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Bifurcation of a topological skyrmion string
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Manipulation of three-dimensional (3D) topological objects is of both fundamental interest and practical
importance in many branches of physics. We show by spin dynamics simulations that the bifurcation of a
3D skyrmion string in a layered frustrated system could be induced by the dampinglike spin-orbit torque.
The bifurcation of a skyrmion string happens when the skyrmion string carries a minimal topological charge
of QO =2. We demonstrate that three types of bifurcations could be realized by applying different current
injection geometries, which lead to the transformation from I-shaped skyrmion strings to Y-, X-, and O-shaped
ones. Besides, different branches of a bifurcated skyrmion string may merge into an isolated skyrmion string
spontaneously. The mechanism of bifurcation should be universal to any skyrmion strings with Q > 2 in the
layered frustrated system and could offer a general approach to manipulate 3D stringlike topological objects for

spintronic functions.
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I. INTRODUCTION

The interdisciplinary interaction between physics and
topology has created many hot topics in recent years,
including topological magnetism [1-14] and topological
photonics [15,16]. Particularly, the manipulation of three-
dimensional (3D) particlelike topological objects in the
physical world is of special fundamental interest and tech-
nological importance [9-15]. Representative topologically
nontrivial quasiparticles are magnetic spin structures carrying
nonzero topological charges [1-14], such as the magnetic
skyrmion [17,18]. Topological spin structures can be clas-
sified into one-dimensional, two-dimensional (2D), and 3D
categories [9—14], while some 3D topological spin structures
can be formed by 2D ones in exchange-coupled bilayer and
multilayer systems [19-26]. Pure 2D and quasi-2D topolog-
ical spin structures are usually simple and rigid [27-29], of
which the dynamics can be well described and controlled,
making them promising candidates for spintronic applications
[1-14].

However, recent studies suggest that 3D topological spin
structures, such as skyrmion strings [30—46] and hopfions
[47-51], also have great potential to be used as essential com-
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ponents in spintronic applications. For example, a skyrmion
string can be utilized as a transport channel for magnons
[35,39,40]. A hopfion can carry information in a nonvolatile
manner and can be displaced by spin currents with no un-
desirable Hall effects [48]. In addition, 3D topological spin
structures usually have more degrees of freedom that can be
manipulated by external stimuli, which could generate com-
plicated but fascinating physical phenomena that may have
implications for applications.

Most 3D topological spin structures exist in bulk and
layered magnetic systems with chiral or frustrated exchange
interactions [10-13,30-45,47-51]. The frustrated magnetic
systems with competing exchange interactions [52,53] can
host both 2D skyrmions [54—63] and 3D skyrmion strings
[30,45,64], which show unique dynamical properties that
cannot be found in other systems. For example, a 2D frus-
trated skyrmion with a topological charge of Q = 1 driven by
the dampinglike spin-orbit torque, where Q = — L [m(r) -
[0.m(r) x 8ym(r)]d2r with m being the normalized spin,
could move along a circular path accompanied by the rotation
of its helicity [55,58]. It is envisioned that the manipulation of
a 3D frustrated skyrmion string may also uncover unexpected
physical properties of 3D topological spin structures. In this
article, we computationally demonstrate the current-induced
bifurcation of a 3D skyrmion string. The physical bifurcation
of a skyrmion string could result in the formation of a complex
skyrmion string with multiple topological branches, which is
a novel phenomenon that cannot be found in 2D or quasi-2D
systems.

©2022 American Physical Society
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FIG. 1. Separation of an I-shaped skyrmion string with Q = 2. (a) Schematic of the model, where 20 frustrated FM layers are exchange
coupled through FM interlayer exchange interactions. FM layers and nonmagnetic spacers are indicated by red and gray colors, respectively.
(b) Ilustrations of a 2D skyrmion with Q = 2 and two 2D skyrmions with Q = 1 and opposite helicities. (c) Total energy Eto, as a function
of time for the separation of an I-shaped skyrmion string with Q = 2 into two I-shaped skyrmion strings with Q = 1. The energy is given
in units of J; = 1. The driving current is turned on for + = 0-50 ps, indicated by the cyan background. (d) Time-dependent in-plane spin
components ., and out-of-plane spin component m. of the system for the separation of the skyrmion string. (e) Illustrations showing the
separation and relaxation of the skyrmion string at selected times. Only the areas with m, < 0.8 are visible. Each arrow stands for a spin. (f)
Top-view snapshots of the topmost FM layer at selected times corresponding to (e). Black arrows represent spins with a subsample rate of 2.

II. MODEL

We consider 20 weakly exchange-coupled ferromagnetic
(FM) layers with exchange frustration [Fig. 1(a)]. Each FM
layer is described by a J;-J>-J3 classical Heisenberg model
on a simple square lattice [52,55,58], where J;, J,, and J3 de-
note the FM nearest-neighbor (NN), antiferromagnetic (AFM)
next-NN (NNN), and AFM next-NNN intralayer exchange
interactions, respectively. The total Hamiltonian is given in
the Supplemental Material (SM), Note 1 [65]. We note that
two NN FM layers in our model are separated by either a non-
magnetic insulating or a hybrid metal-insulator spacer layer
to ensure the weak FM interlayer coupling Jiper [66—68] and
the spatially inhomogeneous current injection; see SM Note 2
[65]. The spin dynamics is described by the Landau-Lifshitz-
Gilbert equation augmented with the dampinglike spin-orbit
torque T4 = %(m X p x m) [69], which could be generated
via the spin Hall effect [70,71],

dm dm
EZ_VOtheff‘i‘a mx —= + 14, (1)
where  hey = _,U-o;M S s the effective field, u=

|(voh/ moe)| - (jOsu/ ZSMS) is the spin-orbit torque coefficient,
Mo is the vacuum permeability constant, Mg is the saturation
magnetization, ¢ is the time, o« is the Gilbert damping
parameter, y, is the absolute gyromagnetic ratio, % is the
reduced Planck constant, e is the electron charge, b is the
single FM layer thickness, j is the current density, and fgy is
the spin Hall angle. The spin polarization orientation p = +3.

The lattice constant is ¢ = 0.4 nm, and the mesh size is a°.

The default parameters are given in SM Note 1 [65].

II1. SEPARATION OF A 3D SKYRMION STRING

We first show the possibility to separate an I-shaped
skyrmion string into two isolated I-shaped skyrmion strings
with Q = 1 in the layered system. As shown in Fig. 1(a), we
place an I-shaped skyrmion string with Q = 2 in the model,
which is formed by 20 aligned stacks of 2D skyrmions with
Q =2 and the same helicity [Fig. 1(b)] in the presence of
interlayer exchange coupling between adjacent FM layers. For
each 2D skyrmion, it is parametrized as m(r) = m(0, ¢) =
(sin 6 cos ¢, sin @ sin ¢, cosf), where ¢ = Qv +n with ¢
being the azimuthal angle (0 < ¢ < 27), Q, = % $-d¢ be-
ing the vorticity, and n € [0, 2 ) being the helicity. 6 rotates
by an angle of  for spins from the 2D skyrmion center to
the 2D skyrmion edge in each FM layer [10,13]. The I-shaped
skyrmion string with Q = 2 is relaxed as the initial state. It
is a metastable state, as each 2D skyrmion with Q =2 is a
metastable state in the frustrated magnetic system [58,62,72].
Note that the 2D skyrmion with Q = 2 is usually unstable in
magnets with asymmetric exchange interactions [73].

In frustrated magnetic systems, two 2D skyrmions with
O=1 may form a 2D skyrmion with Q =2 sponta-
neously, as the energy of one skyrmion with Q =2 is
smaller than the total energy of two skyrmions with Q =
1 [58,62,72]. Such a feature implies that one may ob-
tain two skyrmions with Q =1 from a skyrmion with
Q =2 by external stimuli [Fig. 1(b)] [58,62]. We find it
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FIG. 2. Bifurcation of an I-shaped skyrmion string with Q = 2 to a Y-shaped skyrmion string with two Q = 1 branches. (a) Illustrations
showing the bifurcation and relaxation at selected times. The driving current is turned on for ¢+ = 0-50 ps. (b) Top-view snapshots of the
topmost, middle, and bottommost FM layers at + = 50 ps. Black arrows represent spins with a subsample rate of 2. n is the FM layer index
[65]. (¢) Etota as a function of time for the bifurcation and relaxation. (d) Time-dependent m, , and m, of the system for the bifurcation and

relaxation.

is also possible to separate an I-shaped skyrmion string
with O =2 into two I-shaped skyrmion strings with Q =
1 by applying the dampinglike spin-orbit torque in all FM
layers.

To demonstrate the separation, we apply the spin current
in all FM layers for t = 0 — 50 ps with a current density j =
275 MA cm~? and then relax the system at zero current for
350 ps. We find that the I-shaped skyrmion string with Q = 2
is transformed into two I-shaped skyrmion strings due to the
current-induced separation of 2D skyrmions in all FM layers
[Fig. 1(e)] (see SM Video 1 [65]). The time-dependent system
energy and spin components are given in Figs. 1(c) and 1(d),
respectively, which suggest that the system with two skyrmion
strings is relaxed soon after switching off the current. The spin
components oscillate significantly during the separation and
reach stable values through the relaxation. The system energy
is higher than that of the initial state, which means the two
skyrmion strings with @ = 1 may merge spontaneously if they
are close enough to each other. In Fig. 1(f), we show the top-
view snapshots of the topmost FM layer (i.e., n = 20; n is the
FM layer index [65]) at selected times. It shows that the two I-
shaped skyrmion strings with O = 1 have opposite helicities,
as illustrated schematically in Fig. 1(b). As the driving force
and skyrmion structure are uniform in all FM layers, the time-
dependent spin configurations are the same in the thickness
dimension.

IV. BIFURCATION OF A 3D SKYRMION STRING

Based on the current-induced separation, we further
demonstrate that it is possible to induce the bifurcation of the
I-shaped skyrmion string by partially applying the damping-
like spin-orbit torque in the layered system. In Fig. 2(a), the

initial state at # = O ps is a relaxed I-shaped skyrmion string
with Q = 2. We apply the spin current only in the top ten FM
layers (i.e., n = 11-20) with a current density j = 275 MA
cm~?2 for t = 0-50 ps. The partially injected current leads to
the separation of the skyrmion string with Q = 2 into two
skyrmion strings with Q = 1 within the top ten FM layers;
however, as the skyrmion string with Q = 2 within the bottom
ten FM layers is unchanged, a bifurcated Y-shaped skyrmion
string is formed at + = 50 ps. Such a Y-shaped skyrmion
string has two branches with Q = 1 within the top half of
the layered system and a trunk with Q = 2 within the bottom
half of the layered system. Therefore the region of connection
of the trunk and two branches does not form a Bloch point
[74] to equalize the topological charges of the trunk (Q = 2)
and branches (Q = 1 + 1 = 2); see SM Fig. 3 [65]. Note that
a Bloch point usually exists in the static Y-shaped skyrmion
string in chiral bulk magnets [43], where both the trunk and
two branches have Q = 1 so that the connection of the trunk
(Q = 1) and branches (Q = 1 + 1 = 2) must involve a Bloch
point with Q = —1. When the current is turned off, the two
branches with Q =1 are merged into one skyrmion string
with Q = 2 during the relaxation. As a result, the bifurcation
is recovered and the Y-shaped skyrmion string is relaxed to an
I-shaped skyrmion string before + = 300 ps.

In Fig. 2(b) we show the top-view snapshots of the top-
most, middle, and bottommost FM layers at t = 50 ps, where
the Y-shaped skyrmion string is most obvious. It shows that
the two skyrmion branches have clockwise and counterclock-
wise helicities, respectively. The in-layer skyrmion structure
at the junction of the Y-shaped skyrmion string (i.e., n = 10)
shows a peanut-shaped skyrmion structure with Q = 2, which
may be regarded as a biskyrmion structure [75-77]. The time-
dependent system energy and spin components are given in
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FIG. 3. Bifurcation of an I-shaped skyrmion string with Q = 2 or 3 to an X-shaped, O-shaped, or Y-shaped skyrmion string. (a) Illustrations
showing the bifurcation and relaxation at selected times. The driving current is turned on for + = 0-50 ps. (b) Top-view snapshots of the
topmost, middle, and bottommost FM layers at = 50 ps. Black arrows represent spins with a subsample rate of 2. (c) Eto as a function of

time for the bifurcation and relaxation.

Figs. 2(c) and 2(d), respectively. The merging of the two bifur-
cated skyrmion branches during the relaxation is accompanied
by the rotation of the two branches with respect to the trunk
axis; see SM Video 2 [65]. From the time-dependent energy
curve, it can be seen that the relaxation after + = 50 ps (i.e.,
the spontaneous recovery of bifurcation) is slower than that
of two separated I-shaped skyrmion strings with Q = 1 due
to the rotation [cf. Fig. 1(c)]. A reversed Y-shaped skyrmion
string could be created in a similar way (see SM Fig. 4 and
SM Video 3 [65]).

In Fig. 3(a), we demonstrate the creation of an X-shaped
skyrmion string with four Q = 1 branches and an O-shaped
skyrmion string with two Q = 1 branches by inducing the
bifurcation of an I-shaped skyrmion string with Q = 2 via
partially injected spin current. We also create a Y-shaped
skyrmion string with three Q = 1 branches from an I-shaped
skyrmion string with Q = 3. To create an X-shaped skyrmion
string (see SM Video 4 [65]), the current is only injected
into the top seven FM layers (i.e., n = 14-20) and bottom
seven FM layers (i.e., n = 1-7) for t = 0-50 ps. To create an
O-shaped skyrmion string (see SM Video 5 [65]), the current
is only injected into the middle 14 FM layers (i.e., n = 4—17)
for t+ = 0-50 ps. To create a Y-shaped skyrmion string with
three Q = 1 branches (see SM Video 6 [65]), the current
is injected into the top ten FM layers (i.e., n = 11-20) for
t = 0-50 ps, where a relaxed metastable I-shaped skyrmion
string with Q = 3 is the initial state.

In Fig. 3(b) we show the top-view snapshots of the top-
most, middle, and bottommost FM layers at t = 50 ps, where
the bifurcated skyrmion strings are most obvious. Similar to
the bifurcation of an I-shaped skyrmion string to a Y-shaped
skyrmion string (Fig. 2), the bifurcated skyrmion branches
have different helicities in the same FM layer. The time-

dependent total energies for the bifurcation and relaxation
corresponding to Fig. 3(a) are given in Fig. 3(c). The forma-
tion and recovery of X-shaped and O-shaped skyrmion strings
show almost identical energy curves. The reason is that 14
FM layers in total are driven by the same spin current for both
cases.

V. CONCLUSION AND OUTLOOK

In conclusion, we have studied the current-induced sep-
aration and bifurcation of a 3D skyrmion string carrying
a topological charge of Q =2 or 3. We find that the
bifurcation could lead to the formation of Y-shaped, X-
shaped, and O-shaped skyrmion strings, which depends on
the current injection geometry in the layered frustrated
magnetic system. The Y-shaped, X-shaped, and O-shaped
skyrmion strings have multiple skyrmion branches with
QO = 1 and opposite helicities. The bifurcated skyrmion string
could spontaneously recover an I-shaped skyrmion string
when the driving current is turned off, where the branches
show rotation with respect to the trunk axis.

It is noteworthy that the speed of the branch rotation as well
as the overall recovery speed can be reduced by applying a
small current during the relaxation; see SM Fig. 5 [65]. Such a
feature means that the lifetime of a bifurcated skyrmion string
can be controlled electrically. This also means one can switch
on and off the bifurcated state and manipulate it by electrical
means. Hence it is possible to design a multistate memory
unit based on a skyrmion string in a three-terminal magnetic
tunnel junction, where the information is encoded by the
number of skyrmion branches and is electrically controlled
by current pulses. Indeed, the current-induced skyrmion string
bifurcation may also be used for controlling the propagation
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of magnons along skyrmion strings in a 3D spintronic building
block.

On the other hand, for the bifurcation of a skyrmion string
with O = 2, we note that the delocalization of the driving
force in the thickness dimension may result in the incom-
plete bifurcation or the fracture of bifurcated branches; see
SM Fig. 6 [65]. Besides, the reversed current propagation
direction would not result in a qualitative change of the
bifurcated skyrmion string; see SM Fig. 7 [65]. The mech-
anism of bifurcation should be universal to any stable or
metastable skyrmion strings with |Q| > 2. Our results reveal
unusual dynamic physics of 3D skyrmion strings carrying
high topological charges.
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