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Vortex rings are ubiquitous topological structures in nature. In solid magnetic systems, their formation
leads to intriguing physical phenomena and potential device applications. However, realizing these
topological magnetic vortex rings and manipulating their topology on demand have still been challenging.
Here, we theoretically show that topological vortex rings can be created by a current pulse in a chiral
magnetic nanocylinder with a trench structure. The creation process involves the formation of a vortex ring
street, i.e., a chain of magnetic vortex rings with an alternative linking manner. The created vortex rings
can be bounded with monopole-antimonopole pairs and possess a rich and controllable linking topology
(e.g., Hopf link and Solomon link), which is determined by the duration and amplitude of the current pulse.
Our proposal paves the way for the realization and manipulation of diverse three-dimensional (3D)
topological spin textures and could catalyze the development of 3D spintronic devices.
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Topological spin textures with real space topology
such as skyrmions in two-dimensional (2D) systems have
gained much attention due to both their fascinating physical
properties and potential in information applications [1–3].
Extending to three-dimensional (3D) systems, the addition
of a third spatial dimension further enriches topological
spin textures with diverse topology such as rings, links, and
knots [4–7]. Because of their 3D nature, these 3D topo-
logical spin textures like magnetic hopfions host sophis-
ticated spin structures and the corresponding 3D emergent
magnetic fields lead to interesting dynamical properties
(e.g., current-driven dynamics and nonlinear transport
responses [8–11]) and novel device applications [12–14].
Vortex rings are common 3D structures in a variety of

natural systems, from cosmology to biology [15–21].
Although mostly discussed in fluid dynamics, other physi-
cal systems (e.g., liquid crystal and Bose-Einstein con-
densate) can also form vortex ring structure with an
effective vorticity defined therein [22–25]. Magnetic vortex
rings are formed by localized spins in 3D magnetic systems.
They are characterized by the magnetic vorticity Be

i ðrÞ ¼
1
2
εijkS · ð∂jS × ∂kSÞ (S is the unit vector of spin), which is

also the emergent magnetic field and whose 2D integral is
the topological skyrmion number [1,26]. Magnetic vortex
rings have been theoretically predicted as a dynamical state
propagating in an analogous to a smoke ring [27–29].
Furthermore, they also exhibit a nontrivial link and knot
topology as described by the Hopf charge, i.e., they are a
class of magnetic hopfions [30–33]. Recently, stable mag-
netic vortex rings with trivial topology have been exper-
imentally observed in bulk ferromagnets [34]. However,
the creation and manipulation of topological magnetic
vortex rings on demand have not been well explored so

far, making further investigations into their emergent
properties challenging.
Here, we theoretically show that magnetic vortex rings

with diverse linking structures can be created using a
current pulse in a chiral magnetic nanocylinder with a
trench structure. The creation process involves a dynamical
3D vortex ring street [35], i.e., a chain of magnetic vortex
rings with an alternative linking manner. Owing to the rich
energy landscape of 3D chiral magnets [30,36–39], the
created vortex rings possess various linking topology such
as the Hopf link and the Solomon link, and they are also
bounded with emergent magnetic monopole and antimono-
pole pairs. The topology of the created vortex rings are
controlled by the duration and amplitude of the current
pulse, thus providing a method to create 3D topological
linking structures on-demand.
Creating a magnetic vortex ring with linking structure

is associated with a change in the system’s Hopf charge
QH ¼ R

AeðrÞ ·BeðrÞdV (Ae is the corresponding vector
potential, Be ¼ ∇ ×Ae). In the absence of singularity, the
change of QH as a function of time t can be derived as
dQH=dt ¼ −

H
dSΦeðBe · nÞ, where n is the unit vector

pointing out of the sample surface and Φe is the emergent
scalar potential associated with the emergent electric field
Ee
i ðrÞ ¼ 1

2
S · ð∂iS × ∂tSÞ ¼ −∇Φe − ∂Ae=∂t (for details of

the derivation, see Supplemental Material [40]). This
suggests that inducing spin dynamics at the boundary of
the system can be employed for creating topological spin
textures with finite QH. In this sense, a current pulse may
serve as a proper driving force since it induces spin
dynamics via the spin transfer torque (STT) [48–50]. On
the other hand, the stability of a magnetic vortex ring is
enhanced in a confined geometry [30]. Therefore, we
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consider a chiral magnetic cylinder with a trench structure
on its top surface as shown in Fig. 1(a) and employ a
current pulse to create the magnetic vortex rings.
In the continuum approximation, the Hamiltonian den-

sity of a chiral magnet can be written as

H ¼ Að∇SÞ2 −DS · ð∇ × SÞ − μ0MsB · S ð1Þ

where A is the strength of the Heisenberg exchange
interaction, D is the strength of the Dzyaloshinskii-
Moriya interaction, Ms is the saturation magnetization,
and the last term is the Zeeman effect due to the external
magnetic field B. The corresponding helical period λ is
determined by 4πA=D, which is about 70 nm in the current
study. The critical field to induce the field polarized
state Bc ¼ D2=2MsA is about 0.4 T. For a fixed external
magnetic field, the vortex rings can have two opposite
linking manners [Figs. 1(b) and 1(c)], which are linked via
the inversion operator (i.e., they also have opposite Hopf
charge). In a centrosymmetric system (e.g., frustrated
magnet with only competing exchange interactions [6,33]),
magnetic vortex rings with both linking manners are
degenerate states. In contrast, the chiral magnet favors a
given chirality, so the magnetic vortex ring with preferable
linking manner [positive linking manner for the current
study, Fig. 1(c)] is more stable.

The initial magnetic state for the vortex ring creation is a
conical state with screw dislocation stabilized by a 0.5Bc
external magnetic field [51] as shown in Fig. 1(a). The
radius (R) and length (L) of the cylinder are about 2.3λ and
14λ, respectively. For the trench structure, its width [d2,
defined in Fig. 1(f)] and depth (w) are 0.64λ and 0.43λ,
respectively. These geometrical parameters are crucial for
the creation of vortex rings, which will be discussed later.
To create magnetic vortex rings, a current pulse is

injected into the nanocylinder and drives the spin dynamics
via the STT effect (for simulation details, see Supplemental
Material [40]). Once the current is applied, magnetic vortex
rings are created sequentially as shown in Figs. 1(d)–1(g)
(for an example of the complete dynamical process,
see Supplemental Material movie [40]). Initially, a mag-
netic vortex ring with negative linking manner is created
[Fig. 1(e) at t ¼ 0.18 ns]. Its current-driven dynamics is
similar to that of a hopfion, i.e., moving along the current
direction with a dilation (shrinking here based on its linking
manner) [9]. Moreover, as the chiral magnet favors the
positive linking manner, this vortex ring is not stable and
transformed into a monopole-antimonopole pair (MAP)
at a later time [Figs. 1(e)–1(g) at t ¼ 0.42 ns] [30,52]. In
contrast, the second vortex ring is created with positive
linking manner, which is favored by the chirality of the
system and is more stable. However, since the expansion
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FIG. 1. Dynamical vortex ring creation. (a) Schematic view of the chiral magnetic nanocylinder with a trench structure on its top
surface. The cross-sectional cut shows the conical state with screw dislocation. The bottom color wheel illustrates the color scheme that
encodes the spin direction in three dimensions. (b),(c) Magnetic vortex ring with positive (b) and negative (c) linking. Top row is the
equispin surface for Sz ¼ 0. Bottom row is the linking of equispin lines with Sx ¼ 1 (red) and Sx ¼ −1 (cyan). (d) The created vortex
rings’ positions as a function of time. Termination of the line indicates the transformation and annihilation of the vortex ring. (e) Bird’s
eye view of the screenshots for the creation process at 0.5Bc. Equispin surface with Sz ¼ −0.4 is plotted. The applied current density is
5 × 1011 A=m2. (f) Cross-sectional cut of the spin texture at the y-z plane corresponding to the screenshots in (e). (g) Cross-sectional cut
of the emergent magnetic field’s out-of-plane component associated with the created spin texture at different times. The amplitudes of
the emergent magnetic field (Bx) for the monopole and antimonopole are artificially reduced by a factor of 0.1 to better visualize Bx for
the other part of the spin texture. The black arrows in (g) indicate the rotating manner of the spin texture.
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mode is associated with its translational motion, as the
vortex ring keeps moving, it is going to hit the boundary
of the cylinder and gets annihilated [Fig. 1(d) and
Supplemental Material Fig. S1 [40]).
At a later time, the magnetic vortex rings with opposite

linking manners are created alternatively, which resembles a
dynamical 3D vortex ring street [35]. This process is also
clearly indicated by the emergent magnetic field of the spin
texture [Fig. 1(g)], where the vortex rings with opposite
chirality can be readily distinguished by the opposite emer-
gentmagnetic field at their cross sections. Furthermore, as the
created magnetic vortex rings with negative linking manner
keep transforming into MAPs, the merging of MAPs also
happens as the monopole and animonopole attract each other
(Supplemental Material Fig. S2 [40]).
After turning off the current, the created vortex rings do

not vanish but rather relax into diverse topological states
depending on the applied current pulse amplitude and
duration. Figure 2 shows a typical spin texture created by a
0.75 ns current pulse with an amplitude 5 × 1011 A=m2. As
the current duration is short, the spin texture is formed near
the top surface. For Sz < 0.3, the created spin texture shows
a vortex ring sandwiched by two MAPs as illustrated by the
equispin surface [plotted for Sz ¼ 0, Figs. 2(b) and 2(c)].
Figures 2(d) and 2(e) show the corresponding equispin
lines plot and the schematic linking diagram. For the vortex
ring, its equispin lines are closed and linked once, while
for the MAPs their equispin lines are connected at the
monopole and antimonopole. As we further scan the
equispin surface, for Sz > 0.3, the topology changes to
two concentric MAPs [Figs. 2(f) and 2(g)]. The corre-
sponding equispin lines unlink the vortex ring and recon-
nect the top most monopole (antimonopole) to the bottom
most antimonopole (monopole) as shown in Figs. 2(h)
and 2(i), giving rise to the concentric MAP structure.

Therefore, the created vortex ring is also bounded with
the MAPs.
Figure 3 shows another topological vortex ring

structure created by a 1 ns current pulse with an amplitude
5 × 1011 A=m2. For Sz < 0.1, the equispin surface
consists of two magnetic vortex rings and three MAPs
[Figs. 3(b)–3(e)]. Each magnetic vortex ring is sandwiched
by two MAPs. It is noted that the MAPs have different
lengths which are quantized in λ. These MAPs with
different lengths are metastable states protected by a finite
energy barrier [39] and their lengths are closely related to
the current pulse duration. As shown by the schematic
linking diagram [Figs. 3(d) and 3(e)], the MAPs and the
linking of vortex rings can be clearly seen for Sz < 0.1. The
topology of the equispin surface changes at Sz ≈ 0.1
[Figs. 3(f)–3(i)]. The two magnetic vortex rings merged
into a single vortex ring with higher order linking [Figs. 3(f)
and 3(g)] while the three MAPs still keep their topology.
The linking diagrams [Figs. 3(h) and 3(i)] suggest that the
equispin surfaces possess Solomon link where its equispin
lines linked twice. For Sz > 0.4, the spin texture transforms
into two MAPs wrapped by a large deformed MAP as
shown by Figs. 3(j)–3(m). Similar to the case shown in
Fig. 2, the equispin lines unlink the vortex ring and
reconnect the monopoles and antimonopoles.
Topological vortex rings with even higher order linking

can also be created by longer current pulses. Figure 4
summarizes the spin textures created by a 2 ns (a)–(d)
and a 2.5 ns (e)–(h) current pulse with an amplitude
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FIG. 2. Created spin texture with one vortex ring and two
monopole-antimonopole pairs (MAPs). (a) Cross-sectional cut of
the spin texture at the y-z plane. (b) Equispin surface for Sz ¼ 0
of the created spin texture. (c) Cross-sectional cut of (b) showing
the vortex ring and MAP structure. (d) Equispin lines with
S ¼ ð1; 0; 0Þ (red) and S ¼ ð−1; 0; 0Þ (cyan) associated with (b).
(e) Schematic linking structures for the equispin lines in (d).
(f)–(i) Corresponding plots for equispin surface with Sz ¼ 0.4
and equispin lines with S ≈ ð0.92; 0; 0.4Þ (light red) and S ≈
ð−0.92; 0; 0.4Þ (light cyan). Up (down) star symbol represents the
monopole (antimonopole).
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FIG. 3. Created spin texture with two vortex rings and three
MAPs. (a) Cross-sectional cut of the spin texture at the y-z plane.
(b) Equispin surface (Sz ¼ 0) of the created spin texture. (c) Cross-
sectional cut of (b) showing the vortex ring and MAP structure.
(d) Equispin lines with S ¼ ð1; 0; 0Þ (red) and S ¼ ð−1; 0; 0Þ
(cyan) associated with (b). (e) Schematic linking structures for
the equispin lines in (d). (f)–(i) The corresponding plots for equispin
surface with Sz ¼ 0.2 and equispin lines with S ≈ ð0.98; 0; 0.2Þ
(red) and S ≈ ð−0.98; 0; 0.2Þ (cyan). (j)–(m) The corresponding
plots for equispin surface with Sz ¼ 0.4 and equispin lines with
S≈ð0.92;0;0.4Þ (red) and S≈ð−0.92;0;0.4Þ (cyan). (e),(i),(m) Up
(down) star symbol represents the monopole (antimonopole).
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5 × 1011 A=m2. For clarity, only the equispin surfaces for
Sz ¼ 0.2 with higher order linkings are shown (for com-
plete analysis of these spin textures, see Supplemental
Material Figs. S3 and S4). Upon applying a long enough
current like 2.5 ns, the MAP also moves to the bottom
surface and transforms into a chiral bobber [a skyrmion
string terminated with a monopole, Fig. 4(f)]. For the three
(four) vortex rings case, its equispin lines linked three
(four) times. These created spin textures are also robust in
the presence of reasonable disorders, edge roughness, and
thermal fluctuations (Supplemental Material Sec. V).
The length and radius of the cylinder are crucial for the

stable vortex ring creation. To create multiple vortex rings,
the length and radius of the cylinder needs to be large enough
as shown in Figs. 5(a) and 5(b). It is found a radius R around
3λ is optimized for generating the topological magnetic
vortex rings [Figs. 5(c) and 5(d)]. If the radius of the cylinder
is too large, the created vortex rings may become unstable
due to the excitation of internal modes, e.g., Kelvin waves
(see Supplemental Material Fig. S9 [40]). The magnetic field
and the geometry of the trench also play roles in determining
the creation of vortex ring (for details and a full phase
diagram, see Supplemental Material Sec. VI).
For real experiments, the created topological spin tex-

tures can be checked by magnetic imaging techniques
such as Lorentz transmission microscopy (LTEM) and
x-ray microscopy [34,53,54]. Based on the created spin
textures, the corresponding LTEM images are simulated
for experimental references (see Supplemental Material
Fig. S7 [40]), where the number of vortex rings can be
identified. In addition, since the topological vortex rings
could induce nonreciprocal magnetoresistance and non-
linear Hall effect [10], it is also possible to monitor their
creation by transport measurements.

In summary, we have proposed a method to create
topological vortex rings on demand in a chiral magnetic
nanocylinder. By injecting a current pulse through a
“magnetic nozzle,” topological vortex rings with diverse
linking structures and their bound states with MAPs
are created. The topology of the created spin texture is
determined by the amplitude and duration of the current
pulse. Our results provide a feasible method to experi-
mentally create topological magnetic vortex rings. With
proper driving force, this method might be applicable to
other physical systems such as liquid crystals and Bose-
Einstein condensates, where the multiple vortex ring states
can also be stabilized. The created vortex ring state with
MAPs would enable further investigations of their dynami-
cal modes and transport phenomena, which could be rich
due to their sophisticated 3D structures. Our proposal also
provides a new way to manipulate 3D topological spin
textures and could be useful for the development of
unconventional 3D spintronic devices [12,14,55].
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