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Ferromagnet-dielectric nanostructures possessing voltage-controlled magnetic anisotropy provide valuable
opportunities for the excitation and regulation of magnetization dynamics by an electric field created in the
dielectric counterpart. Here, we theoretically investigate the electrically driven motion of 180◦ domain walls
(DWs) in multilayer ferromagnetic nanotracks with a voltage-induced gradient of the perpendicular magnetic
anisotropy (PMA) and the interfacial Dzyaloshinskii-Moriya interaction (DMI). Our paper includes micromag-
netic simulations of the DW motion in the Pt/Co/MgO/Si and Pt/Fe/MgO/Si nanostructures and analytical
calculations of the DW velocity in the frame of a collective coordinate model. It is shown that the PMA gradient
created under the Si gate of a finite length LSi gives rise to the DW movement over significant distances,
which may strongly exceed LSi in the presence of substantial DMI. Remarkably, the electrically driven DW
motion over micrometer distances with the peak velocities up to 100 m/s can be achieved in the defect-free
Pt/Fe/MgO/Si nanostructure. The numerical results are explained by the analytical model, which predicts that
the DW velocity should rise with increasing PMA gradient and become higher in ferromagnets with a low
magnetic damping. Similar predictions hold for the motion of the 180◦ DWs in antiferromagnetic nanostructures
with the voltage-controlled PMA. Our findings provide guidelines for the development of energy-efficient
spintronic devices employing mobile DWs.
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I. INTRODUCTION

Domain walls (DWs) in ferromagnets are topologically sta-
ble spin textures resulting from the rotation of the spontaneous
magnetization. Mobile DWs can serve as information carriers
in racetrack memories [1,2] and logic gates [3], while static
DWs can be employed as reconfigurable magnonic waveg-
uides [4,5]. The motion of DWs can be induced by various
stimuli, such as external magnetic fields [6], spin-polarized
electric currents [7–10], pure spin currents [11–13], and spin
waves [14]. Currently, the studies of DW dynamics are mostly
focused on ferromagnetic nanostructures, where DWs can
be driven by the spin-transfer torque generated by a spin-
polarized electric current or by the spin-orbit torque created
by a spin current injected into the ferromagnet by an adjacent
heavy metal.

In ferromagnetic heterostructures, however, the DW sym-
metry and mobility may be additionally affected by the
presence of interfaces. In particular, the contact between a
ferromagnet and a heavy metal usually gives rise to a sub-
stantial interfacial Dzyaloshinskii-Moriya interaction (DMI)
stabilizing chiral Néel DWs [15,16]. Such walls can be ef-
ficiently driven by the current-induced spin-orbit torque in
heavy-metal/ferromagnet heterostructures with a perpendic-
ular magnetic anisotropy (PMA) [11,12]. Besides, very high
velocities of the magnetic-field-driven DW motion can be
obtained owing to the suppression of the Walker breakdown
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by a strong DMI [17,18]. Interestingly, the application of a
gate voltage to the Pt/Co/Pd structure leads to a substantial
increase in the DW velocity, which was attributed to a slight
modulation of the interfacial DMI [19].

To reduce the energy consumption of spintronic devices
employing the DW motion, it is highly desirable to move
and control DWs by an electric field rather than elec-
tric current or magnetic field. Such an opportunity appears
in ferromagnet-dielectric nanostructures with a voltage-
controlled magnetic anisotropy (VCMA), such as Fe/MgO,
CoFeB/MgO, Co/MgO, and Co/SrTiO3, where PMA of in-
terfacial origin varies with the electric field created in the
dielectric nanolayer [20–23]. Experimental studies already
demonstrated that the VCMA effect enables one to control
the velocity of the magnetic-field-driven DW motion by a
voltage applied to the gate electrode [24–28]. It was also pre-
dicted theoretically that a gradient of PMA can significantly
change the velocity of DW motion induced by the spin-orbit
torque in the Ta/CoFe bilayer [29]. Furthermore, based on
the results of micromagnetic simulations, some researchers
claimed that the DW motion in a ferromagnet-dielectric
nanostrip can be driven solely by the PMA gradient of
sufficient magnitude [30,31]. However, no clear electric-field-
induced DW motion was observed in the Ta/CoFe/MgO wire
with the gate electrode having a spatially varying electrical
potential [32].

In this paper, we theoretically study the DW motion
occurring in ferromagnetic nanostructures, where a voltage-
controlled PMA coexists with a substantial DMI. The struc-
ture comprises an ultrathin ferromagnetic stripe deposited on
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FIG. 1. Pt/Co/MgO trilayer bar with two metallic top electrodes
separated by a Si gate. The voltages −V/2 and +V/2 applied to the
electrodes generate an in-plane current in the Si gate, which creates
a linearly varying electric field Ez(x) in the underlying region of the
MgO nanolayer. A grounded ultrathin Co layer with a perpendicular
magnetic anisotropy contains a 180◦ DW.

a heavy metal inducing an interfacial DMI and covered by
a dielectric nanolayer, which creates a PMA gradient regu-
lated by a voltage applied to a semiconducting gate electrode
(Fig. 1). We first carry out micromagnetic simulations of the
voltage-induced DW dynamics in the Pt/Co/MgO/Si nanos-
tructure and compare their results with those obtained for the
Co/MgO/Si trilayer assumed to have no DMI. It is found
that the PMA gradient gives rise to the DW motion in both
nanostructures, but the DW movement over significant dis-
tances exceeding 100 nm occurs only in the presence of DMI.
To clarify the mechanism of the voltage-induced DW motion,
we then develop a simplified model based on the Lagrange
formalism for the magnetization dynamics inside the wall,
which enables us to derive an analytical relation for the DW
velocity. This relation shows that the DW velocity depends on
the deviation of the DW normal from the movement direction
along the ferromagnetic stripe and on the orientation of the in-
plane magnetization inside the wall (Fig. 2). Furthermore, the
model predicts that the DW velocity could increase in ferro-
magnets with a low magnetic damping, which is confirmed by
micromagnetic simulations performed for the Pt/Fe/MgO/Si
nanostructure.

II. MICROMAGNETIC SIMULATIONS
OF DOMAIN WALL MOTION

We study the motion of a 180◦ DW formed in an ultra-
thin Co stripe sandwiched between a Pt film and an MgO
nanolayer covered by a metal top electrode with an in-
serted Si gate (Fig. 1). The thickness tCo of the Co stripe
is taken to be smaller than a critical thickness tSRT, below
which the perpendicular-to-plane orientation of the magneti-
zation M becomes stable in the Pt/Co/MgO structure. Since
the estimated thickness tSRT ≈ 2 nm is much smaller than
the exchange length lex ≈ 4.8 nm of Co, a two-dimensional
distribution M(x, y, t ) of the dynamic magnetization is suf-
ficient for the description of DW motion in the considered
case. To determine this distribution under the assumption
of constant saturation magnetization Ms, we carry out mi-
cromagnetic simulations with the aid of MUMAX3 software
[33]. The torques involved in the Landau-Lifshitz-Gilbert

FIG. 2. Geometry of a 180◦ DW in an ultrathin ferromagnetic
nanotrack with the width w. The angle χ quantifies the DW tilt from
the plane orthogonal to the nanotrack axis x, and ϕ denotes the angle
between the local in-plane magnetization inside DW and the axis x.

equation written for the unit vector m = M/Ms are calculated
by determining the total effective magnetic field Heff = Hex +
Hdip + Han + HDMI acting on the magnetization, where Hex

and Hdip account for the exchange and dipolar interactions be-
tween spins in the Co stripe, Han is the contribution resulting
from the magnetic anisotropy of the Pt/Co/MgO trilayer, and
HDMI is the effective field caused by the interfacial DMI. The
terms Hex and Hdip are determined as described in Ref. [33],
while the calculation of HDMI differs by the introduction of the
factor D/tCo, where D denotes the strength of interfacial DMI
[34]. The field Han is the sum of the contributions originating
from the cubic magnetocrystalline anisotropy of Co films [35]
and the PMA created jointly by the Co/MgO and Pt/Co
interfaces [36].

The PMA field HPMA has only one nonzero component
HPMA

z , which can be written in the first approximation as
HPMA

z = −2(μ0MstCo)−1(Ks + K ′
s )mz, where μ0 is the mag-

netic permeability of free space, and Ks and K ′
s are the

parameters characterizing the magnetic anisotropy generated
by the Co/MgO and Pt/Co interfaces, respectively [37].
When the top gate electrode has a nonzero electrostatic po-
tential φ while the Co stripe is grounded, an electric field
Ez = −φ/tMgO appears in the MgO nanolayer with the thick-
ness tMgO, which changes the coefficient Ks(Ez ) associated
with the Co/MgO interface [22,38]. In our case, the potential
φ(x) varies linearly within the semiconducting gate, because
the application of voltages +V/2 and −V/2 to the right and
left metal pads creates direct electric current in Si (Fig. 1).
Therefore, the electric field in the MgO nanolayer under the
Si gate varies as Ez = −βx/tMgO, where β = V/LSi, and LSi is
the gate length. As a result, a voltage-controlled constant gra-
dient of the PMA parameter Ks arises in the Co stripe. Since
at the electric-field intensities up to 1 V nm−1 the dependence
Ks(Ez ) is practically linear [38], the PMA field takes the form
HPMA

z = −2(μ0MstCo)−1(K�
s − ksβx/tMgO)mz, where K�

s =
Ks(Ez = 0) + K ′

s , and ks = ∂Ks/∂Ez is the electric-field sen-
sitivity of Ks [39]. The effect of the electric field Ez in the
MgO nanolayer on the DMI strength D is ignored in the
simulations, because our analysis shows that the deviations
δD(Ez ) from the zero-field value D(Ez = 0) do not have
any significant influence on the DW motion at the electric-
field sensitivities ∂D/∂Ez < 70 × 10−9 fJ V−1 of the DMI
strength in the Pt/Co/MgO and Pt/Fe/MgO nanostructures
[40,41].
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We perform simulations for the Co stripe with the length
LCo = 2 µm, width w = 100 nm, and thickness tCo = 1.7 nm
assuming tMgO = 2 nm and LSi = 200 nm. The stripe is mod-
eled by a two-dimensional ensemble of computational cells
with the in-plane dimensions lx = ly = 2 nm more than two
times smaller than the exchange length of Co. The dynamics
of the cell magnetizations are determined with the time step of
10 fs using the following set of material parameters: saturation
magnetization Ms = 1.45 × 106 A m−1 [42], exchange con-
stant Aex = 30 pJ m−1 [42], DMI strength D = 2.17 pJ m−1

[43], PMA parameter K�
s = −2.6 mJ m−2 [36], VCMA

sensitivity ks = −40 fJ V−1 m−1 [22], cubic-anisotropy co-
efficients K1 = 450 kJ m−3 and K2 = 150 kJ m−3 [44], and
Gilbert damping parameter α = 0.03 [45].

The simulations show that in the absence of PMA gra-
dient the magnetization rotation across the introduced 180◦
DW occurs in the xz plane containing the normal to the Co
stripe and its longitudinal axis. The polar angle θ of the
magnetization vector M(x, y, t = 0) changes through the DW
approximately as θ (x, y, t = 0) = 2arctan[exp(x/λ)], being
almost the same along the stripe width w. Such a magneti-
zation profile corresponds to the Néel DW with mx∂mz/∂x >

0 parallel to the yz plane. The effective DW width λ ≈
10 nm given by our numerical simulations is close to the
theoretical value λ =

√
Aex/(K�

s t−1
Co − Nzμ0M2

s /2) ≈ 12 nm
predicted for the 180◦ DW in the ultrathin Co nanotrack with
the magnetic anisotropy dominated by the interfacial PMA
and the demagnetizing factor Nz = 0.967 in the thickness
direction [46].

When a PMA gradient is instantly created in the Co nan-
otrack, the DW begins to move away from its initial position
q(t = 0) = 0 in the nanotrack center x = 0. Remarkably, the
direction of the in-plane magnetization inside the moving DW
gradually deflects from the x axis, which is accompanied by
the deviation of the DW plane from the yz plane (see Fig. 2)
without significant changes of the wall width λ measured
along the normal to the wall plane. For the quantitative de-
scription of the DW motion, we use two coordinates: the
average position 〈q〉(t ) of the DW center given by the relation

〈q〉(t ) = 1

w

∫ w/2

−w/2
q(y, t )dy (1)

and the average azimuthal angle 〈ϕ〉(t ) of the in-plane magne-
tization in the DW defined as

〈ϕ〉(t ) = 1

λχw

∫ w/2

−w/2

[ ∫ q(y,t )+λχ /2

q(y,t )−λχ /2
ϕ(x, y, t )dx

]
dy, (2)

where q(y, t ) denotes the coordinate x at which Mz(x, y, t ) =
0, λχ = λ/ cos χ , and χ is the time-dependent angle between
the normal to the DW plane and the longitudinal axis x of the
Co nanotrack. Figure 3 shows time dependences of the DW
position 〈q〉(t ) and the azimuthal angle 〈ϕ〉(t ) predicted by the
simulations performed for the Pt/Co/MgO/Si nanostructure
at a representative value β = 25 mV nm−1 of the voltage
gradient β = V/LSi controlling the PMA variation at the given
MgO thickness. It can be seen that at first the DW accelerates
rapidly and leaves the region beneath the Si gate in a short
time of about 2 ns [Fig. 3(a)]. Then the DW velocity gradually
decreases due to the absence of the driving force created by

FIG. 3. Time dependences of (a) DW position 〈q〉 and (b) az-
imuthal angle 〈ϕ〉 of the in-plane magnetization in the DW calculated
for the Pt/Co/MgO/Si and Co/MgO/Si nanostructures at the volt-
age gradient β = 25 mV nm−1. The vertical dashed line indicates the
time t = 2.3 ns, at which the DW in the Pt/Co/MgO/Si nanostruc-
ture passes under the boundary x = 100 nm of the Si gate.

the PMA gradient in this nanotrack region. At t ≈ 12 ns,
the DW stops at a distance of about 260 nm from its initial
position. Hereafter it moves back slowly under the action
of effective force caused by the resulting reduction of the
magnetostatic energy of the finite Co stripe. As demonstrated
by Fig. 4, the maximal DW velocity and the largest DW
displacement from the nanotrack center grow with increasing
voltage parameter β controlling the PMA gradient.

To clarify the impact of DMI on the DW dynamics, we
also perform simulations for the Co/MgO/Si trilayer having
the same geometry and PMA gradient. Figure 3(a) shows
that the DW motion in such a trilayer assumed to have
no DMI differs drastically from the one revealed in the
Pt/Co/MgO/Si nanostructure. Although the DW also moves
away from the initial position, its voltage-induced motion
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FIG. 4. Time dependences of the DW position 〈q〉(t ) in the
Pt/Co/MgO/Si nanostructure calculated at different values of the
voltage gradient β indicated on the plot.

has an oscillatory character, being limited to much smaller
distances, which are less than 40 nm at β = 25 mV nm−1.
Hence, we can conclude that the DMI strongly increases
the displacements of DWs induced by the PMA gradient.
This remarkable feature can be explained by very different
evolutions of the average azimuthal angle 〈ϕ〉(t ) in the Néel
wall appearing in the Pt/Co/MgO/Si nanostructure and the
Bloch wall initially forming in the Co/MgO/Si trilayer [see
Fig. 3(b)]. Interestingly, the DW moving in the Co/MgO/Si
structure periodically transforms temporarily into the Néel
wall (〈ϕ〉 = 0, −180◦), which results from continuous in-
plane rotation of the magnetization inside the DW oriented
orthogonally to the nanotrack axis (χ = 0). A similar con-
tinuous rotation of the in-plane magnetization takes place
when the Néel DW forms in an appropriate nanotrack hav-
ing no DMI. Accordingly, this wall periodically transforms
temporarily into the Bloch DW (〈ϕ〉 = −90◦, −270◦) so
that the motion of initially different walls assumes the same
character in the absence of DMI. Thus, the DMI stabilizes
the time-dependent structure of the moving DW by prevent-
ing the transformation of the initial Néel-type wall into the
Bloch one.

III. ANALYTICAL MODEL OF DOMAIN WALL MOTION

To derive an approximate analytical relation for the DW ve-
locity, we construct a simplified model of the voltage-induced
motion of the 180◦ DW in an ultrathin ferromagnetic nan-
otrack with an infinite length and a constant gradient dKs/dx
of the PMA parameter Ks(x), which creates an effective
field Hgrad

z = (μ0Ms)−1λdKs/dx acting on the DW [30]. The
model describes the collective magnetization dynamics inside
the moving DW with the aid of the Lagrangian approach [47],
in which the azimuthal angle ϕ of the in-plane magnetization
is assumed to be the same throughout the wall at each moment
t . In accordance with the results of our micromagnetic simu-
lations, the distribution of the polar angle θ in the moving DW
may be approximated by the relation

θ = 2 arctan
(

exp
[x − q(t ) + y tan χ (t )

λχ (t )

])
, (3)

where q denotes the position of the DW center in the nan-
otrack (see Fig. 2). Hence, the DW motion can be described
by the collective coordinates c1 = q, c2 = ϕ, and c3 = χ . The
Lagrange-Rayleigh equations then take the form (i = 1, 2, 3)

∂L

∂ci
− d

dt

(
∂L

∂ ċi

)
+ ∂R

∂ ċi
= 0, (4)

where L(ci, ċi, t ) is the Lagrange function and R(ci, ċi, t ) is
the Rayleigh dissipation function. The functions involved in
Eq. (4) should be evaluated by integrating their densities [48]

dL

dxdydz
= F + Ms

γ
ϕθ̇ sin θ,

dR

dxdydz
= αMs

2γ
[(θ̇ )2 + (ϕ̇)2 sin2 θ ] (5)

over the volume of the ferromagnetic nanotrack. In Eq. (5)
γ is the gyromagnetic ratio, and F = Fex + Fdip + Fan + FDMI

is the micromagnetic energy density comprising the contri-
butions resulting from the exchange and dipolar interactions,
crystalline and interfacial magnetic anisotropies of the nan-
otrack, and interfacial DMI [34]. Differentiating Eqs. (3) and
(5) and integrating over the volume of an infinitely long nan-
otrack, one can derive analytical relations for the derivatives
involved in Eq. (4). The substitution of these relations into
Eq. (4) and appropriate mathematical manipulation leads to
the following system of differential equations for the collec-
tive coordinates:

q̇ = γ

(1 − α2) cos χ

[
αλ2

Ms cos χ
k̃s + πD sin (ϕ − χ )

2MstF
− λ

2
μ0HDW sin [2(ϕ − χ )]

]
,

ϕ̇ = γ

1 − α2

[
λ

Ms cos χ
k̃s − παD sin (ϕ − χ )

2MsλtF
+ α

2
μ0HDW sin [2(ϕ − χ )]

]
,

χ̇ = 6γ

αtFw2

{
πλ

D

Ms

sin ϕ

cos χ
− μ0HDWλ2tF sin [2(ϕ − χ )]

−
[

2Aex

Ms
tF + λ2

(2Ks

Ms
− μ0MstFNz

)
+ μ0HDWλ2tF cos2 (ϕ − χ )

]
tan χ

}
, (6)
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FIG. 5. Dependences of (a) DW velocity q̇, (b) DW tilting angle χ , and (c) azimuthal angle ϕ of the in-plane magnetization in the DW on
the voltage gradient β predicted for the Pt/Co/MgO/Si nanostructure by the collective coordinate model (lines) in comparison with the results
of micromagnetic simulations (dots).

where k̃s = t−1
F ∂Ks/∂x, tF and w denote the nanotrack thick-

ness and width, and HDW = ln(2)MstF/(πλ) is the magnitude
of the mean demagnetizing field projection on the normal of
the DW plane [49].

The inspection of Eq. (6) reveals that the initial movement
of the Néel DW under the gate is driven only by the gradi-
ent dKs/dx of the PMA parameter (as ϕ = χ = 0 at t = 0).
However, the PMA gradient also initiates the rotation of the
in-plane magnetization inside the wall away from its original
orientation along the nanotrack axis (ϕ̇ �= 0 because of the
term proportional to k̃s). As a result, the azimuthal angle ϕ

increases with time, which is accompanied by a tilt χ < ϕ of
the DW plane. The terms depending on the difference ϕ − χ

come into play, and the DW velocity q̇ increases strongly in
the presence of significant DMI [see Fig. 3(a)]. Furthermore,
it can be inferred that the wall should continue its motion even
outside the region of the PMA gradient, where k̃s = 0, because
q̇ remains nonzero due to the term proportional to the DMI
parameter D. Such a DMI-induced wall motion continues
until the tilted DW configuration relaxes back to the initial
nontilted one with ϕ = χ = 0. This specific DW motion is
driven by the magnetization precession around the normal to
the wall plane, which provides the relaxation of the excess
energy of the tilted DW that originates from the DMI. Thus,
the predicted movement of the Néel DW outside the region of
the PMA gradient should be regarded as a relaxation process.
Since it occurs in the absence of any external force acting on
the ferromagnetic heterostructure, it can be considered as a
kind of inertial motion as well [50].

Interestingly, the equation obtained for the derivative ϕ̇ is
similar to Adler’s equation [51], which has different types of
solution depending on the ratio of two coefficients involved
in its right-hand side. Therefore, the stationary solution ϕ̇ =
χ̇ = 0 of Eq. (6) exists only when the DMI strength is higher
than some threshold value D∗ (̃ks), whereas at D < D∗ (̃ks) the
angle ϕ experiences unlimited growth. Since the DW velocity
q̇ depends on the sine functions of ϕ − χ , at D < D∗ (̃ks) the
DW should exhibit an oscillatory motion similar to that shown
in Fig. 3(a) for the Co/MgO/Si nanostructure. In contrast, the
DW movement with the constant velocity q̇ depending on the
stationary values of ϕ and χ becomes possible at D > D∗ (̃ks).

For the steady-state DW motion, the numerical solution
of Eq. (6) makes it possible to determine values of the DW

velocity q̇ and the stationary angles ϕ and χ at a given set
of the involved parameters of ferromagnetic heterostructure.
The results obtained for the Pt/Co/MgO/Si nanostructure
(̃ks = ksβt−1

MgOt−1
Co ) are presented in Fig. 5 together with the

data extracted from our micromagnetic simulations. It can be
seen that the collective coordinate model (CCM) describes the
dependence of the DW velocity on the voltage gradient β with
a good accuracy [Fig. 5(a)]. The variation of the DW tilting
angle χ with β also agrees with the results of micromagnetic
simulations [Fig. 5(b)]. However, the CCM overestimates the
azimuthal angle ϕ by almost two times [Fig. 5(c)], which may
be attributed to the assumption of its constancy across the
DW region. This statement is confirmed by the analysis of
our simulation data obtained for the Pt/Co/MgO/Si structure,
which demonstrates rather large variations of the angle ϕ

inside the moving DW.
Since the analytical calculations provide a reasonable de-

scription of the DW motion driven by the voltage gradient, we
can use the CCM to reveal some important features of such
motion. To that end, we linearize Eq. (6) with respect to the
angles ϕ and χ and solve the linearized system of equations at
D > D∗ (̃ks) in the steady-state case. The obtained solution
shows that at ϕ, χ 
 1 and α 
 1 the DW velocity is given
by the relation

q̇ ≈ − γ λ2

αMs
k̃s. (7)

Equation (7) demonstrates that the DW velocity should be
directly proportional to the PMA gradient k̃s and inversely
proportional to the Gilbert damping parameter α in the consid-
ered situation. Besides, the steady-state velocity appears to be
independent of the DMI strength D, which, however, governs
the distortion ϕ − χ ≈ 2λ2k̃s/[α(2μ0HDWMsλ − πDt−1

F )] of
the moving Néel wall.

Importantly, the CCM model predicts that a low magnetic
damping is favorable for the fast motion of the 180◦ Néel
DWs induced by the PMA gradient. This feature can be
explained by considering various torques appearing in the
Landau-Lifshitz-Gilbert equation for the magnetization dy-
namics in the DW. When the PMA gradient is created in the
ferromagnetic film, the Néel DW starts to move relatively
slowly towards the region with a weaker PMA. This motion
is accompanied by the magnetization precession, which leads
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FIG. 6. Time dependences of the DW position 〈q〉(t ) in the Pt/
Fe/MgO/Si nanostructure calculated at different values of the volt-
age gradient β indicated on the plot. These values provide the same
PMA gradients as in the Pt/Co/MgO/Si nanostructure subjected to
the voltage gradients β specified in Fig. 4. The Fe nanotrack has the
length of 30 µm, the length of the Si gate amounts to 200 nm, and
the MgO thickness equals 2 nm.

to the appearance of nonzero angle ϕ − χ between the in-
plane magnetization in the DW and the DMI field HDMI. The
angle ϕ − χ governs the DMI torques −γμ0m × HDMI and
−αγμ0m × (m × HDMI) involved in the Landau-Lifshitz-
Gilbert equation, the first of which strongly accelerates the
DW motion, whereas the second impedes this motion. Since
the latter “damping” torque is proportional to the Gilbert pa-
rameter α, the Néel DWs could move faster in ferromagnets
with a low magnetic damping.

To check this prediction, we perform micromagnetic
simulations of the voltage-induced DW motion in the
Pt/Fe/MgO/Si nanostructure, which differs from the
Pt/Co/MgO/Si one by much smaller Gilbert parameter
α = 0.0025 of Fe [52]. For the Fe nanolayer, we use the
following set of material parameters: Ms = 1.71 × 106

A m−1 [53], Aex = 20 pJ m−1 [54], D = 1.02 pJ m−1 [41],
K ′

s = −0.23 mJ m−2 [55], Ks(Ez = 0) = −0.9 mJ m−2 [53],
ks = −100 fJ V−1 m−1 [20], K1 = 48 kJ m−3 [54], and
K2 = 15 kJ m−3 [42]. The width w = 100 nm of the Fe
nanotrack coincides with that of the Co one, but the Fe
thickness is set to 0.57 nm to ensure the same theoretical DW
width λ ≈ 12 nm in the Co and Fe nanolayers. The results
of simulations are presented in Fig. 6, which shows time
dependences of the DW position 〈q〉(t ) in the Fe nanotrack
at different values of the voltage gradient β = V/LSi.
Remarkably, the PMA gradient acting on the path LSi/2
of only 100 nm provides the long-range DW movement over
several micrometers. Despite two times smaller DMI strength,
the maximal DW velocity in the Fe nanotrack appears to be
much higher than that in the Co nanotrack at the same PMA
gradient (e.g., 85 m/s vs 25 m/s at k̃s = −2.9 × 1011 J m−4).
Furthermore, at LSi = 240 nm even velocities up to 100 m/s

can be reached in the Fe nanotrack, where DW moves over
distances q � 5 µm. Thus, the micromagnetic simulations
demonstrate that the Pt/Fe/MgO/Si nanostructure is more
suitable for the realization of voltage-driven DW motion than
the Pt/Co/MgO/Si one.

It should be noted that our theoretical predictions are
directly applicable only to defect-free ferromagnetic nan-
otracks. Indeed, it is well known that the interaction of DWs
with various defects existing in ferromagnetic films usually
has a strong influence on the DW motion, which takes the
form of a thermally activated creep at low driving stimuli
[56]. However, the DW dynamics may become very different
in high-quality nanowires with a weak pinning. For example,
fast DW motion with the velocities up to 80 m/s occurring
over long distances ∼ 5 µm is observed in the permalloy
nanowire under weak magnetic fields of a few oersted [57].
Importantly, the DW velocity is found to be proportional to the
field intensity, and the DW mobility is close to the theoretical
mobility μDW = γ λ/α determined by the Gilbert damping
parameter α [57]. Hence, the predicted long-range DW motion
induced by the PMA gradient could be realized in high-quality
nanotracks with a weak pinning.

Finally, we note that the voltage-controlled interfacial mag-
netic anisotropy should exist in antiferromagnet-dielectric
bilayers as well [58]. Therefore, the DW motion driven by
the voltage-induced PMA gradient, which was proposed re-
cently [59], could be realized in suitable antiferromagnetic
heterostructures. Motivated by this opportunity, we carried
out micromagnetic simulations of the effect of DMI on the
motion of 180◦ Néel DWs in an ultrathin antiferromagnetic
film with the voltage-controlled PMA gradient created as de-
scribed in Fig. 1 and an interfacial DMI. The simulations of
the spin dynamics in a model two-sublattice antiferromagnet
demonstrate that the maximal DW velocity reached inside
the region of the PMA gradient may exceed 1 km/s at the
Gilbert damping parameter α < 10−3. Interestingly, the DW
velocity appears to be almost insensitive to the presence of
DMI, because its influence is suppressed by the antiferromag-
netic exchange. Nevertheless, the DW movement beyond the
gate electrode should be possible in antiferromagnets with
a low damping parameter α < 10−3. Thus, both ferromag-
netic and antiferromagnetic nanoheterostructures possessing
the voltage-controlled PMA could be suitable for the realiza-
tion of the electrically driven long-range DW motion.

IV. CONCLUSION

In this paper, we presented theoretical results for the
electrically driven motion of 180◦ DWs in ferromagnetic
nanotracks with the PMA gradient created under the semi-
conducting gate electrode and the DMI of interfacial origin.
Micromagnetic simulations performed for the Co/MgO/Si
and Pt/Co/MgO/Si nanostructures enabled us to reveal the
influence of DMI on the DW motion induced by the in-
plane voltage gradient β in the Si gate, which modifies the
PMA associated with the Co/MgO interface. It was found
that the Bloch DW, which forms in the Co/MgO/Si trilayer
assumed to have no DMI, experiences comparatively slow
motion of oscillatory character, which is limited to distances
much smaller than the gate length LSi = 200 nm. In contrast,
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the Néel DW appearing in the Pt/Co/MgO/Si nanostructure
rapidly moves away from the region beneath the Si gate and
may shift from its initial position by more than 250 nm,
which demonstrates strong increase in the voltage-driven DW
movement in the presence of substantial DMI.

Introducing collective coordinates and using the La-
grangian approach, we also developed an analytical model of
the DW motion in an infinite ferromagnetic nanotrack with
a linearly varying PMA strength. This collective coordinate
model yielded a system of equations, which relates the DW
velocity q̇ to the azimuthal angle ϕ of the in-plane magnetiza-
tion inside the wall and the DW tilting angle χ and determines
the steady-state values of q̇, ϕ, and χ for nanotracks with suf-
ficiently strong DMI. The calculations showed that, at ϕ, χ 

1, the steady-state DW velocity is directly proportional to the
gradient of the PMA strength and inversely proportional to the
Gilbert damping parameter. In this range of ϕ and χ , q̇ is also
independent of the DMI strength D, but it weakly grows with
increasing D when the angles ϕ and χ become significant.

Since the analytical model predicts that the Néel DWs
could move faster in ferromagnets with a low magnetic damp-
ing, we also performed micromagnetic simulations of the
voltage-induced DW motion in the Pt/Fe/MgO/Si nanostruc-
ture, which differs from the Pt/Co/MgO/Si one by much
smaller Gilbert parameter α. It was found that the voltage gra-
dient of only 3.35 mV nm−1 gives rise to the DW movement
over 5 µm in the Fe nanotrack, during which the maximal
wall velocity reaches 100 m/s. Remarkably, such a long-range

motion is initiated by the localized PMA gradient acting on
the DW along a short path of only 120 nm. The subsequent
“inertial” DW movement in the absence of any external stim-
ulus can be explained by a slow relaxation of the tilted DW
configuration, which is caused by the combined action of the
PMA gradient and DMI under the gate electrode.

Thus, our theoretical results show that the ferromagnetic
and antiferromagnetic nanoheterostructures possessing the
voltage-controlled PMA are very promising for the devel-
opment of efficient DW devices. Indeed, the excitation of
the DW motion by an electric-field gradient created in the
dielectric nanolayer should greatly reduce the power con-
sumption in comparison with alternative devices driven by
magnetic fields or spin-polarized currents. Furthermore, the
presence of DMI or antiferromagnetic exchange ensures the
long-range DW propagation with rather high velocities, which
does not require the creation of the PMA gradient in the whole
nanotrack. These features are important for the successful
implementation of information-processing DW devices such
as racetrack memories [1,2] and logic gates [3].
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