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Generation and routing of nanoscale droplet solitons without compensation of magnetic damping
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A magnetic droplet soliton is a localized dynamic spin state which can serve as a nanoscale information carrier
and nonlinear oscillator. The present opinion is that the formation of droplet solitons requires the compensation of
magnetic damping by a torque created by a spin-polarized electric current or pure spin current. Here, we demon-
strate theoretically that nanoscale droplet solitons can be generated and routed in ferromagnetic nanostructures
with voltage-controlled magnetic anisotropy in the presence of uncompensated magnetic damping. Performing
micromagnetic simulations for the MgO/Fe/MgO trilayer with almost perpendicular-to-plane magnetization,
we reveal the formation of the droplet soliton under a nanoscale gate electrode subjected to a subnanosecond
voltage pulse. The soliton lives up to 50 ns at room temperature and can propagate over micrometer distances
in a ferromagnetic waveguide due to nonzero gradient of the demagnetizing field. Furthermore, we show that
electrical routing of the soliton to different outputs of a spintronic device can be realized with the aid of an
additional semiconducting nanostripe electrode creating controllable gradient of the perpendicular magnetic
anisotropy.
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A magnetic droplet soliton is a type of strongly self-
localized mode of magnetization oscillations. Early theoret-
ical studies predicted that a conservative version of such a
soliton could form in an ideal ferromagnet having no mag-
netic damping [1]. Later, dissipative droplet solitons were
described theoretically [2,3] and demonstrated experimentally
in spin transfer nanocontact oscillators (STNOs) [4,5] and
nanoconstriction-based spin Hall devices [6,7] with perpen-
dicular magnetic anisotropy (PMA). In both nanostructures,
the formation of solitons is due to the compensation of mag-
netic damping, which is provided either by the spin-transfer
torque generated by a spin-polarized electric current [4,5] or
by the spin-orbit torque created by a pure spin current injected
into the ferromagnet by an adjacent heavy metal [6,7].

In STNOs, the soliton forms under the nanocontact owing
to local magnetization reversal induced by the spin-transfer
torque. The droplet size is governed by the nanocontact size
and can exceed the latter significantly [8] due to the current-
induced Zhang-Li torque acting on the droplet boundary
[9,10]. The dynamic nature of droplet solitons manifests it-
self in a large-angle magnetization precession at the droplet
boundary, which can be frozen by decreasing the applied
magnetic field [11]. The precession frequency is well below
the ferromagnetic resonance frequency and practically inde-
pendent of the driving spin-polarized current [2,4]. However,
it can be tuned by an applied electric field in STNOs with the
free layer possessing electric-field-dependent PMA created by
an adjacent dielectric layer [12].

In this letter, we show theoretically that droplet soli-
tons can be created and routed in ferromagnetic nanolayers
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without compensation of magnetic damping. This opportu-
nity appears in ferromagnet-dielectric heterostructures having
strong interfacial PMA, which can be reduced significantly
by an electric field created in the dielectric nanolayer. Such
a voltage-controlled magnetic anisotropy (VCMA) represents
an efficient tool for the excitation of magnetic dynamics in
ferromagnetic nanolayers, including the precessional magne-
tization switching [13,14], spin reorientation transition (SRT)
[15], coherent magnetization precession [16–18], and spin
waves [19–21]. Performing micromagnetic simulations for a
perpendicularly magnetized MgO/Fe/MgO trilayer subjected
to a weak in-plane (IP) magnetic field, we reveal the formation
of a droplet soliton induced by a subnanosecond voltage pulse
locally applied to the MgO nanolayer via a gate electrode. The
soliton forms under the gate electrode and lives up to 100 ns
at low temperatures, experiencing size oscillations with the
period of 0.1–0.5 ns. Furthermore, we demonstrate the prop-
agation of the generated nanoscale soliton over micrometer
distances from the nucleation region, which is achieved in a
ferromagnetic waveguide owing to the demagnetizing field
accelerating the soliton. Finally, an electrical routing of the
droplet soliton is realized in a nanostructure with a control-
lable PMA gradient created by a semiconducting nanostripe
electrode. Since only electric fields are needed to generate and
route droplet solitons, the proposed technique is distinguished
by low energy consumption, which is advantageous for device
applications.

We model the dynamics of the magnetization M(r, t ) in a
(001)-oriented Fe nanolayer grown on MgO(001) and capped
with an ultrathin MgO overlayer (Fig. 1). The chosen Fe
thickness tF = 0.75 nm is smaller than the critical thickness
tSRT ≈ 0.9 nm (see Supplemental Material for the calculated
critical thickness [22]), below which the perpendicular-to-
plane (PP) orientation of M becomes energetically favorable
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FIG. 1. Cylindrical MgO/Fe/MgO trilayer with a circular gate
electrode connected to a voltage source. The Fe nanolayer with a
perpendicular magnetic anisotropy is subjected to a weak in-plane
magnetic field H, which deflects the magnetization M from the
perpendicular-to-plane orientation.

in the MgO/Fe/MgO structure [23]. The ferromagnetic layer
is modeled by a two-dimensional ensemble of N nanoscale
computational cells with the sizes lx = ly = 1.5 nm and
lz = tF smaller than the exchange length λex ≈ 3.3 nm of
Fe [24]. Regarding the saturation magnetization Ms as a
constant quantity at a given temperature, we calculate the
temporal evolution of M(r, t ) by numerically solving a sys-
tem of Landau-Lifshitz-Gilbert (LLG) equations for the unit
vectors m(rn, t ) = M(rn, t )/Ms defining the magnetization
directions in the computational cells situated at the points
rn (n = 1, 2, 3,..., N). The effective field Heff involved in
the LLG equation is written as Heff = H + Hex + Hdip + Han,
where H is the external magnetic field, Hex and Hdip are
the contributions of the exchange and dipolar interactions
between spins in Fe, and Han allows for the magnetocrys-
talline, magnetoelastic, and interfacial anisotropies existing
in the MgO/Fe/MgO structure. The exchange and dipolar
contributions to the effective field Heff are calculated as de-
scribed in our preceding paper [21], and we use the relation
Han = −(μ0Ms)−1∂Fan/∂m to determine the anisotropy field
Han (μ0 is the magnetic permeability of free space). The effec-
tive volumetric energy density Fan of the magnetic anisotropy
can be approximated as [25]
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where K1 and K2 are the coefficients of the fourth- and sixth-
order terms defining the cubic magnetocrystalline anisotropy
of bulk Fe at constant lattice strains u, B1 is the magne-
toelastic constant, c11 and c12 denote the elastic stiffnesses
at fixed magnetization, uxx and uyy are the substrate-induced
in-plane (IP) strains of the Fe nanolayer, while Ks, Ks‖,

Ks⊥ and K ′
s , K ′

s‖, K ′
s⊥ are the parameters characterizing the

magnetic anisotropy created by the bottom and top Fe|MgO
interfaces, respectively. The factor 1/tF in the last three terms
reflects the introduction of only one computational cell in
the thickness direction z, which is justified by the condition
tF < λex/2.

In our simulations, the numerical integration of the LLG
equation is carried out using the projective Runge-Kutta al-
gorithm with the time step of 10 fs, which is much smaller
than the duration τV > 0.1 ns of the rectangular voltage pulses
applied to the gate electrode. The simulations have been per-
formed using our in-house code and MUMAX3 software [26],
which give identical results when executed with the same in-
put parameters. To make possible a nonparametric excitation
of the magnetic dynamics by VCMA, we introduce an IP
magnetic field H||[110] creating an oblique orientation of the
equilibrium magnetization [18].

We first consider the heterostructure of a circular shape,
which includes a nanoscale gate electrode on top of the MgO
overlayer (Fig. 1). The electric field Ez created in MgO by a
voltage V (t ) applied to the gate electrode changes the specific
energy associated with the top Fe|MgO interface [27,28].
Therefore, the coefficient K ′

s in Eq. (1) should be regarded
as a voltage-dependent quantity for the computational cells
beneath the gate. As K ′

s⊥ and K ′
s‖ are much smaller than K ′

s
[25], possible voltage dependences of these parameters can be
ignored. Since the dependence K ′

s (Ez ) is practically linear at
the field intensities up to ∼2 V nm−1 [28], the voltage depen-
dence of K ′

s can be written as K ′
s = K0

s + ksV/tMgO, where K0
s

is the value of the anisotropy parameter K ′
s at Ez = 0, ks is the

electric field sensitivity of K ′
s [29], and tMgO is the thickness

of the MgO overlayer.
In accordance with the available experimental data [23],

the saturation magnetization of the 0.75-nm-thick Fe film
is taken to be Ms = 1.71 × 106 A m−1. The lattice strains
induced in the Fe layer by a thick MgO substrate are set
equal to uxx = uyy = 3.9% [25]. In the numerical calculations,
we also use the exchange constant Aex = 20 pJ m−1 [24],
Gilbert damping parameter α = 0.0025 [30], anisotropy co-
efficients K1 = 48 kJ m−3 [24] and K2 = 15 kJ m−3 [31],
PMA parameters K0

s = −9 × 10−4 J m−2 [23] and Ks‖ =
Ks⊥ = K ′

s‖ = K ′
s⊥ = −4.5 × 10−5 J m−2 [25], VCMA coef-

ficient ks = 100 fJ V−1 m−1 [32], magnetoelastic constant
B1 = −3.3 × 106 J m−3 [31], and elastic stiffnesses c11 =
2.42 × 1011 N m−2 and c12 = 1.465 × 1011 N m−2 [33]. The
MgO thickness is set equal to the value of 2 nm, at which
the influence of the voltage-induced tunnel current through
MgO on the magnetization dynamics can be neglected. The
diameter of the MgO/Fe/MgO trilayer is taken to be 450 nm,
while the radius RG of the gate electrode varies from 30 to
120 nm.

The simulations show that the initial magnetic state of the
considered 0.75-nm-thick Fe disk is practically homogeneous.
Owing to strong PMA of such a nanolayer, the deviation of
the magnetization vector M from the PP orientation, which
is induced by the external IP magnetic field H, appears to
be small even at the strongest field H = 400 Oe used in
our simulations. At the chosen field orientation along the
[110] crystallographic direction, which represents the easy
axis of the IP anisotropy of the nanolayer due to the condition
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FIG. 2. Time dependence of the magnetic moment μz carried by
electrically generated droplet soliton. Voltage pulse with the height
V = 4 V and duration τV = 0.3 ns is applied to the gate electrode
with the radius RG = 50 nm, and the magnetic field strength equals
300 Oe. The inset shows the spatial distribution of the magnetization
direction cosine mz(x, y) under the gate electrode at t = 0.28 ns.

K1 + (Ks‖ + K ′
s‖)/tF < 0, the mean value of the magnetization

polar angle θ is found to be <8◦ [22].
In the study of electrically induced magnetization dy-

namics, we consider the MgO/Fe/MgO heterostructures
subjected to rectangular voltage pulses with the duration τV

ranging from 0.1 to 1 ns. The pulse amplitude is set to
−4 V, at which the electric field Ez in the 2-nm-thick MgO
nanolayer is below its breakdown field Eb ≈ 2.4 V nm−1

[34]. The micromagnetic simulations demonstrate that a volt-
age pulse providing local reduction of PMA may induce
precessional magnetization switching by ∼180◦ inside the
Fe region beneath the gate electrode. The switched region
occupies an area S smaller than the gate area SG and may
have nearly a disk shape (see the inset in Fig. 2). The
switching creates a change μ in the magnetic moment of
the Fe film, which has a dominant out-of-plane compo-
nent μz(t ) = −MstF

∫
SG

dxdy[mz(r, t ) − mz(r, t = 0)]. Since
μz(t = τV ) ∼ 2MstFS, the switched region represents a mag-
netic droplet soliton. Figure 2 shows a representative time
dependence of the droplet moment μz(t ). We see that μz

oscillates with a gradually increasing frequency fμ(t ) and
decreasing amplitude and becomes negligible after a few
nanoseconds. The analysis of the simulation data reveals that
this behavior is mostly due to the oscillations of the droplet
area S. Importantly, the soliton does not experience any sig-
nificant drift toward the boundary of the Fe disk during the
whole period of its existence.

The soliton lifetime τS depends on the pulse duration τV ,
gate radius RG, and strength of external magnetic field H.
By analyzing the results of simulations performed at differ-
ent values of τV , we find that the optimal pulse duration
τ ∗

V , which maximizes the soliton lifetime, corresponds to the
minimum of the quantity

∫
SG

dxdy(H eff
z − 2ksV

μ0MstMgOtF
mz ). At

a fixed magnetic field, the optimal duration τ ∗
V first grows

FIG. 3. (a) Soliton lifetime τS and (b) maximal value of the soli-
ton magnetic moment μz plotted as a function of the gate electrode
radius RG. The strengths H of the applied magnetic field are indicated
on the plots.

with the increasing gate radius RG [22]. However, above some
threshold radius Rth, two or three solitons form under the gate
instead of one. In what follows, we present only the results
of simulations performed for the heterostructures involving
gates with RG < Rth subjected to voltage pulses of the optimal
duration τ ∗

V (RG, H ).
Variations of the soliton lifetime τS with the gate radius

and the field strength are presented in Fig. 3(a). At a fixed
field strength, τS grows with increasing gate size up to some
optimal radius R∗

G(H ), at which τS reaches maximal value. Re-
markably, the soliton lifetime attained at H = 200 Oe exceeds
100 ns when the gate radius is close to R∗

G(H = 200 Oe) ≈
120 nm. As may be expected, the growth of τS at RG < R∗

G
correlates with the dependence of the maximal value of the
soliton moment μz(t ) on the gate radius [see Fig. 3(b)].
The decrease of τS at RG > R∗

G may be attributed to the
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FIG. 4. Propagation of electrically generated droplet soliton in
the MgO/Fe/MgO waveguide. (a) Representative trajectory of the
soliton formed at H = 320 Oe under circular gate electrode placed
near the waveguide edge. Yellow regions depict the droplet area at
four different positions. (b) Droplet position x in the Fe microstripe
as a function of time at different field strengths H indicated on the
plot. The radius RG of gate electrode equals 70 nm. The curves break
when the droplet magnetic moment goes to zero.

enhancement of spin-wave radiation by larger droplets, which
takes the magnetic moment μz(t ) away from the soliton [22].

To evaluate the influence of thermal fluctuations on the
soliton lifetime, we carry out additional simulations with the
account of a stochastic Gaussian noise. In these simulations,
the effective field Heff involved in the LLG equation includes
a thermal random field Hth in the form employed by MUMAX3
software [26]. The results show that the introduction of Hth

corresponding to 300 K reduces τS approximately by a factor
of two. Hence, the soliton can live up to 50 ns at room tem-
perature.

Next, it is important to determine how far the generated
droplet soliton can propagate along a ferromagnetic waveg-
uide. To address this question, we carry out micromagnetic
simulations for the MgO/Fe/MgO trilayer with a rectan-
gular shape, representative IP dimensions Lx = 1.5 µm and
Ly = 300 nm, and a circular gate electrode placed near the
waveguide beginning [see Fig. 4(a)]. In such a heterostructure,
the generated soliton moves away from the nucleation region
beneath the gate electrode owing to the existence of a gra-
dient ∂Hdip/∂x of the demagnetizing field Hdip [3], which is
nonuniform in the rectangular Fe microstripe. As a result, the
soliton propagates along the waveguide, experiencing small
deviations from its central line [Fig. 4(a)], which are caused
by initial misalignment of the droplet velocity and restoring
forces created by the microstripe edges. Note that the soliton
propagation from the nucleation region can be monitored with

FIG. 5. Routing of droplet solitons in the MgO/Fe/MgO-based
structure comprising circular gate electrode and semiconducting
nanostripe electrode placed on the upper MgO nanolayer. Dashed
lines show the trajectories of the droplet center predicted by micro-
magnetic simulations at H = 300 Oe. Magnitude U of dc voltages
U/2 and −U/2 applied to the ends of semiconducting nanostripe
is indicated near the corresponding path line. Gray arcs depict fer-
romagnetic electrodes deposited on the upper MgO nanolayer at
the distance D = 0.5 µm from the nanostripe center. Together with
the extended Fe interlayer, these electrodes form magnetic tunnel
junctions enabling electrical detection of the soliton trajectory.

the aid of Brillouin light scattering space- and time-resolved
spectrometry [35].

Figure 4(b) shows the droplet position in the waveguide as
a function of time at different external magnetic fields. It is
seen that the propagation distance grows with increasing field
strength H , exceeding 1 µm at H > 250 Oe. This behavior is
caused by the field-induced increase of the soliton lifetime
in the Fe microstripe, which overcompensates the decrease
in the average soliton velocity ranging from 49.3 m s−1 at
H = 240 Oe to 38.5 m s−1 at H = 320 Oe. As the departure
droplet size grows with increasing field strength, we arrive at
the conclusion that small solitons move faster than large ones.

Finally, we describe an efficient method of electrical
routing of the droplet solitons to different outputs of a
spintronic device. This routing can be realized in the
MgO/Fe/MgO-based structure shown in Fig. 5, where addi-
tional semiconducting nanostripe electrode is placed on the
upper MgO nanolayer near the circular gate electrode. The
application of dc voltages U/2 and −U/2 to the ends of
semiconducting nanostripe gives rise to an electric current
flowing along the electrode, which creates a linear variation
of the voltage applied to the underlying MgO area.

As a result, a voltage-controlled gradient of PMA appears
in the Fe region beneath the semiconducting electrode. The
simulations reveal that the PMA gradient strongly affects the
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FIG. 6. Dependence of the soliton routing angle β on the mag-
nitude U of dc voltages U/2 and −U/2 applied to the ends
of Si nanostripe with the length δy = 200 nm and width δx =
50 nm. Simulation data (points) are fitted by the function β =
52◦ arctan(1.4U/V) (curve).

soliton trajectory in the Fe film owing to additional accelera-
tion of the droplet in the direction antiparallel to the gradient
vector. Figure 5 shows the trajectories of the soliton generated
by the gate electrode with the radius RG = 70 nm and routed
by the Si nanostripe with the length δy = 200 nm, width δx =
50 nm, and resistivity ρ = 83 m
 m [36]. When voltages U/2
and −U/2 are applied to the nanostripe ends, the trajectory of
the droplet center changes beneath the nanostripe, deviating
from an approximately straight path forming at U = 0. The
direction of this deviation depends on the sign of U , and the
deviation magnitude can be characterized by an angle β be-
tween the straight soliton trajectory and a line connecting the
nanostripe center and the droplet position at a fixed distance
D from this point.

Figure 6 presents the voltage dependence of the routing an-
gle β(U ) determined at D = 0.5 µm. Remarkably, the routing
angle reaches ≈50◦ at U = 1 V, varying almost linearly up
to U = 0.8 V with the mean rate dβ/dU ≈ 56◦ V−1. At volt-
ages U > 1 V, the dependence β(U ) becomes nonlinear. This

feature may be attributed to the arising significant influence of
the sample edges on the soliton path, which is evidenced by
the curved droplet trajectories obtained at U = ±1.2 V (see
Fig. 5).

The demonstrated electrical control of the soliton trajectory
makes it possible to transfer the magnetic signal to one of sev-
eral outputs of the device. The signal can be read electrically
with the aid of a magnetic tunnel junction (MTJ) formed by
a nanoscale ferromagnetic electrode deposited on the upper
MgO nanolayer and the underlying region of the Fe inter-
layer. Indeed, owing to the phenomenon of spin-dependent
tunneling, the MTJ resistance changes strongly after the mag-
netization reversal in one of ferromagnetic electrodes [37].
Therefore, the soliton appearance in the Fe region below the
perpendicularly magnetized top ferromagnetic electrode will
manifest itself in a resistance change, which can be easily
detected electrically.

In summary, we theoretically studied the electrically driven
magnetization dynamics in the MgO/Fe/MgO trilayer with
the VCMA. The micromagnetic simulations demonstrated
that the application of a subnanosecond voltage pulse to the
nanoscale gate electrode placed on the MgO nanolayer gives
rise to the formation of the magnetic droplet soliton despite
the presence of nonzero magnetic damping. The soliton life-
time, which depends on the gate size and the strength of the IP
external magnetic field, can reach 50 ns at room temperature
and 100 ns in the absence of thermal fluctuations. When
generated near the edge of the Fe microstripe, the soliton
can propagate over a distance exceeding 1 µm with the mean
speed ∼40 m s−1 owing to the existing gradient of the de-
magnetizing field. By passing a small electric current density
∼108 A m−2 along an additional Si nanostripe electrode, we
also achieved efficient electrical routing of the soliton in the
extended Fe interlayer.

Our theoretical results demonstrate a unique feature of the
ferromagnet-dielectric nanostructures with VCMA and pro-
vide guidelines for the development of an energy-efficient
information-processing device based on the electrical gen-
eration, propagation, and routing of magnetic solitons. The
device converts the input voltage signal into the magnetic in-
formation carrier, which propagates to one of several outputs.
The desired output is selected by the voltage applied to the
routing electrode and involves the MTJ, which provides an
electrical reading of the output signal via the measurement of
the resistance of the junction.
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