier compositions in the transport channels are dominated
from the electron type to hole type. Due to the finite size
of the nanodisks, the calculations are carried out with a
limited number of modes [29], hence p}' fluctuations can-
not be completely prevented, especially near the band edges
[28].

Although the magnitude of the o' signal is dependent
on the Er and the type of spin textures, the intrinsic connec-
tion between ,oXT}H and B;’ still exists. We first normalize the

pfyH of a given magnetic texture by rescaling its magnitude
regarding the HC state (black) and SKT (red), which have
extreme pgyﬁ at each Fermi energy EF, to represent its relative

following section.

TH
'y

B¢ of skyrmion tubes [22]. However, the magnitude of pry
well as Qsp) is highly dependent on the system volume. The
contribution of Bloch points to the overall p

III. MINIMUM-ENERGY PATH MEDIATED
BY BLOCH POINTS

H (as

is not as sig-
nificant as expected, primarily because of their considerably
small size. The p/H can be modified by the propagation of
Bloch points through the film, which will be discussed in the

We have shown that various topological spin textures can
be stabilized in chiral magnets. To identify the stabilities of
metastable states against small excitations such as thermal
fluctuations, we calculate the minimum-energy paths of the
transitions among these textures. Due to the complexity of the
phase space in the three-dimensional magnetization profile, it
will be unrealistic in this study to consider all possible paths.
Regarding the magnetic configurations of these textures and
inspired by their evolutions under the magnetic field [18,25],
we focus on three transition paths between the equilibrated
homochiral state and a single skyrmion tube, via the inter-

mediate presence of textures shown in Fig. 3(a). A type-I
transition path is given by the formation and extension of a
@) single chiral bobber from the top/bottom surface, until the
chiral bobber reaches the other surface, while this process

are neglected [36].

024418-4

is also accompanied by the Bloch point being eliminated. A
type-II transition path can then be characterized by a pair of
chiral bobbers at both surfaces and ends up with the mutual
annihilation of two Bloch points inside the system. A type-III
transition path starts with a dipole string with two Bloch
points, and the skyrmion tube forms by the extension of the
dipole string. As we consider sufficiently large nanodisks with
the diameter of 4Lp, the paths mediated by lateral boundaries

The searching of the minimum-energy paths is imple-
mented by the geodesic nudged elastic band (GNEB) method.
Before the calculation of a transition path, the initial guess of
the band is set up by predefining several local energy minima
(including single CB, CB pair, and DS), and these minimum-
energy states are connected with the HC state and SkT through
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a chiral-bobber pair (type 1), and a dipole string (type III). (b)—(d) The minimum-energy paths (black squares, [J) of transitions, as well as
the associated Bloch-point position (red rectangles, AV), 3D topological charge Qs;p (blue crosses, x), and topological Hall resistivity pfyH
(purple diamonds, ¢). Qsp is illustrated in the units of thickness L = 2Lp and p)T‘H is calculated at Er = 2¢. Dashed lines indicate the creation
or destruction of Bloch point(s). The reaction coordinates are scaled for the convenience of comparing the saddle points. Solid lines connecting

the data points are guides to the eye.

multiple images calculated by linear interpolation methods, so
the guessed transition follows a spatially homogeneous man-
ner with all the magnetization vectors flipped simultaneously.
Then the band is relaxed by the effective forces F; applied
on each image Y;, composed of (1) the component of the
energy gradient perpendicular to the band F(Y;)|, as well as
(2) a spring force along the band F(Y;)|;. The spring force
guarantees the images to be evenly distributed rather than
overlapped or fallen into the energy minima all together.
Figures 3(b)-3(d) illustrate the minimum-energy paths
(black rectangles), associated with the variations of Bloch-
point position (red triangles), 3D topological charge Qsp
(blue crosses), and topological Hall resistivity p;"" (purple
diamonds). Surprisingly, although the initial bands are calcu-
lated by the linear interpolation method, all the calculations
converge to the paths mediated by Bloch-point dynamics.
Between each two local energy minima along the paths, we
find the presence of saddle points is always accompanied by
the creation or destruction of Bloch points(s) [dashed lines
in Figs. 3(b)-3(d)]. These phenomena during the transitions
should be in correspondence with the topological protection
properties [6,36,39]. Due to the discrete nature of magnetic

systems, this property is not infinitely robust, but in practice, is
manifested by a finite energy barrier [ 14], which has been well
captured by the numerical discretization of the micromagnetic
model [18,19,47]. Based on our calculations, the energy bar-
riers of the Bloch-point creation (destruction) are dependent
on the types of the original topological spin textures. For
example, the energy barrier for creating a Bloch point from
the HC state to the top chiral bobber/bottom chiral bobber
(tCB/bCB) is ~7.9 eV, lower than the barrier from the SkT
to the tCB/bCB (~13.8 V). Importantly, the formation of a
dipole string needs to climb over a twice higher energy barrier
(~15.9 eV) than creating a chiral bobber (~7.9 eV), which
may be attributed to two Bloch points created during the pro-
cess. In contrast, for a single dipole string only a tiny barrier
(~0.5 eV) exists to prevent its annihilation [25], and it could
be explained by the attraction of two Bloch points with op-
posite topological charges, in analogy to the nature of electric
charges. However, it should be noted that in micromagnetics
the total energy of a Bloch-point system is mesh dependent,
because the energy around the Bloch points depends on the
selection of the mesh size for the simulations [14,18,19].
For example, our previous work showed that the required
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magnetic field to collapse a single skyrmion increases expo-
nentially with linearly decreasing of the mesh size [18]. On the
other hand, the barrier heights can also be affected by many
factors, such as the choice of materials, film thickness, and
applied field strength, which may lead to variations even in
several orders of magnitude [6,35]. Therefore, in this work,
we focus mainly on the comparisons of the proposed transition
paths regarding the relative barrier heights, which should be
treated as estimations rather than exact magnitudes.

The Bloch-point propagation alters the Qsp [Eq. (2)], and
could provide us with a different perspective during tran-
sitions from the topologically trivial homochiral state to a
nontrivial spin texture. As the Bloch points are created, their
propagation through the film induces an accumulation of
Qsp, accompanied by the increasingly pronounced B: field.
It has been reported that in the two-dimensional system, the
QOsp variation during magnetic transitions normally exhibits a
pronounced and abrupt change [36,48]. However, in a three-
dimensional system, an additional dimension of constraints is
effectively introduced due to strong couplings with neighbor-
ing spins along the thickness direction. Consequently, the O3p
evolution in three-dimensional nanodisks follows a relatively
smooth way.

Moreover, during the transitions we find the magnitude
of the topological Hall resistivity p[!! is approximately pro-
portional to the 3D topological charge Qsp. In order to
elaborate on their intrinsic connection, we start with the two-
dimensional form of the ,of;‘l:

Pay' = PRogpoQop ©)

with the spin polarization P, effective density of charge car-
riers Ry, and the flux quantum ¢ [8,30,31,49]. Q,p here
indicates the average topological charge density in the area
A and can be expressed as Q,p = O»p/A. This formula has
been extended as Q = % > O n/A, which can be applied
on magnetic multilayer structures with the O,p, at the nth
ferromagnetic layer [32]. As a multilayer is effectively a stack
of multiple quasi-two-dimensional systems, we could proceed
to a continuous form Q = ﬁ J Qop(z) dz by referring to the
effective thickness of the ferromagnetic layer L. It can be
further simplified as the average density of the 3D topological
charge Q3p for a ferromagnetic system with volume V, and
therefore, leads to a concise expression:

Osp
Pry' = PRodo== . @

Then its variation attributed to the Bloch-point propagation
is

AQ3D AZBP

Apg' = PRogo = PRogo—,— - )

It suggests a general correlation between the topological
Hall transport property and topological charge even in a bulk
system with “considerable” sizes in all three dimensions, in
which the nontrivial spin textures usually possess complex
spin orientations. This finding is in excellent agreement with
the theoretical manifestation of the topological Hall conduc-
tivity axTyH by Redies et al. [22], where the UXTVH of chiral
bobbers grows linearly as a function of the film thickness L

and the crxTyH of skyrmion tubes is approximately independent
of L.

IV. TAILORING ENERGY BARRIER BY MODULATING
SURFACE PROPERTIES

In previous sections, we discussed the energy barriers of
the transitions among different textures. Here we propose
that modifying the surface properties, such as engineering the
additional DMI in the magnetic system, will enable the mod-
ulations on the magnetization profile and thermostability of
spin textures. In theory, an interfacial type of DMI arises from
the inversion symmetry breaking at the interface [12]; in real-
ity, such an energy term can be introduced by the existence of
mechanical strains originating from the magnetoelastic inter-
actions near the chiral magnet/substrate interfaces [9,38,50—
52]. Recent studies also provide various novel methods to
manipulate mechanical strains, including utilizing different
thermal strain properties (thermal expansion coefficient) of
the chiral magnet and substrate [51], and controlling the ferro-
electric polarization of the substrate by electric fields [52,53].
It should be noted that such modulation may also involve the
variation of magnetocrystalline anisotropy [9,41], whose con-
tribution is not considered in this work but definitely deserves
further studies.

To understand the effect of the additional symmetry break-
ing on the stability of spin textures, here we develop a 2D
hybrid-DMI model with a mixture of the interfacial DMI
D" and bulk DMI D™ based on previous theoretical works
[1,12,18]. The energy density of the system is written as

&= gexc(m) + gDMI(m) - MsBext -m, (6)

including the contributions of (1) exchange energy Eexc, (2)
DMI energy &pmi, and (3) Zeeman energy. The spheri-
cal coordinate is introduced to describe the magnetization
m = (sin 6 cos ¢, sin 0 sin ¢, cosf) and the polar coordinate
is presented for the space r = (r cos ¥, r sin ¥ ). When a rota-
tionally symmetric profile is considered with solutions of the
out-of-plane component § = 6(r) and the in-plane component
¢ = ¢(¥), the exchange energy density Eexe can be reduced to

Eexc (0, 0,1, Y) = A|:0r2 + rlzsin29¢¢:|, @)

where A is the exchange stiffness, and the subscripts indi-
cate partial derivatives. Chiral magnets usually have the D,
symmetry due to their noncentrosymmetric crystal structure.
Thus, the bulk DMI D™ is denoted with the energy density
ERAk in the form of [1,44,54]

Epwi(0, ¢, 1, ) = DX sin (¢ — ¢>[e, + L sinf cos 9¢’w}
r

®)
on the other hand, when the structural inversion symmetry
is broken, an interfacial DMI arises with the energy density
Ebwr:

EM B, ¢, 1, ) =DM cos (¢ — 1//)|:9, + 1 sin c059¢¢,i|.
r

€))
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y m.

FIG. 4. Top-view schematic of the magnetization profile of a
magnetic skyrmion in a two-dimensional plane. The skyrmion has
an axisymmetric profile, with the magnetization in the core pointing
to the m, = +1 direction (polarity p = 1) whereas in the surrounding
areas pointing to the m, = —1 direction. The in-plane orientation of
the magnetization is represented as thick arrows, and the skyrmion
chirality ¢, is defined as the angle between the in-plane magnetiza-
tion ¢ and its position vector .

Considering a 2D skyrmionlike texture, its chirality ¢; can
be determined by examining the rotational direction of the
magnetic configuration with reference to its position, in the
form of ¢; = ¢— (Fig. 4). A Bloch-type skyrmion usu-
ally has ¢ = £m /2, whereas the Néel-type one has 0 or .
The analytical expression of the total energy density can be

rewritten as
1
EO, 1, ¢1) = A[O,z + _25in29]
r
+ Dbulk(DraKiO cos d)l + sin ¢1)

1
X |:9, + - sin@cos@i| — M By cos 6, (10)
,

with the DMI ratio D™ = Dint/Dbuk [t is worth noting
that Eq. (10) suggests the densities of exchange energy (first
term) and Zeeman energy (third term) are solely dependent
on the out-of-plane profile 6(r) under a given external field
Bex. However, the DMI energy density (second term) can
also be altered by in-plane chirality ¢, which corresponds to
an introduction of D™. The calculated landscape of the total
energy density of a two-dimensional skyrmion is shown in the
background color of Fig. 5(a), as the functions of the DMI
ratio D"4° and in-plane chirality ¢;. It is noted that because
DY denotes positive values in this work, the energetically
preferred ¢; mainly lies in the range of ¢; < 0. Then in the
following, the ¢; is represented by its magnitude (absolute
value |¢;|). As a result, for a 2D skyrmionic magnetization
profile, as the D™ varies from “—1” (D" = —pPulk) to
“41” (D"t = D™ the energetically preferred chirality is
changed from }171 to %n [dots in Fig. 5(a)].

Then we illustrate the in-plane chirality of the bottom-
surface profiles of bCB (triangles) and SkT (squares),
extracted from numerical simulations at By = 0.97Bj
[Fig. 5(a)]. Although the system is purely dominated by
the bulk DMI (D™° = (), their chiralities are smaller than
that of a Bloch-type skyrmion (%n). This can be attributed
to the effect of the “surface twist” due to the geometrical
confinement [1,17] and the nonuniform distribution of the
magnetostatic energy through the film [18,43]. With the pres-
ence of the interfacial DMI near the bottom surface, a negative
Dt (Do < ) tends to draw the bottom-surface chiralities

(a) ®) (©)
= S 4204 —=—HC ——bCB *—DS
3 g 4—tCB —o—CB pair —o— SKT
2 5 8
=) uF 420 W +15 weseeeeE
o L o A
= " = o
S 2 2 +104 A .
z g 5 8 z
E S % +5- 4 s & i Al bseliih
5 2 5 "
o -20 GC.) EHC_ §~ o g o o o o o o o o©
: s |
— =
- T T T T T T T T T T
10 -05 00 05 1.0 -0 05 00 05 10 10 -05 00 05 10
Dralio = Dint / Dbulk Dratio Dinl / Dbulk Dratio = Dinl / Dbulk

FIG. 5. Stabilities of topological spin textures as a function of the bottom-surface D™, (a) Total energy density (background color) of a 2D
skyrmion with respect to the DMI ratio D™° = Din /Db and its in-plane chirality ¢,, calculated by the analytical model [Eq. (10)]. The local
energy minimum at each D™ is labeled by dots, *. The bottom-surface chiralities ¢; of bCB (blue down rectangles, V) and SkT (red squares,
0) are extracted from numerical simulations at B, = 0.97By. Error bars indicate the minor variation of chiralities in space. The chiralities
are represented by their absolute values |¢,|. (b) Evolution of the total energy as a function of DMI ratio D™ with reference to Ey, the total
energy of the homochiral state at D™ = (. (c) The total energy of homochiral state Exc and topological spin textures at different D™ = 0.
The dashed purple lines indicate the partial annihilation of a CB pair to a tCB at high D™°. The background color illustrates the ground states,

and solid lines connecting the data points are guides to the eye.
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FIG. 6. Phase diagram of ground states as functions of the DMI
ratio D™ and external magnetic field B.,. The diagram is plotted
without considering the effect of temperature (7 = 0 K). The dashed
line indicates the second-order transition between the conical and the
saturated state.

close to the analytical energy minimum, whereas a positive
Dint (Praie - () plays an opposite role and “pushes” the
chiralities away from the analytical energy minimum. Such
Di"_induced modulation on the total energy of topological
spin textures is confirmed by the numerical results [Figs. 5(b)
and 5(c)]. Because the magnetization profiles of the HC state,
tCB, and DS are composed of similar conical phases near the
bottom surface, their relative total energies are approximately
independent of D™™. However, the D™ modulation has a
more pronounced effect on the textures whose bottom-surface
profiles are nontrivial, such as bCB, CB pair, and SkT. In
particular, we also observe a high positive D™ (D™ > (.8 in
this work) can even trigger a partial annihilation of a CB pair
to the tCB state [dashed purple line in Figs. 5(b) and 5(c)].

A parametric study is conducted to investigate the space of
ground-state textures (Fig. 6). In the pure bulk DMI (D™ = 0)
regime we have already known that as the magnetic field
Bey increases, the HC (helical state), SkT, or HC (con-
ical/saturated state) is energetically preferred, respectively
[4,21,25] [Fig. 1(g)]. The presence of a negative D" enhances
the stability of bottom-surface textures and thus enlarges the
ground-state region of skyrmion tubes. Especially at the high
magnetic field (Bey = 0.97B;), a ground-state bCB is illus-
trated with D™%° < 0.6 in this work [Figs. 5(b) and 5(c)],
and a bCB “pocket” exists in a triangular region (blue down
triangles in Fig. 6) between the regions of the skyrmion tube
and the homochiral state. On the other hand, a positive D"
tends to destabilize the local textures, which yields a broad
ground-state region of tCBs.

To elucidate the effect of D™ modulation on the prefer-
ence of transition paths, especially towards the ground-state
textures, we calculate the variation of the minimum-energy
paths along the HC-CB(s)-SkT at By, = 0.97B;, [Figs. 7(a)—-
7(d)]. Reaction coordinates are scaled for the convenience of
comparing the energies of local minima and saddle points
in different paths. As a result, the transition paths can be
modulated by D™, which is highly related to the change of

bottom-surface chiralities. Here we choose the texture-growth
direction (HC — SkT) as examples. During the transitions
(type I) mediated by intermediate single CBs, Fig. 7(a) shows
the minimum-energy paths are independent of D™ before
reaching the saddle points between tCB and SkT, where the
Bloch point is created and propagates to the bottom surface.
After the Bloch point unfolds to a 2D skyrmion, the bottom-
surface chirality will be relaxed in terms of D™, and the
total energy of the entire texture becomes D™ dependent.
Similarly, in Fig. 7(b) the variation of minimum-energy paths
mainly occurs in the initial stage where single bCBs are
formed from the HC state.

Moreover, we also extract the energy barriers of these tran-
sitions during the texture growth from HC to SKT [Fig. 7(e)]
and texture degradation from SKT to HC [Fig. 7(f)]. The
increase/decrease of barrier heights are closely related to
the energy variations of the textures, and more specifically,
of the local chirality near the bottom surface. Modulated
by a positive D™, the relative total energies of bCB, CB
pair, and SKT are raised [Fig. 5(b)], in correspondence with
the increase of texture-growth barriers and the decrease of
texture-degradation barriers. It is intuitive that in the D™° =
0 regime, the formations of tCB and bCB from the HC state
are energetically identical. Moreover, as the nanodisk is rela-
tively thick in this work, the formation/annihilation of a single
CB near the top (bottom) surface has a minor effect on the
transition occurring near the bottom (top) side, e.g., referring
to the energy barriers of a tCB growth in the processes HC —
tCB and bCB — CB pair [Figs. 7(el) and 7(e5)], as well
as those of a bCB growth in the processes HC — bCB and
tCB — CB pair [Figs. 7(e2) and 7(e3)]. However, the intro-
duction of D" is able to deterministically increase/decrease
the probability of a transition by locally lowering/raising its
energy barrier, and thus achieve an artificial control on the
transitions among these topological spin textures. Specifically,
the local energy minimum of intermediate CB pairs [Fig. 7(c)]
can be smoothed out by lowering the energy barriers close
to zero [Fig. 7(f3)]. Therefore, the type-II transition can be
suppressed by destabilizing the CB pair during the transi-
tions. It suggests that the ground state can be tailored by the
introduction of interfacial DMI near the surface of chiral mag-
nets, and provides an effective transition route in addition to
the conventional field-induced or thermal-induced transitions
[3.4,18,35,42,55].

Among these topological spin textures, the stabilization of
metastable states is more generic, especially for chiral bobbers
and dipole strings in the whole range of By [Fig. 1(1)]. The
occurrence of their thermal transitions needs to surpass finite
energy barriers, and extra excitations (such as thermal effect)
are necessary for escaping from the local energy minima.
Therefore, future applications that exploit metastable spin tex-
tures are worth considering, and recent work has contributed
to the idea by the experimental observation of metastable
chiral bobbers in a wide range of temperature and external
magnetic field [4]. In general, the stability can be quanti-
fied by a lifetime 7, which is relevant to the barrier height
AE and temperature 7. It follows the Arrhenius expression
T = 19exp(AE /kgT), where kg is the Boltzmann constant,
and v =T ! indicates the rate prefactor (also interpreted as
“attempt frequency” in literature) [56-58]. Experimentally,
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FIG. 7. Modulation on the transitions and energy barriers by DMI ratio D™ at the bottom surface. (a)—(d) Minimum-energy paths via the
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texture configurations of the transitions and associated barrier heights are illustrated in the left and right panels, respectively. The value of

Dre is indicated by the color palette.

the barrier height is usually assumed to be linearly dependent
on temperature, originating from the proportional relationship
between the temperature and square of the local magnetic
moment [59,60]. For thermally activated magnetization re-
versals in nanostructures, the value of the attempt frequency
was estimated in the order of gigahertz [36,61,62]. On the
aspect of the information storage technologies, a 10-year
lifetime usually requires AE /kgT > 60 at room tempera-
ture (T = 300K) [63]. However, recent studies have also
shown that the Arrhenius prefactor can be greatly underes-
timated without considering the entropy change during the
transitions [5,34,37]. On the other hand, in this work, we
focus on the transitions in a rotationally symmetric manner,
where the processes mainly occur in the center of the nan-

odisk, whereas other transition paths with different barrier
heights may also exist. For example, Cortés-Ortuiio et al. [36]
showed that the transitions between HC state and skyrmion
via geometric boundaries have much lower energy barriers
compared to those Bloch-point-mediated mechanisms. There-
fore, our discussion of this section does not intend to provide
an all-inclusive solution such as quantitatively altering the
lifetime of a topological spin texture, but aims to evaluate the
feasibility of exploiting the surface-property modulation for
transitions among various textures in chiral magnets.

V. CONCLUSION

We have demonstrated the thermal stabilities and tran-
sitions of various topological spin textures in chiral
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magnetic nanodisks, including those having been predicted or
observed so far: single chiral bobbers, chiral-bobber pairs,
dipole strings, and skyrmion tubes. All these textures can be
stabilized as metastable states in a wide range of external
magnetic fields, and critically, skyrmion tubes are the ground
state of the system within specific fields. Different textures
can be classified by their topological Hall signals (exemplified
by topological Hall resistivity p;H in this work) due to their
nontrivial topological properties. Its magnitude is proportional
to the density of the 3D topological charge, defined as the
volume integral of the emergent magnetic field.

To identify the thermal transitions among these spin
textures, we investigate three main minimum-energy paths
between the homochiral state and the skyrmion tube, via
the intermediate presence of single chiral bobbers, chiral-
bobber pairs, or dipole strings. All the minimum-energy paths
converge to the mechanisms mediated by Bloch-point sin-
gularities. During the transitions, the topological protection
property is manifested as finite energy barriers, and the saddle
points are associated with the creation or destruction of Bloch
points.

Furthermore, on the basis of our analytical model, we pro-
pose a scenario for modifying the energy of surface states by
engineering the ferromagnetic/nonmagnetic interface prop-
erties, such as introducing additional interfacial DMI. This
directly modulates the energy barriers of transitions, and could
even facilitate the emergence of ground-state nontrivial tex-
tures (such as chiral bobbers) in broad parameter spaces of
the magnetic field and interfacial DMI. The proposed sur-
face modulation method could act as an effective technique
for selectively switching local spin textures regarding their
depth-resolved magnetization profile, in addition to applying
magnetic field or heat bath.

This work strives to provide a stepping stone in the funda-
mental research on complex topological spin textures, which
have a great potential of being utilized on three-dimensional
spintronic devices, equipped with multibit functionalities for
data encoding, neuromorphic computing, and interconnect
devices [64,65]. As prerequisites of device-level implemen-
tations, future studies focusing on pertinent topics could be
particularly intriguing, such as (1) in-depth investigations on
the metastability of topological spin textures, including theo-
retical demonstrations of the lifetime relying on the harmonic
transition-state theory [58] or the forward flux sampling
method [37]; (2) techniques for decisive control of the sta-
bility via directly engineering magnetic properties [32,52] or
even local defects [18,66]; and (3) inspired by the skyrmion
Hall effect, the current-driven dynamics of three-dimensional
textures may incorporate rich dynamics with distinct Hall
angles [7,26,67]. These results offer greater possibilities for
future experimental demonstrations, which are now increas-
ingly within reach.
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APPENDIX A: SIMULATION METHODS

1. Micromagnetic simulation

Topological spin textures in this work are simulated in the
B20-type compound FeGe [2-5,33,42,50]. In the family of
chiral magnets, FeGe is a promising candidate for potential
applications concerning its comparatively high Curie point
near room temperature [3,42,50] and pronounced topolog-
ical Hall signal [3,50]. Because of the radially symmetric
profiles of these topological spin textures, the geometry of
the magnetic system is considered as a nanodisk. Then the
diameter is set to 4Lp to minimize the confinement effect
from lateral boundaries; the thickness 2Lp is above a crit-
ical value (0.68Lp in Ref. [40]) so that the conical state
[Fig. 1(b)] will not be completely suppressed by the effect
of surface-induced twists [17,40]. Here Lp = 4w A/|D| ~
70nm is the helical period of FeGe with exchange stiff-
ness A = 8.78 pJ m~! and DMI constant D = 1.58 mJ m 2
in Ref. [33]. Nanodisks are discretized into 2nm x 2nm X
2nm cubic cells, whose length is smaller than half of the
exchange length 8¢y /2 = /2A/uoM2/2 ~ 4.9 nm, with the
vacuum permeability constant o and the saturation mag-
netization M, = 384 kA m~! in Ref. [33]. Our discussions
involve the micromagnetic expression of the total energy
density:

E =A(Vm)’> + Dm(V x m) — MBey

- m— %MSBdemag(m) -m, (Al)

including the contributions of (1) exchange interaction, (2)
isotropic bulk DMI for the D, symmetry class, (3) Zee-
man coupling with the external magnetic field Bey, and
(4) magnetostatic interaction in the demagnetizing field
Byemag(m). m is the vector field of the normalized magne-
tization with constant magnitude M;. Micromagnetic simu-
lations are performed using FIDIMAG [68] for calculations
of equilibrium states of topological spin textures, where
a magnetic configuration is relaxed based on the Landau-
Lifshitz equation of motion [Eq. (11)] [69,70], followed with
the minimization of the total energy by the steepest de-
scent method [71]. The GNEB method is used to calculate
minimum-energy paths between the proposed equilibrium
states, so that the energy barriers along transitions can be
quantified [72].

2. Electronic-transport property

The calculations of the electronic-transport properties are
implemented by KWANT [73] based on simple cubic scattering
lattices, with four ferromagnetic leads attached to each nan-
odisk [Fig. 2(a)]. The topological Hall resistivity is calculated
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based on the multiprobe Landauer-Biittiker formalism [74] by
analogy with the work in Refs. [28,29,32]. A reading current
is applied from the left lead to the right one with a negligibly
small magnitude, thus the current-induced motion of spin
textures [13] can be excluded. The Hall voltage attributed
to the deflection of electrons into the transverse direction is
measured by the voltage drop from the top lead to the bottom
one. Then the interaction of electrons with local spin textures
is described by a single-orbital tight-binding model with the
Hamiltonian:

H, = —t Z(cjcj +H.c.)—Jy Zc}mi -oc,

(i) i

(A2)

where ¢ indicates the hopping integral between nearest-
neighbor sites, ciT (c;) is the creation (annihilation) operator,
“H.c.” is the abbreviation of the Hermitian conjugate of the
other term, and Jy is the exchange energy of the coupling
between the spin of conduction electrons ¢ and the local
magnetization m,.

APPENDIX B: GEOMETRY-DEPENDENT CRITICAL
FIELD OF CONICAL-SATURATED TRANSITION

In chiral magnets, the critical field B, could indicate the
transition field between the conical and saturated states. They
will undergo the second-order transitions with continuous
variations of the magnetic susceptibility x = dm/0B¢y (sec-
ond derivative of the energy) as a function of the external
magnetic field Bey. Its analytical solution can be expressed
as By = D?/2AM, (~0.37 T for FeGe) regarding the micro-
magnetic parameters [20,40,44]. Its derivation is based on
the system without the contribution of magnetostatic interac-
tions. However, we find the magnetostatic interaction could
play a significant role in modulating conical-saturated transi-
tions, which is dependent on the sample geometry (Fig. 8).
It gives rise to a shape anisotropy which has a tendency of
reducing the total magnetic moment by driving the magne-
tization vectors away from the surface normal. Therefore,
in a relatively flat nanodisk with a small length-to-diameter
ratio, the magnetization tends to align in the xy plane ac-
companied by a high critical field (B, > By), in analogy to
a hard-axis model with a negative uniaxial anisotropy con-
stant (Cy; < 0); in contrast, for a large length-to-diameter
ratio, the system can be intuitively regarded as a nanorod,
where an easy axis points along the rod (z axis) with a pos-
itive Cy;, which has an effect of lowering the critical field
(Bc < B())

In this work, the geometry of nanodisks is chosen
with the diameter d =4Lp and length (thickness) L =
2Lp unless specified elsewhere, and it leads to an ad-
justed critical field B, = 0.57T. The results are directly
extracted from the micromagnetic simulations, and the criti-
cal fields with respect to the sample geometry are shown in
Fig. 8.

APPENDIX C: METASTABLE CHIRAL BOBBERS

IN 4Lp-THICK NANODISKS

We have shown that single chiral bobbers can exist with
two different penetration depths Lp in 2Lp-thick nanodisks
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FIG. 8. Critical field of transitions between the conical and sat-
urated states. (a) Contour plot of the critical field B, (background
color) regarding the sample diameter d and length (thickness) L, in
the units of Lp = 70nm. (b) Critical field B, shown as a function
of the length divided by diameter L/d. The nanodisk geometries
simulated in this work are indicated by the square, with the diameter
of 4Ly and the length (thickness) of 2Lp, and the adjusted criti-
cal field is By = 0.57T. By = 0.37T indicates the critical field of
FeGe chiral magnets without considering the effect of magnetostatic
interactions.

[Fig. 1(1)]. The presence of finite energy barriers between
them prevents their transitions from one type to another
[Fig. 3(b)]. These objects can be imaged by various tech-
niques, such as Lorentz transmission electron microscopy
[2,75,76], transmission electron microscopy mode of off-axis
electron holography [4,75-77], scanning transmission X-ray
microscopy [2], and x-ray photoemission electron microscopy
[78]. As chiral bobbers with different Lp have unique topolog-
ical Hall responses [Fig. 2(b)], their detection and distinction
can also be realized by electrical measurements. It paves the
way for being utilized as multibit information carriers, and
theoretically, the total number of possible states increases as
a function of the thickness (in the order of nLp). Here we
present four types of chiral bobbers that can be stabilized as
metastable states, at the bottom surface (bCB) of 4Lp-thick
nanodisks (Fig. 9). HC states and skyrmion tubes can be
regarded as special chiral bobbers with no penetration into
the film [Lp = 0; Fig. 9(a)] and penetration through the film
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FIG. 9. Chiral bobbers in 4Lp-thick nanodisks. (a)—(f) A single chiral bobber at the bottom surface (bCB) can be stabilized with different
penetration depths Lp (in the units of Lp = 70 nm for FeGe). The sample geometry is a nanodisk with the diameter of d = 6L, and thickness
of L = 4Lp, and the critical field of conical-saturated transitions is B, = 0.52 T. (g) Relative total energy of these textures as a function of the
magnetic field Bey. (h) Minimum-energy path between the HC state and SkT, and the local minima correspond to the states at Be,, = 0.50 T in

the dashed square region of (g).

[Lp = 4Lp; Fig. 9(f)], respectively. Based on the relative total
energy [Fig. 9(g)] and the minimum-energy path [Fig. 9(h)],
these chiral bobbers have distinct energy landscapes, and al-

though bCB4 and SKT are approximately identical in energy,
a large energy barrier (>10 eV @By = 0.50T in this work)
still exists between their transition paths.
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