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The influence of mechanical strain on the static and dynamic properties of chiral domain walls (DWs) in
perpendicularly magnetized strips is investigated using micromagnetic simulations and a one-dimensional
model. While a uniform strain allows one to reversibly switch the domain-wall configuration at rest
between Bloch and Néel patterns, strain gradients are suggested as an energy-sustainable means to drive
domain-wall motion without the need for magnetic fields or electrical currents. It is shown that an in-plane
strain gradient creates a force on a domain wall that drives it towards a region of higher tensile (compres-
sive) strain for materials with positive (negative) magnetostriction. Moreover, due to the dependence of
the domain-wall internal energy on the in-plane strain, a damping torque proportional to the local strain
arises during motion that opposes the precessional torque due to the driving force, which is proportional to
the strain gradient. After a transient period, where both the internal DW angle and the velocity change non-
monotonically, reaching their maximum values asynchronously, the two torques balance each other. This
compensation prevents the onset of turbulent domain-wall dynamics, and steady domain-wall motion with
a constant velocity is asymptotically reached for an arbitrarily large strain gradient. Despite this complex
dynamics, our work shows that average domain-wall velocities in the range of 500 m/s can be obtained

using voltage-induced strain in piezoelectric/ferromagnetic devices under realistic conditions.
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I. INTRODUCTION

Reliable, fast, and efficient domain-wall (DW) motion
in perpendicularly magnetized media is a key aspect of
the development of new spintronic devices for a variety of
applications, such as memory [1], sensing [2], logic [3,4],
and neuromorphic computing [5,6]. It is well known that
when driven by an external force such as an out-of-plane
field, a DW changes its internal structure due to the pre-
cessional component of the driving force, which rotates it
away from its orientation at rest [7]. For low values of the
driving force, a terminal DW angle is reached, at which
this precessional torque is counterbalanced by a restor-
ing torque that tries to bring it back to its equilibrium
orientation, leading to the DW moving rigidly at a con-
stant velocity. Above a certain threshold value, however,
this balance is no longer possible, and continuous internal
precession of the DW takes place during its motion, with
a consequent reduction in speed. This so-called Walker
breakdown (WB) [8] is quite a general phenomenon and
is present, for example, when the driving force is an out-
of-plane field [9] or a spin-polarized current acting via the
spin-transfer torque [10]. It is not present, however, when
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Neéel DWs move due to the spin Hall effect (SHE) gener-
ated when a current flows through an adjacent heavy-metal
layer [11], but in this case the DWs are tilted towards the
Bloch configuration as the current density increases, which
reduces the efficiency of the SHE and leads to a saturation
in the maximum velocity achievable. It is also absent in
systems that exhibit antiferromagnetic coupling, such as
antiferromagnets [12], ferrimagnets at angular-momentum
compensation [13], and synthetic antiferromagnets [14],
since DW tilting is virtually suppressed due to strong
exchange coupling.

Alternative ways to move DWs in perpendicularly mag-
netized media that do not require external fields or charge
currents are being explored. Some of them are based on
using spatially variable physical quantities, such as the
anisotropy [15—18] or temperature [19,20]. Others are
based on geometry engineering and curvature effects [21].
Although the detailed mechanisms that drive the DWs in
each case are different, all of them are based on the fact
that the DW energy depends on a spatially variable quan-
tity, and, consequently, a force appears that pushes a DW
towards regions where its energy is lower. This force is
typically dependent on the local gradient of the spatially
variable quantity [17]; its effect is essentially equivalent to
that of an external magnetic field, and, as such, WB occurs
when the gradient exceeds a certain threshold value.

© 2022 American Physical Society
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Recently, the effect of strain on the dynamics of mag-
netic DWs has been reported in several theoretical and
experimental studies. It has been shown that, by opti-
mizing the spatial profile of the strain, one can trigger
magnetic DW motion along in-plane-magnetized strips
[22—25]. Other work has shown that strain can be a useful
tool to manipulate DW dynamics in perpendicularly mag-
netized films while they are driven by other means such as
a magnetic field [26].

Here, we investigate the possibility of moving Néel
DWs in perpendicularly magnetized media using an in-
plane strain gradient. The main difference from the
approaches mentioned above is that now not only the
energy of a DW but also its equilibrium orientation
depends on the in-plane strain. As will be shown, this leads
to substantial changes in the DW dynamics with respect to
the standard field-driven case. In particular, the interplay
between the different torques involved keeps the internal
DW angle bounded, preventing the appearance of pre-
cessional dynamics inside a DW for any arbitrary strain
gradient.

The rest of the manuscript is organized as follows. The
static properties of a DW in the presence of uniform strain
are discussed in Sec. II. DW dynamics under strain gradi-
ents, which may be in-plane or perpendicular or both, is
analyzed in Sec. Il based on an extended one-dimensional
model. Model predictions are tested by micromagnetic
simulations under realistic conditions, as presented in Sec.
IV. Finally, Sec. V presents the main conclusions and
perspectives of the present work.

II. STATICS OF A DOMAIN WALL UNDER
UNIFORM STRAIN

Before studying strain-induced DW dynamics, here we
first analyze the effect of a uniform strain on the features
of a DW at rest. To do so, we rely on both micromag-
netic (M) simulations and a reduced one-dimensional
(1D) model. We consider a system that consists of a Néel
DW located at the center of an infinite nanostrip sub-
ject to a uniform uniaxial strain &; (where ii refers to
the strain direction, i : x,y,z), as shown in Fig. 1(a). We
assume that this ferromagnetic nanostrip is in contact with
a heavy-metal layer not shown in the figure, and that the
Néel configuration is favored over the Bloch one due to
the interfacial Dzyaloshinskii-Moriya interaction (DMI)
[11]. Within the 1D-model approach, the magnetization
is assumed to change only along the longitudinal x axis
[M = M(x, ] [27-30], and the DW energy per unit area
is given by
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where m(x, ) = M(x, £)/M; is the normalized magnetiza-
tion, Hy is the self-magnetostatic field, and 4, K,,, D, and
B, are the exchange, anisotropy, DMI, and first magnetoe-
lastic constants, respectively. We assume that the longitu-
dinal in-plane strain &,, and the perpendicular strain ¢,
are the only components of the strain tensor present in the
system and that By = —(3/2)A,(Cy; — C12), with A; being
the saturation magnetostriction and Cy; and Cj; the elastic
constants [31]. We use the standard 1D ansatz for the DW
profile [27,28,32], namely 6(x,?) = 2tan![exp((Q(x —
q(®))/A)], e(x, ) = O(f), where 6(x,t) and @(x,f) are
the spherical coordinates of the magnetization, as shown
in Fig. 1, and ¢, A, and ® are the DW position, width,
and angle, respectively; the factor Q refers to an up-down
(Q = +1) or down-up (Q = —1) DW configuration.

By integrating Eq. (1) using the 1D ansatz and assuming
that the strain is uniform over the system, we obtain
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oDW = —- + 2A(Kefr + Ky sin” @ + Bye,, cos” @
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with Ker = K, — y0M; and Kg = 5000M] (N, — Ny)
being the effective and shape anisotropy constants, respec-
tively. The internal DW angle at rest, @, is obtained by
minimizing Eq. (2) with respect to ®. The resulting angle
is

(€)

by = cos™! [ % }

4A(Ksh - Blgxx)

if m|D| < 4A|Kgh — B1&x|. Otherwise, &9 =0 () for
D < 0 (> 0). As the term proportional to ¢, in Eq. (2)
is independent of @, the equilibrium internal DW angle
[Eq. (3)] is not affected by perpendicular strain. In contrast,
Eq. (3) shows that the internal DW angle is dependent on
the in-plane strain &,,. Figure 1(b) shows the equilibrium
angle @, as a function of the in-plane strain for differ-
ent values of D as computed from the 1D model (lines)
and from micromagnetic simulations (dots). Typical mate-
rial parameter values for Pt/Co are adopted for both the
1D model and the micromagnetic simulations, which are
performed using the GPU-accelerated code MuMax3 [33]:
My =058MAmM !, A=30pI m!, K, =09 MJ m~3,
and By = 12 MIm™3 (A, = =5 x 1073, C;; = 298 GPa,
and Cj, = 133 GPa). Bloch walls (®¢ = 7/2) are found
in the absence of the DMI (for our nanowire dimensions,
N, < Ny, and, therefore, Ky, < 0), whereas a large DMI
(D = —1.8 mJ/m?) stabilizes Néel DWs with right-handed
chirality (®¢ = 0). For intermediate values of the DMI,
Fig. 1(b) shows that it is possible to tune the equilibrium
angle sizably towards the Bloch (Néel) configuration by
applying a moderate positive (negative) strain (|e,,| < 5 X
10~%). This effect is more visible in Fig. 1(c), where micro-
magnetic snapshots are shown for three different values of
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(a) Schematic representation of the system under study. A Néel DW is located at the center of a ferromagnetic nanostrip

subject to a uniform strain. (b) DW equilibrium angle @, as a function of the in-plane strain (g,,) for different values of the interface
DMI constant D as computed from both micromagnetic simulations (dots) and the 1D model (lines). (¢c) Micromagnetic snapshots of
down-up DW equilibrium patterns under different values of the in-plane strain (e, ) for a system with D = —0.025 mJ/m?.

the in-plane strain (g,,). This is consistent with recent work
[34] that showed how an in-plane anisotropy modulation
can be used to transform between Bloch and Néel DWs.
Indeed, our analysis shows that this can be done using in-
plane strain. Namely, a tensile (compressive) strain favors
Néel DWs for materials with B; < 0 (> 0). Besides, for
a given material, changing the strain type (from tensile to
compressive) can induce a transition from Bloch to Néel
DWs under strains of realistic magnitudes. These results
suggest that current-driven DW dynamics under spin-orbit
torques could be also controlled with the assistance of a
uniform in-plane strain [35].

III. STRAIN-INDUCED DOMAIN-WALL
DYNAMICS

After proving the dependence of the equilibrium DW
configuration on the in-plane strain, let us now focus on
its dynamics in the presence of a space-dependent strain.
To do so, we consider the same system as in Fig. 1(a)
but with a DW subject to an in-plane uniaxial strain e,
that changes linearly along the longitudinal coordinate as
shown in Fig. 2(a). To highlight the peculiarities of DW
dynamics under such an in-plane strain, we compare it
with the dynamics under a perpendicular strain &,, with
the same linear profile [Fig. 2(a)] but with a positive slope
since, as it will be shown later, the two gradients need to
have opposite signs to produce DW motion in the same
direction. We keep the same material parameters as in Sec.

II, along with a Gilbert damping constant o = 0.05. To
understand the strain-driven DW mechanism, we develop
the one-dimensional model [27-29] by assuming that the
strain varies linearly along the longitudinal x axis as

¢ ,
£u(x) = %x _— )

After substituting Eq. (4) into Eq. (1) and integrating,
the DW energy density now reduces to
24 .5 ,
opw = K + 2A(Ker + Ky sin” & — B18zzq
+ Bygl g cos’ ®) + mODcos @, ®)

which indicates that the term proportional to ¢, does not
depend on the DW angle @, whereas the term proportional
to e, does. Using Eq. (5), equations describing the DW
dynamics within the 1D approach can be obtained follow-
ing a conventional procedure [36], which is detailed in the
Supplemental Material [37], yielding

1+ oﬂ)% = —aly(®) + OT5(¢. ®),  (6a)

(1+a*)® =—-QIy(®) —alz(q,®),  (6b)
where

[4(P) = YoAHme (e, cos> ® — ), (7a)
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FIG. 2. (a) Schematic representation of the system under

study. A Néel DW is initially located at the center of a ferro-
magnetic nanostrip subject to a strain gradient. The in-plane and
perpendicular strain profiles are shown by red and blue colors,
respectively. (b) DW position (g) versus time when driven by
two different in-plane (red) and perpendicular (blue) strain gradi-
ents. (c) Average DW velocity versus strain slope for the in-plane
(red) and perpendicular (blue) cases.

Hsh ’ .
Lp(®,9) = 1o > = Hpel€lq | sin2®

- %QHDMI sin@] (7b)

and where Hiel = B1/ oMy, Hypy = 2Kgn/ oM;, and Hp =
D/uoM;A are the magnetoelastic, shape anisotropy, and
DMI fields, respectively. In what follows, we refer to the
case of an in-plane strain gradient when ¢} # 0 and ¢/, =
0, and to the case of a perpendicular strain gradient when
e, =0and e, #0.

In analogy with the conventional field-driven case [28,
38], the term —a "4 in Eq. (6a) can be considered as the
driving agent that pushes the DW along the direction of
decreasing energy, i.e., increasing tensile (compressive)
strain if B; < 0 (> 0) for the in-plane-strain-gradient case
and increasing compressive (tensile) strain if B; < 0 (> 0)
for the perpendicular case. On the other hand, the two
terms on the rhs of Eq. (6b) can be viewed as the pre-
cessional (—QTI'4) and damping (—«I'g) in-plane torques
that govern the internal DW-angle dynamics. Two main
differences can be readily noticed between the in-plane
and perpendicular cases. First, the contribution of &}, to
the precessional torque (—QI'4) is modulated by a factor
cos’ @, which is not the case for ¢,. Second, &, con-
tributes to the damping torque (—«I's), whereas ¢, does

not. Moreover, this contribution also depends on the DW
position ¢ [see Eq. (7b)]. As we show below, this term has
a strong impact on the response of the DW to an in-plane
strain gradient.

Figure 2(b) shows the time evolution of the DW posi-
tion g predicted from the 1D model for two representative
values of in-plane (red) and perpendicular (blue) strain gra-
dients. Note that the dependences of the DW energy on ¢,
and ¢/, are of opposite sign [see Eq. (5)], and, therefore, to
produce DW motion along the same direction, the signs of
the gradient also need to be opposite. In our case B; > 0, so

.. < 0and ¢, > 0lead to DW motion along the positive

XX

direction (+x). As can be observed in Fig. 2(b), for small
strain gradients (|e;;| = 0.2 um™'), steady DW motion
with similar velocities is achieved in both the in-plane and
the perpendicular case. However, if the strain gradient is
increased (|¢/;| = 0.4 um™~"), the response is very different.
For a perpendicular strain (|¢/,| = 0.4 um~"), the DW dis-
plays turbulent motion with a low average velocity, which
is typical of when the system exceeds the WB limit. In
contrast, the DW moves steadily with a higher velocity in
the in-plane case (e, | = 0.4 um™"). Figure 2(c) shows
the DW velocity averaged over a temporal window of 5 ns
as a function of the strain gradient for both the in-plane
(red) and the perpendicular (blue) case. For a perpendicu-
lar strain, we observe WB at s;Z’WB = o Hpvi/2Hme A =~
0.26 um~' as one would expect, considering that the
effect of a perpendicular strain gradient is equivalent to
that of an external magnetic field Heq = Hpel6., A. Below
the WB limit, the DW moves rigidly and reaches a ter-
minal velocity proportional to the strain gradient [V =
(YoA?/a)Hne€l,], whereas above it the DW undergoes
continuous internal precession, the velocity is no longer
uniform, and the DW mobility is significantly reduced. For
the in-plane case, however, no WB is observed, and the
DW mobility remains constant for arbitrarily high values
of the strain gradient. This absence of WB in DW motion
driven by an in-plane strain gradient is the main result of
our work, and, in what follows, we focus on explaining the
mechanism that makes it possible.

Figure 3(a) shows the time evolution of the DW angle
® (top) and its instantaneous velocity Vi, (bottom) for
different values of the in-plane strain gradient ¢,. As can
be observed, a transient period where both & and Vi
change nonmonotonically occurs before the DW asymp-
totically reaches a steady velocity, and the angle goes
back towards its initial value (® = 0). In order to shed
light on this process, we analyze the different in-plane
torques that govern the dynamics of the DW angle in
Eq. (6b). On the one hand, we have the precessional
component of the driving force, —QI'y, which drives
the angle away from its equilibrium orientation. On the
other hand, the damping torque (—«I'z) has three con-
tributions, i.e., al'sy = —ayo(Hgh/2) sin2®, al'ppr =y
(O Hpmi/2) sin®, and ol () = ayoHmes,,q sin 2P.
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FIG. 3. (a) Temporal evolution
of the DW angle and instantaneous
velocity when driven by an in-
plane strain gradient (e}, # 0 and
g, = 0). (b) Schematic representa-
tion of the different torque contri-
butions to the DW dynamics stud-

0
0.0 05 1.0 15 20 25 3.0

ied. (c) Maximum tilting of the
DW angle versus strain gradient.
(d) Characteristic time needed to

€] (l‘m_l)

reach the maximum angle (blue)
and maximum velocity (orange).
(¢) Maximum (blue) and termi-
nal (orange) velocities versus strain
gradient.

0.0 05

1.0 15 20 25 3.0
|€xx| (um™")

arsh

Y
alpui

D

x
“stx x q 5

" terminal

0
00 05 10 15 20 25 3.0

The first two of these are the standard shape-anisotropy
and DMI in-plane damping torques and are always present,
regardless of the nature of the force that moves the DW.
The third contribution, aI'y; (¢), is specific to the case
of an in-plane strain gradient, and, unlike the situation
for the other contributions, its strength depends explicitly
on the DW position ¢g. These four in-plane torques are
schematically represented in Fig. 3(b), where their signs
are consistent with an up-down right-handed (Q = +1)
DW moving along the x > 0 direction.

As soon as the DW starts moving due to the driving
torque —a I, the corresponding precessional component
— QT4 tilts its angle away from the equilibrium orientation,
and a restoring torque appears, trying to bring it back to its
orientation at rest. When the driving force is an external
field or a perpendicular strain gradient, the total restor-
ing torque is given by al'gy, + o'pyr, and if the driving
force exceeds a certain threshold value, such a restor-
ing torque cannot balance the precessional torque, and
WB takes place. However, for an in-plane strain gradient
the third term, o'/ (¢), which opposes the precessional
torque, also comes into play, with the peculiarity that its
strength increases as the DW moves along the strain gradi-
ent [Fig. 3(b)], therefore contributing to bringing the angle
closer to its value at rest. In fact, this term guarantees that
the DW angle remains bounded during motion regardless
of the magnitude of the driving force, since its strength,
like that of the precessional torque, is proportional to the
strain gradient ¢/ [Eq. (7b)].

[€xx| (um~Y)

With this idea in mind, the transient behavior observed
in Fig. 3(a) can be understood as follows. As the DW
starts moving and the angle deviates from its equilib-
rium value, the strength of the in-plane precessional torque
—QrI'y decreases, whereas the in-plane damping torque
—al'p increases. Since they have opposite signs, the total
in-plane torque is gradually reduced, up to a point where
the two terms balance out (QI'4 + o' = 0) and the tilting
angle reaches its maximum deviation (D ,x). As shown in
Fig. 3(c), this maximum deviation @,y increases with the
strain gradient &/ but saturates around /3, proving our
finding that the angle remains bounded no matter how large
the strain gradient is. After @, is reached at a certain time
t1, the total in-plane torque changes sign (JaI's| > |OI'4])
and & starts decreasing, whereas the DW velocity contin-
ues increasing, up to a point where it reaches its maximum
value V. at a later time #,. Figure 3(d) shows how the
two characteristic times of this transient dynamics, #; and
ty, depend on the strain gradient. As can be observed,
they decrease in a similar fashion. As the DW moves fur-
ther into the region of increasing strain, the term ol
becomes dominant ([T, | >> [Ipmil, [Tsnl), and the DW
angle gradually goes back to its initial Néel orientation
according to ®(q) = tan~! (QA/2aq). The DW veloc-
ity, meanwhile, asymptotically reaches a terminal value
given by

VOH mel AZ

Err- ®)
o

Vterm =
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Figure 3(e) shows both the terminal and the maximum
velocity as a function of the in-plane strain gradient. While
the first velocity displays a perfectly linear trend, the
second has a slightly stronger dependence, so that the
difference between them increases with ¢/, .

Up to here, we have investigated DW motion in the
presence of separate in-plane and perpendicular strain
gradients. Although this assumption could be applied to
some piezoelectric/magnetic systems, depending on the cut
direction of the piezoelectric substrate, it is also possi-
ble to find that both in-plane and perpendicular strains are
present in the system [39]. Therefore, investigating their
joint effect on DW motion is also timely. Thus, we con-
sider the system in Fig. 2(a) with both ¢, # O and €/, # 0.
We parameterize these as ¢/, = —fe,,, with § = |e] /e |
being the ratio between them. Considering that they need
to have opposite signs to produce DW motion in the same
direction, the expression in Eq. (7a) becomes ['4(®) =
YoAHpyee! (cos? @ + B), whereas I'p(®,q) remains the
same as in Eq. (7b).

Figure 4 shows the dynamics of DWs for different val-
ues of the ratio 8. As can be noticed from Fig. 4(a), where
the average DW velocity is plotted versus the strain gra-
dient, the system does not show any WB for any value of
B. However, when we look at the instantaneous velocity
plotted in Fig. 4(b) for a relatively high strain gradient
(e, = —0.61 ;mfl), two regimes are depicted. On the
one hand, when 8 < 1 the system behaves similarly to the
pure in-plane-strain-gradient case described earlier, where

during the transient dynamics. After reaching a maximum,
the DW velocity decreases towards its terminal value. To
shed more light on this complex transient dynamics, Fig.
4(c) shows the longitudinal component of the internal DW
magnetization m, = cos ® as a function of time for dif-
ferent values of 8. It can be seen from Fig. 4(c) that the
internal DW magnetization oscillates during a transient
period for 8 > 1, leading to the onset of turbulent motion.
Afterwards, it reaches an equilibrium value, and the DW
recovers steady motion. We note that the behavior shown
in Fig. 4 depends on both 8 and ¢/, and, therefore, for val-
ues of ¢ larger than the ones shown here, the transient
period of unstable DW motion appears for 8 < 1 as well.

We can interpret the results in Fig. 4 similarly to those
obtained for in-plane strain gradients in terms of the action
of the torques involved. When the contribution of &,
is added, the strength of the precession torque —QT',
increases, while the damping torque —aI'p remains unaf-
fected. This leads to a local breakdown of the compensa-
tion scheme described earlier, and consequently turbulent
motion can take place if ¢/, is large enough. On the other
hand, as the DW moves, the damping torque —aI'p o ¢
gains in strength, and eventually is able to compensate the
precession torque —QT'4. Then, the DW angle goes back
towards its equilibrium configuration (¢ = 0), and the DW
recovers steady motion with a constant terminal velocity
given by

no instabilities are found. On the other hand, when 8 > 1, v YoHme A? ' 9
the instantaneous DW velocity exhibits nonlinear behavior tem = ————¢& (1 + B), ©)
. 4. (a) Average veloc-
b) 6 FIG. 4 Average DW vel
ity as a function of the strain gra-
4t A /; dient for different values of 8 =
— /N ] lel./eL|. (b) Instantaneous DW
ER velocity as a function of time for
< different values of 8 and ¢, =
(a) 2 0 —p5=025 | —0.61 um~!. (c) DW position as
6F — . -0 ' " ] &~ ol —ozos a function of time for different val-
— 5 = 050 B e ues of B and ¢, = —0.61 um~'.
§=075 4 . . , . (d) Time evolution of the longi-
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which shows that adding the contribution of the perpendic-
ular strain gradient enhances significantly the DW motion
in the steady regime.

IV. MICROMAGNETIC SIMULATIONS

In the previous section, we show theoretically the
absence of WB for DWs driven by in-plane strain gra-
dients based on the 1D model. In doing so, we explore
high-strain situations to prove that steady DW dynamics
can be reached regardless of the strength of the driving
force. However, in practice there are limitations on the
magnitude of the strain gradient that can be applied and
the distance over which it can be maintained. Not only can
a large strain gradient induce mechanical damage in the
device but also, if the strain is large enough to compete
with the perpendicular anisotropy (|B;&x| ~ Kefr), which
in our case happens when &, ~ 0.06, the nucleation of
in-plane domains can start to take place, and the system
depicted in Fig. 2(a), with a DW separating two antiparal-
lel domains, may no longer be stable. Therefore, to explore
the plausibility of our proposal under realistic conditions,
micromagnetic simulations are performed using the same
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FIG. 5.

material parameters as given before and a strain gradient
over the strip length, which is fixed at 1 um. Figure 5(a)
shows the time evolution of the DW angle & for different
values of ¢}, as computed from both the micromagnetic
simulations (dots) and the 1D model (lines). It can be
observed that the simulations support the 1D results shown
in Fig. 3. Indeed, the internal angle remains bounded even
for the highest values of the strain gradient. To get good
agreement between the 1D model and the uM results, it
is necessary to take into account in the former the sizable
variations of the width of the DW [9] as it goes deeper into
the highly strained region, and its effect on the demagnetiz-
ing factors [40]. Using the same method as for the (g, ®)
1D dynamic equations [29,36], the following additional
dynamic equation for the DW width is obtained:

A= 20 NN (Kt Ky sin® @
Ol,lL()MSJTZ A eff sh
— Biel.q + Biglgcos® @)]. (10)

Figure 5(b) shows the average DW velocity V,y, as a
function of the in-plane strain gradient for different val-
ues of «, obtained from the micromagnetic simulations
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(a) Time evolution of the DW angle & for different values of the in-plane strain gradient (¢.,). (b) Average DW velocity

as a function of ¢, for different values of the damping constant «. (c) Average DW velocity for different strip widths under in-plane
strain gradients and o = 0.05. (d) Average DW velocity as a function of the strain gradient for different values of the ratio between
the perpendicular and in-plane strain gradients g = |¢]_ /e, |. In all graphs, the micromagnetic results and the 1D results are shown by

dots and lines, respectively.
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(dots) and from the 1D model (lines). Because of the lim-
itations mentioned earlier, the terminal velocity predicted
by the 1D model [Eq. (8)] is not accessible in a 1-um-
long strip. On the other hand, the nonlinear dependence on
e’ observed for all values of « is due to the fact that the
velocity is averaged over a short time interval in which the
DW velocity is highly nonuniform, unlike the case in Fig.
1(c), where the time interval (5 ns) is significantly larger
than this transient period, so that Vyys & Viem. In any case,
Fig. 5(b) confirms that the absence of WB revealed by
our 1D model remains true under realistic modeling. In
Fig. 5(c), we show the average DW velocity versus the
strain gradient for different widths of the ferromagnetic
strip. As can be seen, the average velocity is not affected
by the strip width, and good agreement with the 1D model
is found. This confirms that the physics underlying DW
motion under strain demonstrated by the 1D model is valid
not only for narrow strips, but also for wide ones.

Figure 5(d) shows the average DW velocity in the
case where in-plane and perpendicular strain gradients are
applied simultaneously to the system, with a ratio g =
lel_/e..|. As can be observed, the micromagnetic simula-
tions confirm the onset of turbulent DW motion at ¢ =
—0.077 um~! if the two strain gradients are of the same
magnitude (8 = 1). However, the additional contribution
of ¢/, increases the average DW velocity. The dynam-
ics after the transient period described in Sec. III for the
1D model (where the DW recovers steady motion) is not
accessible via micromagnetic simulations, because of the
limitations on the strain magnitude explained above.

To sum up, our simulations show that high DW veloci-
ties can be achieved under realistic conditions, especially
if we take into account that, as shown in our previ-
ous publications [41,42], in-plane strain gradients in the
order of 1072 um™' can be realized in hybrid ferromag-
netic/piezoelectric devices by applying moderate voltages
between conveniently located electrodes on the piezoelec-
tric substrate.

V. CONCLUSION

We study the influence of strain on the statics and
dynamics of DWs in a ferromagnetic strip with perpendic-
ular anisotropy. Our theoretical study shows that a uniform
strain can be used to tune the internal DW angle between
the Bloch and Néel configurations. It is also shown that
DW dynamics driven by an in-plane strain gradient is qual-
itatively different from the response to other driving forces,
such as an external field, a spin-polarized current, or a
perpendicular strain gradient. In particular, such dynam-
ics occurs without Walker breakdown, and, ideally, a DW
velocity proportional to the strain gradient is obtained
regardless of the magnitude of the strain gradient. We
show that the origin of this phenomenon lies in the fact
that the internal DW angle in equilibrium depends on the

strain. This leads to a dynamic torque that opposes tilt-
ing of the internal DW angle and whose strength increases
as the DW moves towards increasingly strained regions,
and this torque prevents the onset of internal DW oscil-
lations. On the other hand, the maximum DW velocity
achievable with our approach is limited not by the intrin-
sic dynamic properties of DWs but by the feasibility
of keeping perpendicularly magnetized domains stable in
regions of high in-plane strain. In any case, our micromag-
netic simulations show that average velocities in the order
of 500 m/s can be achieved under realistic conditions eas-
ily achievable in experimental setups. These velocities are
in the range of spin-orbit-torque-driven DW motion but
are reached with much less energy dissipation, since Joule
heating is absent. Furthermore, our system reveals com-
plex dynamics where the DW angle and, therefore, also
the inertia of the DW are not uniquely determined by its
velocity but can be tuned by a large amount by means of
strain, which opens up a new avenue to explore dynamic
phenomena.
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