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Magnetic hopfions in toroidal nanostructures driven by an Oersted magnetic field
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The search for magnetic hopfions has been the focus of intense research during the last years. In this direction,
and using micromagnetic simulations, we studied the magnetization reversal mechanism in toroidal nanoparticles
under the action of an Oersted magnetic field. Our results evidence the nucleation of four magnetic configurations
as a function of geometry, two of them being hopfion-like textures. These mechanisms are preferred for
large toroidal structures. The annihilation of such texture is indicated by strong changes in the energy, which
characterizes a topological transition.
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I. INTRODUCTION

Current experimental techniques to fabricate magnetic
nanoparticles have made it possible to produce nanomag-
nets with a large variety of shapes and sizes [1–5]. These
new techniques promote an expansion of three-dimensional
nanomagnetism, leading to the appearance of a new class
of magnetic effects that cannot be observed in planar or
quasi-one-dimensional structures [4]. Among the 3D emer-
gent collective modes of magnetization one can highlight
the possibility to stabilize confined skyrmion tubes [6], the
formation of magnetic vortex rings [7], the appearance of
topological defects in a double helix of nanowires [8], and
the nucleation of topological objects such as Bloch points
[9,10] and hopfions [11]. In addition to the nucleation of
new magnetic textures, advances in nanomagnet fabrication
opens up the possibility of using ferromagnetic nanoparticles
as components of memory devices [12], data storage [13],
sensors [14,15], cancer therapy [16], nano-oscillators [17,18],
and neuromorphic computing [19–21]. These applications are
based on new magnetoelectronic behaviors that these nanos-
tructures exhibit, and demand a profound knowledge and
control of the magnetization and the existence of stable mag-
netic configurations in a magnetic element at the nanoscale.

For such applications it is fundamental to understand
the role of geometry on the dynamics and static proper-
ties of a magnetic nanostructure [4,22,23]. In this direction,
structures with cylindrical symmetry such as nanodisks,
nanorings, nanowires, and nanotubes have been intensely
studied [24–30]. Such geometries exhibit interesting magnetic
phenomena, such as the displacement of domain walls by
electric currents and magnetoresistance [31–35]. Particularly,
from an applications point of view, a good control of the

magnetization ground state in nanorings [28] allows their use
in random access memory devices [36–38]. One remarkable
feature is that the presence of a central hole allows nanorings
to host magnetic vortices as the ground state for smaller sizes
than cylindrical nanodots. These vortices are characterized by
a chirality, defined as the rotation direction of the magneti-
zation vector field, which can be reversed by Oersted fields
[39,40].

The properties of magnetic nanorings with a torus-like
geometry and topology have been also studied in several
works. Although cylindrical rings share the torus topology
(cylindrical rings can be continuously deformed in a torus),
both geometries present subtle differences. For instance, while
the torus presents a Gaussian curvature that changes smoothly
from negative to positive when one goes from the internal
to the external border, the Gaussian curvature of cylindri-
cal nanorings vanishes in the whole surface and is not well
defined at the borders. Additionally, theoretical predictions
show a broad class of new phenomena that makes the toroidal
geometry a very interesting object in 2D and 3D nanomag-
netism, such as the fact that they can accommodate a vortex as
the ground state for a smaller external radius than cylindrical
nanorings [41–43]. It was also shown that the appearance of
a geometrical frustration associated with the torus geometry
(toroidal and poloidal radii) leads to soliton instability [44,45].
Because purely in-surface states in ferromagnetic shells can-
not be stabilized [46], deviation from the in-surface vortex
configuration results in the development of an out-of-surface
vortex core [47]. When an in-plane uniaxial magnetic field
is applied, the reversal of the magnetization occurs through
two different modes, coherent rotation or vortex nucleation
[42]. Nevertheless, the magnetization reversal in a toroidal
shell with a large aspect ratio (ξ = r/R) occurs by forming
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FIG. 1. (a) Schematic representation of a toroidal tube, with an
inner conductor wire in the z axis along which an electric current
flows. (b) yz plane of the torus, illustrating P and Q, which represent
the inner and outer radii of the toroid, respectively. The geometrical
parameters re and ri describe the toroidal and poloidal radii, respec-
tively, and β defines the tube thickness.

a vortex-antivortex pair as a remanent state, where the vortex
and the antivortex are nucleated in the region with positive and
negative curvatures, respectively [48]. This curvature-induced
winding number selection is intrinsically related to effective
geometry-induced interactions [46,49–52].

In this work, through micromagnetic simulations, we in-
vestigate the magnetization reversal modes of ferromagnetic
nanotori under the action of an azimuthal magnetic field.
Our main focus is to find the reversal modes and search for
the appearance of hopfions, which are field configurations
localized in all three spatial dimensions that maps a three-
sphere S3 to the order parameter space S2, belonging to the
third homotopy group [11,53] π3(S2) = Z. Our results have
revealed that depending on the torus geometry the magne-
tization is driven by the nucleation and propagation of four
reversal modes consisting of 3D emergent magnetic structures
depending on the geometrical parameters: a hopfion structure,
a pinned-hopfion texture, an almost coherent reversion [47],
and transversal radial walls. It is worth noticing that hopfions
have been predicted to appear in chiral magnetic systems pre-
senting helical or conical order [54]. In the present case, the
observed hopfion structures are obtained even in the absence
of Dzyaloshinskii-Moriya interactions (DMIs), and only as a
result of the magnetostatic and exchange competition, simi-
larly to the nucleation of skyrmions in nanodots without DMIs
[55]. Hopfion-like reversal modes are interesting emergent ob-
jects in 3D magnetism since they represent collective modes
of the magnetization belonging to specific homotopy sectors
in a 3D space. Therefore, these magnetic quasiparticles have
topological stability and have been considered as information
carriers [56].

This work is organized as follows: Section II describes
the micromagnetic simulations used in this work. Section III
presents our results for the hysteresis curves and a discussion
on the reversal modes. Finally, Sec. IV contains conclusions.

II. MICROMAGNETIC SIMULATION

In our work we study the reversal modes of a toroidal tube
using Object Oriented MicroMagnetic Framework (OOMMF)
simulations [57]. The hollow torus is characterized by the
toroidal (re) and poloidal (ri) radii, respectively, as illustrated
in Fig. 1. The thickness of the tube cross section is defined
as t = (1 − β )ri, where β ∈ [0, 1) determines the thickness

of the tube, from a toroidal shell (β → 1) to a solid toroid
(β = 0). In the simulations we consider a fixed toroidal radius
of re = 100 nm and a poloidal radius ri that varies from 20
to 80 nm in 10 nm steps, while β varies from 0.0 to 0.8. The
magnetization reversal is driven by an Oersted field, which can
be generated, in an experimental setup, by an electric current
in a conductor wire oriented parallel to the torus axis passing
through the nanotorus center [see Fig. 1(a)].

The magnetic parameters used in the simulations are
the exchange constant A = 13 × 10−12 J m−1 and saturated
magnetization Ms = 860 × 103 A m−1. These parameters
represent permalloy (Py), a soft magnetic material that per-
mits us to neglect the magnetocrystalline anisotropy allowing
us to observe in a better way the contribution of the ge-
ometric parameters. The magnetic energy is given by E =
Eex + Ems + EZ, where Eex, Ems, and EZ are the exchange,
magnetostatic, and Zeeman energies, respectively. In all the
simulations we consider cell sizes of 2 × 2 × 2 nm3, which
are small enough with respect to the Py exchange length and
generate a structure with smooth curvature in such a way that
border effects can be neglected. To study the magnetization
reversal modes we use a damping constant equal to 0.5. The
external Oersted field HOe is radially nonhomogeneous, with
its magnitude decreasing as a function of R (the cylindrical
radial distance). The electrical current in the wire, I , is varied
between 0.125 and −0.125 A, inducing a circular Oersted
field in the azimuthal direction with a maximum value of
μ0Hmax = 350 mT. Our results are valid for isolated elements
as well as for arrays in which the inter-element distance is
large enough to consider each element as a noninteracting one.

III. RESULTS

We start by obtaining the hysteresis curves for the nan-
otorus under the action of an induced circular Oersted field
for different β values and for poloidal radius ri = 20, 40, and
80 nm. Here, we consider that mφ = 1 when the magnetization
consists of a vortex swirling counterclockwise and mφ = −1
when it is clockwise. The hysteresis curves are depicted in
Fig. 2, where one can notice that all cycles exhibit a square
shape with a single jump. We also note that the coercive field
strongly depends on both β and ri. Hysteresis loops with dif-
ferent areas result from the different works needed to reverse
the orientation of the magnetic moments [58]. Therefore, our
results show that the magnetization reversal of a solid toroid
with a large poloidal radius demands more energy than a thin
toroidal tube with a small poloidal radius.

From the hysteresis curves, it is possible to determine the
coercive field of the toroidal tube as a function of β and ri.
Figure 3 summarizes the obtained results, from which one
can notice a linear decrease of the coercive field as a function
of ri for fixed β as well as a decrease in the slope of the
curve as a function of β for fixed ri. In the first case, coercive
fields practically converge for ri = 80 nm independently of
β [see Fig. 3(a)]. On the other hand, Fig. 3 shows that the
dependence of the coercive field on ri for a specific β is not a
linear function.

To better understand this behavior we analyze the mag-
netization reversal for the toroidal tube. In Fig. 4 we show
some snapshots of the reversal process revealing that in the
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FIG. 2. Hysteresis curves for β = 0.0, 0.2, 0.5, and 0.8 values for (a) ri = 20 nm, (b) ri = 40 nm, and (c) ri = 80 nm.

systems under study the reversion occurs through four differ-
ent mechanisms as a function of β and ri. The first is hopfion
nucleation, that is, a state consisting of a skyrmion tube closed
in on itself due to the constraints of the toroidal geometry. It
is important to notice that the hopfion is nucleated even in
the absence of an intrinsic DMI, as result of the competition
between exchange and dipolar interactions, similarly to the
nucleation of skyrmions in nanodots without DMIs [55]. To
ensure that the observed state consists of a hopfion, we have
plotted the magnetization pattern of a very thin disk taken off
of the torus cross section [see Fig. 4(b)]. One can notice that
the observed pattern is a 2D skyrmion. In Fig. 5 we illustrate
the other three reversal modes. Figure 5(a) shows the pinned-
hopfion mechanism, where the reversal process is mediated
by the formation of a hopfion with a noninteger hopfion topo-
logical index. In this case, the 3D skyrmion center is pinned
at the toroid central hole, forming a noninteger skyrmion
tube closed in on itself. Figure 5(b) depicts a quasicoherent
fast reversion, mediated by the formation of a quasitangential
poloidal vortex. That is, the magnetic moments rotate around
the poloidal radial direction. The poloidal vortex state is not
completely tangent to the surface because purely tangential
states cannot appear in curved magnetic surfaces [46]. Fig-
ure 5(c) illustrates the nucleation of two transversal radial
domain walls that propagate radially along the torus cross
section. These four reversal processes involve the appearance

of a cross-vortex component mϑ of the magnetization, forming
nice 3D emergent structures in magnetic nanotori. See the
Supplemental Material [59] for videos showing the full mag-
netization reversal process for the hopfion, pinned-hopfion,
transversal radial wall, and quasicoherent mechanisms. Time
is in nanoseconds.

Aiming at determining the geometrical phase space at
which hopfions can be nucleated we performed a series of
micromagnetic simulations, obtaining a map of the reversal
mechanisms as a function of β and ri. The obtained re-
sults are presented in Fig. 6, where blue circles indicate the
regions where the reversion is given by the nucleation of hop-
fions, green squares represent the pinned hopfion, pink stars
represent the quasicoherent rotation, and orange diamonds
represent the range of parameters for which the nucleation of
transversal radial walls appear.

The analysis of the reversal modes as a function of the
toroidal geometrical parameters reveals that toroids with
higher values of β present a magnetization reversal driven by
the nucleation of two domain walls at point P. These domain
walls displace along with opposite directions and annihilate
themselves at Q (see Fig. 1). This mode appears when there
is not enough material allowing the nucleation of swirling
3D magnetization patterns. Reversal mechanisms mediated
by domain wall creation and annihilation are also observed
in magnetic nanorings [35], but in that context, the domain

FIG. 3. Coercive field as a function of (a) ri for some fixed β values and (b) β for some fixed ri values.
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FIG. 4. Snapshots of the hopfion-mediated magnetization reversal process. Blue represents the region where mφ = 1 and red depicts the
internal vortex in the opposite direction mφ = −1.

walls propagate along the wire length while in the present
study, since we use a radial magnetic field, the domain walls
propagate along the ϑ direction of the torus, without variation
in ϕ.

Nevertheless, by increasing ri and decreasing β there
is enough volume in the magnetic body to nucleate
more complex magnetic textures. Our results give evidence
for hopfions—and pinned hopfions—for β � 0.4, requiring
larger ri for larger β values. These magnetic textures exist
because of the radial nature of the field along the azimuthal
direction of the torus, decreasing as 1/r. It is worth noticing
that the damping constant α controls the range of fields for
which the hopfion exists in a metastable state. Lower α values
create hopfions that are annihilated fast, or that may not even
be observed if larger time steps are used.

FIG. 5. Snapshots of the (a) pinned-hopfion, (b) transversal ra-
dial wall, and (c) quasicoherent magnetization reversal processes.
Blue represents the region where mφ = 1 and red depicts the region
with mφ = −1.

The obtained hopfion state can be viewed as a chain of
skyrmions hosted in 2D nanodots that close in on themselves,
forming a toroidal structure. Skyrmions can appear as stable
states in 2D dots with uniaxial magnetic anisotropy even in
the absence of DMIs [55]. However, once we close the chain
in on itself, this uniaxial anisotropy is no longer needed since
it naturally appears as a shape anisotropy that forces the
magnetization to point along the azimuthal direction. In this
context, the obtained 3D magnetization profile consists of a
skyrmion tube closed in on itself. The pinned-hopfion state
appears when the central hole of the tube pins the vortex with
opposite chirality. Similarly to the nucleation of hopfions,
this magnetization profile can be promptly understood if we
interpret the pinned-hopfion profile in a toroidal cross section
as a half-skyrmion hosted in 2D magnetic rings [60]. The
pinning mechanism can be understood in the same way that
vortices and skyrmions in nanorings are pinned by the hole for
large values of the internal radius [61–63]. The high energy
cost to nucleate hopfions and pinned hopfions is evidenced

FIG. 6. Phase diagram of the reversal mechanisms for different
values of ri and β. Blue circles, green squares, pink stars, and orange
diamonds represent respectively the regions where the reversal pro-
cess is mediated by hopfion, pinned-hopfion, quasicoherent wall, and
transversal wall nucleation mechanisms.
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FIG. 7. (a) Exchange and (b) dipolar energies during the hopfion-mediated reversal process.

from the observed greater area of the hysteresis curve [58]
for large poloidal radius and small values of β (see Fig. 2).
It is also worth noticing that the possibility of the nucleation
of hopfions into tori structures was pointed out in Ref. [64],
where the authors obtained the hopfion’s circle preimages,
showing that it resides on a nested torus embedded in a 3D
space. Nevertheless, in that work, due to the presence of a
uniaxial anisotropy and absence of dipolar energy, the vector
field of the far-field background points along the z-axis direc-
tion. In the present study, due to dipolar interactions, the torus
geometry yields a constraint in the magnetization vector field,
which points quasitangentially along the azimuthal direction.
Therefore, even in the case of a torus with large radius, the
far-field background would be on a rotational vector field.

An interesting point to be highlighted is the behavior of
magnetic energy during the hopfion-mediated reversal pro-
cess. Figure 7 depicts exchange and dipolar energies during
the reversion of the magnetization of a torus with ri = 80
nm and β = 0.0. It can be noticed that the hopfion texture
nucleation increases the exchange energy due to the formation
of a swirling texture along the torus cross section (see Fig. 7).
During the nucleation process, the dipolar energy presents a
nonmonotonic behavior [see Fig. 7(b)]. An increase in the
dipolar energy is observed due to the formation of surface
and volumetric magnetic charges during the beginning of the
hopfion nucleation. Nevertheless, just before the complete
hopfion is nucleated, the formation of a swirling spin tex-
ture along the torus cross section yields the surface magnetic
charges vanishing, leading to an abrupt drop in the dipolar en-
ergy until the hopfion is fully created [the region between the
black dots in Fig. 7(b)]. Despite this energy drop, the dipolar
energy of the hopfion configuration is still higher than that of
an in-surface magnetization state. Therefore, unlike their 2D
counterparts (skyrmions in nanodots), the hopfions nucleated
in magnetic nanotori are a transient state that appears just in
the case of a large poloidal radius, which allows enough space
to nucleate a swirling spin texture along the cross section
of the torus. Indeed, the energy associated with this swirling
magnetization profile would have a very high exchange cost
if nucleated in nanotori with a small poloidal radius. Finally,

because the external magnetic field decreases as a function
of r, the hopfion center displaces to the border of the torus.
Therefore, during the hopfion annihilation it is possible to
observe an abrupt reduction in the exchange energy and a
bump in the dipolar term. This abrupt change in the energy
is characteristic of a topological phase transition, when the
hopfion pattern decays to the in-surface state (see Figs. 4 and
5, and the Supplemental Material [59]).

IV. CONCLUSION

In conclusion, we studied the magnetization reversal mech-
anism in toroidal nanoparticles under the action of an Oersted
magnetic field. Micromagnetic simulations allowed us to
obtain a phase diagram of the possible reversal processes.
Depending on the geometrical parameters of the torus four
main mechanisms are responsible for the magnetization rever-
sal. Among these mechanisms, there are two that include the
creation and annihilation of hopfion-like textures. It is worth
noticing that the observed hopfion structures are obtained even
in the absence of Dzyaloshinskii-Moriya interactions (DMIs),
as a result of the magnetostatic and exchange competition un-
der an azimuthal magnetic field. Hopfion-like reversal modes
are interesting emergent objects in 3D magnetism since they
represent collective modes of the magnetization belonging to
specific homotopy sectors in a 3D space. Therefore, these
magnetic quasiparticles have topological stability and have
been considered as information carriers [56]. Our results allow
us to determine the time during which these structures exist.
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