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We show here using atomistic simulations that BiFeO3 films can be driven through a topological transition
when increasing uniaxial anisotropy, which can possibly be achieved by strain. Tuning the anisotropy close to the
transition, we show that individual antiferromagnetic skyrmions can reach a very large topological protection.
These entities can then be excited by electric fields and spin torque and controllably driven at speeds exceeding
10 km/s.
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I. INTRODUCTION

Topology is a prominent concept from which new materials
and properties are emerging [1]. In magnetic materials, it
often arises as a consequence of the spin-orbit interaction,
which couples the electrons’ motion to their spin. Broken-
inversion symmetry can generate a chiral exchange interaction
(Dzyaloshinskii-Moriya interaction, or DMI) that curls spins
into noncollinear textures carrying a finite topological charge,
such as skyrmions [2]. These concepts applied to the field
of spintronics pertain to a new research area coined spin-
orbitronics [3]. Ferromagnetic skyrmions obtained in metallic
multilayers can be used as ultrasmall bits of magnetic in-
formation for mass-data storage [4] and logic operations.
However, their application is hindered by several problems:
(i) a spin-polarized current pushes the chiral spin texture of
skyrmions sideways and the entities eventually get trapped or
annihilate on the track edges [5,6]; (ii) the power consumption
required to displace them by current pulses is too large [7,8];
and (iii) their displacement speed is limited to about 100 m/s
[9]. These drawbacks could be alleviated by working with
antiferromagnetic skyrmions [10] that can operate up to 2 or-
ders of magnitude faster than their ferromagnetic counterparts
[9,11]. Moreover, using insulators, power consumption could
be dramatically reduced, which is the aim of a new field called
spin-insulatronics [12].

Usually, magnetic skyrmions are obtained by engineering
the interfaces of artificial heterostructures [3,13]. The basic
relevant interaction is the DMI that stems from coupling be-
tween magnetic atoms in the interface electrical built-in field.
It is of the same nature as the more general magnetoelectric
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(ME) interaction expressing the gain in energy in the presence
of an internal electric field, or polarization, when magnetism is

noncollinear [14–16]: EME = γME
∑ ⇀

P · (
⇀

ei j×(
⇀

Si×
⇀

S j )), with
γME the inhomogeneous ME constant, P the polarization, ei j

the vector linking nearest neighbors, and Si×S j the cross prod-
uct of neighboring spins. Therefore, magnetoelectric materials
intrinsically possess the relevant interaction for generating
skyrmions with an extra functionality; unlike interfaces, it can
be toggled by switching the polarization.

Among the relevant materials, BiFeO3 is archetypical as it
is an antiferromagnetic ferroelectric with both ordering tem-
peratures well above room temperature. As such, it has been
in the center of the huge revival of so-called “multiferroics”
since the early 2000s [17]. A vast literature has emerged to
understand their nature [18], the coupling between antiferro-
magnetism and ferroelectricity [19–22], as well as ways to
engineer their properties, e.g., by epitaxial strain [23–25]. In
BiFeO3, the significant coupling between electrical polariza-
tion P and AFM order [20–22] forces the existence of a single
AFM T domain (of constant AFM staggering order) in a single
polarization domain. This simplifies the domain structure of
the AFM order, leaving only three possible cycloids or three
possible AFM S domains (when cycloids are destabilized by
strain) [26]. The possibilities offered by thin-film technologies
and strain engineering are exciting, but it is thus far unclear
which internal parameters should be tailored to produce and
control individual skyrmions. The goal of the present paper
is to pave the way to experimentally achieve this, based on
realistic modeling of BiFeO3.

II. MODELING OF BiFeO3 SPIN TEXTURE

Modeling of antiferromagnetic textures requires an atom-
istic simulation because magnetization is non-zero and
constant only at the single atomic scale. Generally, appro-
priate codes are dynamic ones where the two AF sublattices
are described by a set of two coupled Landau-Lifshitz-Gilbert
(LLG) precession equations [27–29]. Any perturbation results
in coupled motion of individual spins and the existence of
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TABLE I. Parameters of the microscopic spin model of BiFeO3.

Parameter J1 J2 D1 D2 K1 K3 α

Value in meV −5.3 −0.2 0.18 0.06 0.004 6×10−6 0.001

damping makes the system reach a stable static state after
some time. This is quite heavy on calculation time if one wants
to simulate a reasonable volume, say 106 spins. Here, a spe-
cific program was written to process the calculation in parallel
on GPUs. It is based on following the time evolution using the
LLG equation with the following relevant Hamiltonian:

H = J1

∑
〈i, j〉

Si · S j + J2

∑
〈i, j〉′

Si · S j

+ D1

∑
〈i, j〉

(
z′ × ei j

a

)
· (Si×S j )

+ D2

∑
〈i, j〉

(−1)hi z′ · (Si×S j )

− K1

∑
i

(z′ · Si )
2

− K3S6
∑

i

sin6θi cos6 φi,

with J1 and J2 the exchange interactions between, respectively,
first and second neighbors, D1 the inhomogeneous magne-
toelectric constant, and D2 the DMI interaction. K1 and K3

are the uniaxial (along P, i.e., [111]) and in-plane (perpen-
dicular to P) anisotropy constants, respectively, Si, j are the
Fe spins, θ and φ are the out-of-plane (111) and in-plane
angles, respectively, taken around z′, i.e., the [111] direction.
These parameters have been calculated [30] and measured for
BiFeO3 and we use here their generally accepted values [31],
given in Table I. The evolution of the simulation is driven by
the LLG equation:

d ŝ
dt

= ω� × ŝ − α
d ŝ
dt

× ŝ with

ω� = γμ0H� + ŝ × ωτ = − 1

h̄S

∂H
∂ ŝ

+ ŝ × ωτ ,

where ŝ = S/S is a unit vector with spin taken to be 2.5, ω�

the derivative of the Hamiltonian H including the spin-transfer
torque ωτ (addressed below), and α is the damping parameter
(see Table I).

The calculation is carried out by solving the differential
equation numerically using the Euler method:

d ŝ
dt

= ωeff×ŝ with ωeff = 1

1 + α2
(ω� − αω�×ŝ).

It is first instructive to simulate a piece of bulk BiFeO3

(Fig. 1) using periodic boundary conditions. As expected, the
long-range cycloid is obtained along one of the three degen-
erate [1-10]-type directions. Note that these are set because
of the threefold in-plane anisotropy term (K3). Moreover, the
second (alternate) DMI term (D2) leads to a concomitant spin-
density wave locked on the ME-induced cycloid. Interestingly,
this gives rise to a small magnetic stray field that makes
possible its detection in real space [32]. These basic checks
made with 5×105 spins validate the parameters used for the
Hamiltonian.

III. ANTIFERROMAGNETIC SKYRMION IN BiFeO3

A. Stability

The next step is now to study if a skyrmion can be stabi-
lized in a BiFeO3 slab. We chose to nucleate numerically an
individual skyrmion in a box with periodic boundary condi-
tions in all directions and let the numerical simulations relax
to their equilibrium state. In order for the calculation to be
unaffected by the boundaries, we have varied the box size
and observe that they converge to a similar energy for a size
above 120 nm. The relaxed skyrmion, shown in Fig. 2(a),
is 28 nm in size for K1 = 0.012 meV, shrinking noticeably
when anisotropy increases further. It is of hybrid nature as
the spin winding generates an extra polarization in virtue of

the spin-current model:
⇀

PME ∼ ⇀

ei j×(
⇀

Si×
⇀

S j ). Note that this
electrical part is not chiral as it is generated by the spin

chirality in a direction parallel to
⇀

P, hence purely along [111]
[Fig. 2(b)]. This could represent a big advantage for the de-
tection of such chiral objects. Moreover, we have also let the
simulations converge starting from different initial conditions
including a collinear AFM state and an infinite cycloid. The

FIG. 1. Simulated bulk cycloidal state in BiFeO3. (a) ME and exchange interactions are responsible for the 64-nm-period AFM cycloid
obtained as the ground state of system. A small concomitant spin-density wave is induced in the perpendicular direction by alternating DMI
due to antiphase rotation of oxygen atoms along [111]. This is better seen in projections on relevant planes in (b).
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FIG. 2. Metastability of skyrmionic states. (a) Relaxed AFM skyrmion state for an anisotropy K1 = 0.012 eV (only 1 out of 24 spin vectors
is represented in this figure and in the following ones). (b) [111] projection of the spin component (left) and associated electric polarization
(right). (c) Phase diagram (energy vs anisotropy) where zero is defined as the collinear AFM state. Obtained ground states are cycloids
below K = 0.010 meV and a collinear AFM state above. (d) Unwinding of a skyrmion as obtained with the GNEB technique following
minimum-energy path. Skyrmions are metastable but, once nucleated, they are protected by a large energy barrier of 0.7 eV of topological
nature.

results show that the energy of the skyrmion state is never
the lowest. Indeed, when the anisotropy K1 varies, the cy-
cloid and the collinear AFM are found to be ground state at
low K1 and above K1 = 0.010 meV, respectively [Fig. 2(c),
where the zero energy is taken as that of the G-type AFM
order]. However, for K1 slightly above 0.010 meV and all the
way to 0.020 meV, a skyrmion can be successfully relaxed
[Fig. 2(a)] for a simulation with periodic boundary conditions
(a similar object is obtained in a 4-nm-thick BFO layer with
free-boundary conditions in the [111] direction), if the initial
state already has the right topology. The nucleated skyrmion
in such a material is therefore metastable. This can be ver-
ified by a procedure called GNEB [33,34] implemented in
the Large-scale Atomic/Molecular Massively Parallel Simu-
lator LAMMPS [35,36]. It is presented in Fig. 2(d) for K1 =
0.012 meV, where the minimum-energy path is computed
for skyrmion annihilation. It is found hereby that in order
to unwind the topological structure, an energy barrier of the
order of 0.7 eV has to be overcome. This is much above
what temperature can do and we conclude that once nucleated,
these entities are very stable in BiFeO3. The main requirement
here is that the uniaxial anisotropy has to be increased (by
a factor of 3) compared to that of bulk samples. Epitaxial
strain is probably the right strategy to achieve this, as it was
already shown that different antiferromagnetic ground states
(collinear AFM and different cycloid types) can be obtained
when BiFeO3 is grown on different substrates with different
orientations [22,23,25,37]. Moreover, anisotropy is the param-
eter primarily affected by strain in BFO while exchange and
DMI interactions vary slowly [25].

B. Nucleation

In order to go beyond the mere stability arguments, it
is essential to find the right stimulus to control the AFM
skyrmionic texture both to nucleate and move the entities.
The prime candidate for this is spin-transfer torque (STT)
[11,27,38]. Since our material is insulating, out-of-
equilibrium angular momentum has to be injected from
another layer through an interface, for instance an
adjacent conducting Pt layer traversed by a large current.
Experimentally, it appears that this has never been achieved

because the required current densities are so large that Joule
heating has more effect than injected angular momentum.
An alternative to inject the required spin densities with
limited Joule effect relies on the ultrafast demagnetization of
an adjacent ferromagnetic layer using a femtosecond optical
laser pulse [Fig. 3(a)]. This is the main mechanism envisioned
in the present paper, taking reasonable spin bursts as measured
experimentally [39]. Photoconductive switches may also be
used to generate spin currents at picosecond timescales [40].
For computational purposes, the dampinglike Slonczewski
spin-transfer torque is introduced in the equation of motion as

ωτ � G

l

a3

ns
js,

with G the spin transparency at the interface, a the lattice
constant, ns the number of magnetic atoms per unit cell, l
the thickness of the layer, and js the spin current expressed
in μB m−2 s−1. ωτ has the dimension of a frequency. Here,
we take G = 0.1, a = 0.396 nm, ns = 5 μB per unit cell,
l = 5 nm, and js = 6×1031 μB m−2 s−1, which leads to
ωτ = 14.9 GHz, corresponding to 9.8×10−3 meV in energy
per atom.

In the case of a homogeneous AFM domain, different be-
haviors can occur depending on the orientation and strength
of the STT with respect to the Néel vector [28,29]. In
particular, during a subpicosecond STT pulse applied per-
pendicular to it, the spins tilt towards the STT direction,
accumulating energy and gaining magnetization; then, they
relax by gyrating along the generated magnetization direc-
tion on picosecond timescales. If the torque overcomes the
anisotropy energy barrier, and the total angular momentum in-
jected is sufficient, the spins eventually relax to another stable
direction.

Therefore, STT can be used both for the excitation and
for the nucleation of the topological entities. It is actually a
nucleation mechanism of choice as it can be applied locally.
Here, we numerically attempt the experiment on a 240-nm ×
240-nm area of a homogeneous AFM domain. Interestingly,
applying a 200-fs-long STT pulse along the [11-2] direction
with an amplitude of js = 4.1×1032 μB m−2s−1 generates a
closed domain wall that relaxes to a skyrmion state after 66 ps,
as shown in Fig. 3. This spin current is 6 times higher than that
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FIG. 3. Skyrmion nucleation induced by spin-transfer torque. A 200 fs long STT pulse is applied along [11-2] with js = 4.1×1032

μB m−2s−1 on area of 240 nm×240 nm. As shown in t = 0.28-ps snapshot this nucleates a closed domain wall that relaxes to a skyrmion.
STT is applied starting at t = 0 ps.

reported in experiments, but successful skyrmion nucleation
might be experimentally achieved for smaller values given the
(rather conservative) assumption of an interface spin trans-
parency of G = 0.1. However, such large threshold values are
not so surprising as the topological protection acts both ways
and thus impedes nucleation. These are nevertheless reason-
able conditions to attempt nucleating a skyrmion in BiFeO3,
especially if one could use another parameter like temperature
to temporarily decrease the energy barrier.

It is also tempting to use an electric-field pulse for nu-
cleation purposes as adding a field to P should amplify
the magnetoelectric effect and promote cycloidal rotation.
However, we find that this does not generate the appropri-
ate skyrmion for any reasonable field value applied on a
100-nm spot. This is understandable as the huge 1.2-eV en-
ergy barrier of Fig. 2(d) (to go from the uniform AFM state
to the skyrmion) corresponds to values of E of 10 times P
unachievable in real life. Attempting a periodic resonant exci-
tation, we also failed to nucleate a skyrmion even for a field
amplitude of 100 MV/cm. Therefore, an electric field alone is
not adequate for nucleation.

C. Dynamics

Using STT is therefore the best technique to control the
AFM order even in a multiferroic AFM material. We find
that this is especially efficient to trigger the dynamics of
preexisting skyrmions in a BiFeO3 layer. Here, our atom-
istic simulations are essential because as the angle of angular

momentum accumulation and local spins vary in space, it is
hard to simply predict the possible distortion and motion of
a topological entity. Previous works on pure antiferromagnets
have addressed part of the questions arising here [11,41–43]
but multiferroics have not been tackled yet. Our geometry is
similar to that of Zhang et al. [11], but our angular momentum
is injected in very short (20 or 200 fs) and intense bursts, and
in a direction that can be set at will by an external magnetic
field. It is not our intention here to study in detail the different
excitation modes triggered in the skyrmion, but one can note
that the entity mainly responds at its internal frequency of
0.65 THz, with an intensity proportional to the excitation am-
plitudes [Fig. 4(a)]. More interestingly, a spin burst along the
[1-10] direction does trigger skyrmion motion in a direction
perpendicular to that of the injected spins [Fig. 4(b)]. In fact,
the short pulses transfer some momentum to the skyrmion,
which, in virtue of its mass, inertia, and damping, is set in
motion for some picoseconds as shown in Fig. 4(c). Its initial
velocity can be in the range of 10 km/s and it averages to a few
km/s over the 10 ps it takes before stopping. In the vision of
turning this phenomenon into an ultrafast memory element,
the stoppage time could be further reduced using a different
pulse shape (a 1-ps bipolar pulse could possibly allow for an
appropriate THz writing).

Since required excitations are smaller for exciting
skyrmions than for nucleating them, we again attempted
electric-field pulses. Indeed, an electric field applied along the
direction of P either adds to or subtracts from the intrinsic
magnetoelectric effect which either contracts or expands the

FIG. 4. Skyrmion dynamics induced by spin-transfer torque. (a) Skyrmion dynamics induced by a 20-fs [111] spin-transfer torque pulse
(FFT in inset), and (b) its motion resulting from a [−110] pulse with 200-fs duration. A maximum initial velocity over 10 km/s can be reached
in a direction perpendicular to that of the injected spins without destroying the skyrmion. (c) Skyrmion motion for parameters mimicking
three different experiments: 100-ps-long spin injection from Pt with js = 0.06×1030 μB m−2 s−1 (blue line), STT generated from ultrafast
demagnetization of a ferromagnetic adjacent layer applied for 0.2 ps with js = 61×1030 μB m−2 s−1 (orange line), and a 5-ps-long STT pulse
delivered by a photoconductive switch with js = 6×1030 μB m−2 s−1 (green line). Crosses and filled circles represent positions, respectively,
during and after STT pulses. The inset shows that the final position scales linearly with the total amount of spins injected.
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FIG. 5. Electric-field induced skyrmion dynamics. (a) Breathing
mode induced by a [111] electric pulse where the mode frequency (b)
is obtained at 0.11 THz (FFT is in inset). The applied field is overly
large (500 MV/cm) in order to better visually see the effect on the
figure, but smaller fields give similar qualitative results.

skyrmion. This triggers a breathing mode beating at 0.11 THz
as can be seen in Fig. 5.

IV. CONCLUSION

To conclude, we have explored the conditions to drive
BiFeO3 towards a topological transition. We found that with
a slightly enhanced uniaxial anisotropy that could be induced

using strain, individual antiferromagnetic skyrmions are pro-
tected by a large topological barrier. Using spin-transfer
torque alone, nucleation is hard to achieve with experimen-
tally available intensities (at least within our simple model),
but perhaps not impossible with the help of temperature to
reduce the energy barrier. In any case, STT is adequate to
excite and even push preexisting skyrmions with speeds faster
than 10 km/s. Therefore, our simulation work should trig-
ger experimental studies to reach the conditions to produce
skyrmions in BiFeO3 and use these entities as advantageous
alternatives to their ferromagnetic counterparts regarding their
faster dynamics and simpler linear motion.
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