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Frustrated topological spin textures have unique properties that may enable novel spintronic applications,
such as the helicity-based information storage and computing. Here we report the statics and current-induced
dynamics of two-dimensional (2D) pancake skyrmions in a stack of weakly coupled frustrated magnetic mono-
layers, which form a three-dimensional (3D) skyrmion string. The Bloch-type skyrmion string is energetically
more stable than its Néel-type counterpart. It can be driven into translational motion by the dampinglike spin-
orbit torque and shows the damping-dependent skyrmion Hall effect. Most notably, the skyrmion string can be
transformed to a dynamically stable bimeron string by the dampinglike spin-orbit torque. The current-induced
bimeron string rotates stably with respect to its center, which can spontaneously transform back to a skyrmion
string when the current is switched off. Our results reveal unusual physical properties of 3D frustrated spin
textures, and may open up new possibilities for spintronic applications based on skyrmion and bimeron strings.

Introduction. Topological spin textures are particlelike ob-

15 jects that can be used as robust information carriers for data
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processing [1-15]. Frustrated spin systems can host differ-
ent species of topological spin textures [16—45], which show
very different physical properties and behaviors compared to
their common ferromagnetic (FM) counterparts. For example,
skyrmions carrying different topological charges, either pos-
itive or negative, can be stabilized in a perpendicularly mag-
netized monolayer with exchange frustration [16-39, 41]. In
contrast, skyrmions in common chiral magnets are stabilized
by Dzyaloshinskii-Moriya (DM) exchange interactions [1—
15, 46, 47], and skyrmions with large or negative topological
charges are usually unstable in chiral magnets with symmetric
DM interactions [48]. Other exemplary topological spin tex-
tures in frustrated spin systems include the so-called skyrmio-
nium [41], bimeron [23, 36, 40, 49], and bimeronium [42], all
of which are functional building blocks for spintronic appli-
cations [7, 8, 11-15, 50].

Recent studies on frustrated skyrmions have mainly fo-
cused on the static and dynamic properties of frustrated
skyrmions in the two-dimensional (2D) space [16—43]. In par-
ticular, theoretical works have shown that the helicity dynam-
ics of a 2D frustrated skyrmion is coupled to its center-of-
mass dynamics [17, 18, 22, 24, 30, 33, 40]. This property is
in stark contrast to that of 2D skyrmions stabilized in chiral
magnets, where the helicity of a moving skyrmion is strictly
locked by the DM exchange interaction [1-15]. This feature
also implies that the 2D frustrated skyrmions have more de-
grees of freedom that, in principle, can be manipulated by
external stimuli and used for building future spintronic de-
vices [17, 22, 24, 33, 40-43]. For example, several studies
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have suggested that the information can be encoded by the lo-
cation of skyrmions with unity topological charges in chiral
magnets [7, 8, 11-15]. In frustrated spin systems, the infor-
mation can be carried by the topological charge of skyrmions
or be encoded by the helicity of skyrmions [17, 22, 24, 33, 40—
43].

However, the physical properties and potential applications
of frustrated skyrmions in three-dimensional (3D) structures
still remain elusive and thus represent an area of significant
opportunity for research. As an analogy to the 3D vortex line
forming by 2D pancake vortices [51, 52] in a stack of coupled
superconducting layers [53, 54], a 3D frustrated skyrmion
string can be constructed by a stack of pancake skyrmions in a
frustrated multilayer [55, 56], where each frustrated pancake
skyrmion is a 2D object. Such a 3D skyrmion string is an im-
portant component for future spintronic applications based on
3D nanostructures [55, 56] and layered systems [55, 57, 58].
In this Letter, we report the statics and dynamics of such
a stack of frustrated pancake skyrmions, where the pancake
skyrmions in two adjacent monolayer are coupled via a FM
interlayer exchange coupling.

Model. To be specific, we consider a 3D skyrmion string
forming by 11 aligned stacks of 2D pancake skyrmions in a
frustrated spin system. Each 2D FM layer has 25 x 25 spins
and is described by a J;-.J5-J3 classical Heisenberg model on
a simple square lattice [18, 21, 24, 33, 39-41, 59], of which
the Hamiltonian #,, reads
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FIG. 1. 3D and 2D illustrations of static skyrmion strings that are relaxed with the initial helicity of (a) no = 0, (b) 0 = 7/2, (¢) no = 7, and
(d) no = 3w /2. The 3D and 2D side views show the vertical cross sections through the core of the skyrmion string. The 2D top views show the
horizontal cross sections through the bottommost (n = 1), middle (n = 6), and topmost (n = 11) FM layers, and focus on the skyrmion core
area. The arrow represents the spin direction. The color scale represents the out-of-plane spin component m ., which has been used throughout
the paper. (e) Total energy Erowl, (f) NN exchange energy Enn, (g) NNN exchange energy Ennn, (h) NNNN exchange energy Ennnn, (i) total
interlayer exchange energy Finer, (j) PMA energy Fk, (k) DDI energy Eppi, and (1) m, as functions of 79 are given. All energies are given in
units of J; = 1. Interlayer exchange energies as functions of interface number are given for the skyrmion strings relaxed with (m) o = 0, 1
and (n) no = m/2, 37/3. (0) Layer-dependent helicity 7 of the relaxed skyrmion strings.

an—.]lzm?-m?—.fg Zm?m? (1)
<i,5> <L4,5>
—Js Y mP-m)—KY (m]*)?+ Hpp,
<«Ki,5>3> i
72 where n is the FM layer index (n = 1,2,--- ,11), m} repre-

73 sents the normalized spin at the site ¢ of layer n, |m}| = 1.
74 J1, Jo, and J3 denote the FM nearest-neighbor (NN), anti-
75 ferromagnetic (AFM) next-NN (NNN), and AFM next-NNN
76 (NNNN) intralayer exchange interaction constants, respec-
77 tively. (i, 7), ({3, 7)), and (({z, 7))) run over all the NN, NNN,
78 and NNNN sites in each FM layer, respectively. K is the per-
79 pendicular magnetic anisotropy (PMA) constant. Hpp; stands
g0 for the dipole-dipole interaction (DDI). In our model, two NN
st FM layers are separated by a nonmagnetic heavy-metal spacer
g2 layer, which is required for realizing the interlayer coupling
ss and spin current [60]. We note that the spacers may consist
a4 of different heavy metals to ensure a net spin current. The
ss Hamiltonian Hjye, for the interlayer coupling reads

10
— E E n n+1
Hinter - - Jinter m; - mi .
n=1 [

s Hence, the total Hamiltonian of the system is written as H =
87 Ziozl H o+ Hinter- We assume that the adjacent FM layers are
ss coupled through a weak FM interlayer coupling Jiper = 0.01

2)

so (in units of J; = 1). We also assume that the spin dynamics
is induced by the dampinglike spin-orbit torque 74, which is
described by the Landau-Lifshitz-Gilbert equation augmented
with 74 [61]

el
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N

d d
S = —m X hg +a (mx TT) +7, O)
93 where heg = —Moﬁws . % is the effective field, g is the

94 vacuum permeability constant, Mg is the saturation magneti-
o5 zation, ¢ is the time, « is the Gilbert damping parameter, and
% 7o is the absolute gyromagnetic ratio. 74 = § (m x p x m)
with u = |(y0h/poe)| - (j0su/2Ms) being the spin torque co-
o efficient. % is the reduced Planck constant, e is the electron
90 charge, b is the FM layer thickness, j is the current density,
and fgy is the spin Hall angle. p = —¢ denotes the spin po-
larization orientation.

The default parameters are [18, 24, 33, 40, 41]: J; = 30
meV, Jo —0.8 (in units of J; = 1), J3 —0.6 (in units
of J1 = 1), K = 0.01 (in units of J;/a® = 1), a = 0.3,
0 = 2.211 x 10> m A=t s71, sy = 0.2, and Mg = 580
kA m~!. The lattice constant is a = 0.4 nm. The mesh size
is a®. We use the Object Oriented MicroMagnetic Framework
(OOMMPF) [61] upgraded with our extension modules to sim-
ulate the model. We have simulated the metastability diagram
using the OOMMF minimizer, which shows that the frustrated
skyrmion strings are a metastable state for a wide range of .J,
and J3 (see Ref. 62). The minimum required value of J3 for
stabilizing a skyrmion string decreases with increasing .J5.
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FIG. 2. Top views of a Bloch-type skyrmion string driven by (a) a small current j = 20 MA cm™? and (b) a large current j = 200 MA cm ™ 2.

Skyrmion String
0 ps (Current OFF)

t

Bimeron String
t =994 ps (Current ON)

2

The spin configurations are similar in all FM layers, so only the spin configuration of the middle layer (n = 6) is given. (c) Top views of the
current-controlled mutual transformation between a skyrmion string and a bimeron string. j = 240 MA cm ™2 is applied for t = 0 ~ 1000
ps, followed by a 500-ps-long relaxation. The spin configurations of the bottommost (n = 1), middle (n = 6), and topmost (n = 11) layers
are given. (d) 3D view of the core of the skyrmion string at ¢ = 0 ps. (e) 3D view of the core of the bimeron string at ¢ = 995 ps.

Static structures. We begin with simulating the static
structure of a stack of coupled frustrated 2D pancake
skyrmions in the absence of a driving current. The inter-
layer coupling between adjacent pancake skyrmions leads
to a 3D skyrmion string (Fig. 1). The static structure
of each pancake skyrmion is described by the topological
charge Q@ = & [m(r) - (9,m(r) x Oym(r)) d*r. We
parametrize each pancake skyrmion as m(r) = m(0,¢) =
(sin 6 cos ¢, sin O sin @, cos ), where we define ¢ = Qv + 17
with ¢ being the azimuthal angle (0 < ¢ < 27). Hence,
Qy = % ffc d¢ is the skyrmion vorticity and n € [0, 27) is the
skyrmion helicity defined mod 27. We assume that @), = +1
(i.e., @ = —1) and 6 rotates by an angle of 7 for spins from
the skyrmion center to the skyrmion edge [1, 4, 14, 15].

The relaxed skyrmion strings consisting of Néel-type (n =
0, 7) or Bloch-type (n = +/2) pancake skyrmions are given
in Fig. 1. Before the relaxation, a skyrmion with an ini-
tial helicity no = 0,7/2,m, 37 /2 is placed at the center of
each FM layer. 1) is identical in all FM layers. Then, as
shown in Figs. 1(a)-1(d), the Néel-type skyrmion strings with
no = 0, 7 are relaxed to states with n = ng in each FM layer,
while the Bloch-type skyrmion strings with g = 7/2,37w/2
are relaxed to states with slightly nonuniform n ~ 7y in
each FM layer [Fig. 1(0)]. The total energies of the relaxed
Néel-type skyrmion strings are larger than that of the Bloch-
type skyrmion strings [Fig. 1(e)], indicating the Néel-type
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skyrmion strings are unstable states, largely due to the fact
that the Bloch-type structures with n = 7/2,37/2 are fa-
vored by the DDI [Fig. 1(k)]. In general, the relaxed Bloch-
type skyrmion strings have slightly smaller out-of-plane mag-
netization [Fig. 1(1)], smaller NNN exchange [Fig. 1(g)],
and NNNN exchange energies [Fig. 1(h)]. However, their
NN exchange [Fig. 1(f)], interlayer exchange [Fig. 1(i)], and
anisotropy energies [Fig. 1(j)] are slightly larger than that of
relaxed Néel-type skyrmion strings.

The interlayer coupling energy is found to have a layer de-
pendence for both relaxed Néel-type and Bloch-type skyrmion
strings. For the Néel-type skyrmion string with 7 0
[Fig. 1(m)], the layer-dependent interlayer coupling energy
reaches its maximum magnitude at the bottommost interface
(i.e., the interface between n 1 and n 2). For the
Néel-type skyrmion string with 7 = m, the layer-dependent
interlayer coupling energy reaches its maximum magnitude at
the topmost interface (i.e., the interface between n = 10 and
n = 11). In contrast, for the Bloch-type skyrmion strings
with n ~ 7/2,3m/2, the layer-dependent interlayer coupling
energy shows an identical M-profile dependence on the in-
terfaces [Fig. 1(n)]. The interlayer coupling energy of the
Bloch-type skyrmion string is larger than that of the Néel-
type one, which is due to the slightly different in-plane spin
configuration of each FM layer, as can be seen from the n-
dependent 7 in Fig. 1(0). The n-dependent 7 in the relaxed
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FIG. 3. (a) Velocity v and skyrmion Hall angle Osxue as functions of j for a Bloch-type skyrmion string. (b) In-plane spin component m,
as a function of time at different j, corresponding to (a). (¢) Mg,y, (d) M, (€) Frow, and (f) n-dependent absolute topological charge |Q| as

functions of time for the current-controlled mutual transformation between a skyrmion string and a bimeron string, where 5 = 240 MA cm

is applied for ¢ = 0 ~ 1000 ps. (g) a-dependent v and Osxue of a Bloch-type skyrmion string driven by j = 60 MA cm
—2

rotation frequency of a bimeron string driven by j = 240 MA cm

Bloch-type skyrmion string is caused by the DDI, which most
commonly affects the in-plane spin configurations of the top-
most (n = 11) and bottommost (n 1) layers [Figs. 1(b)
and 1(d)].

Current-induced dynamics. We further study the current-
induced dynamics of a Bloch-type skyrmion string with n ~
/2, which is initially relaxed at the sample center before the
application of a driving current. The sample include 11 cou-
pled FM layers with periodic boundary conditions in the x
and y dimensions. We first apply a current with a current den-
sity j ranging from 20 to 300 MA cm~? to drive the pancake
skyrmion in each FM layer. The effect of 74 leads to the linear
motion of the Bloch-type skyrmion string when j = 20 ~ 220
MA cm™2 (see Video 1 in Ref. 62).

At a relatively smaller j, the skyrmion string moves stably
and shows the skyrmion Hall effect [Fig. 2(a)], which is a nat-
ural consequence of the skyrmion Hall effect of the pancake
skyrmion in each FM layer. The variation of the skyrmion
string in the z dimension is very small during its steady mo-
tion, namely, there is almost no layer-dependent deformation
in the skyrmion string. Hence, we calculate the skyrmion ve-
locity and skyrmion Hall angle based on the skyrmion in the
middle FM layer (n = 6). The skyrmion string velocity and
its skyrmion Hall angle increase with j when j = 20 ~ 220
MA cm~? [Fig. 3(a)]. The change of the skyrmion Hall an-
gle is due to the current-induced deformation of the skyrmion
string, which can be seen from the selected top-view snap-
shots at j = 200 MA cm—2 [Fig. 2(b)] and j-dependent m,,-t
relation [Fig. 3(b)].

However, when j > 240 MA cm™2, the skyrmion string
smoothly transforms to a bimeron string when the current is
applied [Figs. 2(c)-2(e)]. The current-induced formation of
the bimeron string is due to the fact that the effect of 74 with
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p = —y tends to drag the spins in each FM layer from the £z
direction to the in-plane —y direction [Figs. 3(c) and 3(d)].
Note that the bimeron in the in-plane magnetized system is a
topological counterpart of the skyrmion in the perpendicularly
magnetized system [40]. Once the bimeron string is formed
under the driving current, it shows counter-clockwise rotation
with a constant frequency determined by j (see Videos 2-4 in
Ref. 62), which agrees well with the current-induced dynam-
ics of the 2D frustrated bimeron [40]. The bimeron string is
a dynamically stable only state, which shows certain layer-
dependent deformation [Fig 2(e)]. The total energy increases
to a stable value during the current application [Fig. 3(e)], in-
dicating the bimeron string is an excited state maintained by
74. The numerically calculated topological charge of each FM
layer only slightly varies during the transformation from the
skyrmion string to the bimeron string [Fig. 3(f)], which im-
plies that the transformation between a skyrmion string and a
bimeron string is guaranteed by the topological conservation
principle. Note that the topological charge has been calibrated
by slightly shifting the curve vertically, which ensures an in-
teger charge of relaxed state.

When the current is switched off at ¢ 1000 ps, the
bimeron string stops rotating and spontaneously transforms
back to a Bloch-type skyrmion string [Fig. 2(c)]. During
this process, the system evolves back to an energetically fa-
vored perpendicularly magnetized configuration due to the ef-
fect of PMA [Fig. 3(d) and 3(e)], and the topological charge
shows more obvious damped oscillation [Fig. 3(f)]. Such a
phenomenon suggests that the topological spin textures can
be very robust solutions in a stack of coupled FM layers, ei-
ther with perpendicularly magnetized or in-plane magnetized
background.

In addition, we study the a-dependent linear motion of a



232 Bloch-type skyrmion string at a relatively smaller j as well
233 as the a-dependent rotation of a bimeron string at a relatively
24 larger j. The Bloch-type skyrmion string velocity and its cor-
235 responding skyrmion Hall angle decrease with increasing «
236 [Fig. 3(g)]. The rotation frequency of the bimeron string is
237 found to decrease with increasing « [Fig. 3(h)].

Conclusion. In conclusion, we have studied the static struc-
tures of Néel-type and Bloch-type skyrmion strings formed
by 11 aligned stacks of 2D frustrated pancake skyrmions.
The Bloch-type skyrmion strings with n ~ 7/2,37/2 are
metastable states, which shows slightly varied 7 in the z di-
mension. Their Néel-type counterparts with = 0, 7 are un-
stable states due to the effect of DDI. Both the Bloch-type and
Néel-type skyrmion strings have layer-dependent interlayer
exchange coupling energy. For the dynamics, the Bloch-type
skyrmion string shows translational motion at a small current,
and it is transformed to a rotating bimeron string at a large
current. The bimeron string spontaneously transforms back to
a skyrmion string when the current is switched off.

Our results reveal unusual static and dynamic properties of
3D topological spin textures in frustrated magnetic systems.
The transformation between merons and skyrmions in a chi-
ral magnet induced by the magnetic field has been realized
in experiments [63]. Future experimental exploration on the
current-induced mutual transformation between the skyrmion
string and the bimeron string are important for the construc-
tion of an electrically controlled multistate information stor-
age device [64] based on different 3D topological spin tex-
tures. Possible future directions that one can explore also in-
clude the effect of a tilting field [65] on the 3D skyrmion and
bimeron strings, the system with a lattice of 3D skyrmion or
bimeron strings, and the system with decoupled layers.
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