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The prime objective of this work is to analyze the motion of magnetic domain walls (DWs) in a thin layer of magnetostrictive
material that is perfectly attached to the upper surface of a thick piezoelectric actuator. In our analysis, we consider a transversely
isotropic hexagonal subclass of magnetostrictive materials that demonstrate structural inversion asymmetry. To this aim, we
utilize the one-dimensional extended Landau-Lifshitz-Gilbert equations, which describe the magnetization dynamics under the
influence of various factors such as magnetic fields, spin-polarized electric currents, magnetoelastic effects, magnetocrystalline
anisotropy, Rashba fields, and nonlinear dry-friction dissipation. By employing the standard traveling wave ansatz, we derive an
analytical expression of the most relevant dynamic features: velocity, mobility, threshold, breakdown, and propagation direction
of the DWs in both steady and precessional dynamic regimes. Our analytical investigation provides insights into how effectively
the considered parameters can control the DW motion. Finally, numerical illustrations of the obtained analytical results show a

qualitative agreement with the recent observations.
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1. Introduction

The investigation of field- and current-induced motion of
magnetic domain walls (DWs) in multiferroic heterostruc-
tures, driven by applied magnetic fields and electric currents,
has gained significant global attention due to its potential ap-
plications in various fields such as spintronic memories, sen-
sors, spin-wave filters, and logic gates [1-8]. The develop-
ment of hybrid piezoelectric-magnetostrictive (PZ-MS) het-
erostructures has been a focal point in achieving strong mag-
netoelectric coupling in multiferroic applications. These het-
erostructures consist of a thin magnetostrictive layer (MSL)
firmly attached to the upper surface of a thick piezoelec-
tric layer (PEL). In these composite structures, known as
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magnetoelectric multiferroics, the external voltage is ap-
plied to the PEL, generating an electric field that further in-
duces strains. These strains induced from the PEL are fully
moved to the MSL through their shared interface, substan-
tially impacting the magnetic configuration via inverse mag-
netostrictive effects [2,7,9-16]. Due to the combined exis-
tence of stress-free strains induced by magnetostriction, the
magnetic layer undergoes both direct and inverse magne-
tostrictive effects [7,17-23]. Recent observations have shown
that the crystal symmetry of the magnetic material signifi-
cantly impacts the motion of DWs in these heterostructures
by affecting anisotropy, magnetoelastic, and magnetostric-
tive energies [7,20-22]. Magnetostrictive materials often de-
scribed in Refs. [2,7, 20, 24-29] include Co-Pt (platinum-
cobalt alloys), Fe-Ga (Galfenol), Tb;_,Dy Fe, (terfenol-D),
NiFe,04, CoFe;04, BaFe;;019 and other manganites and fer-
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rites, whose crystal symmetry generally corresponds to the
cubic or hexagonal classes.

Furthermore, it has been observed that the motion of DWs
is affected by external stimuli, leading to two distinct dy-
namic regimes. In the case of low-strength of external stim-
uli, the DW moves rigidly with a fixed velocity along the ma-
jor axis, resulting in a steady-state regime. The boundaries
of this regime are determined by the threshold and Walker
breakdown (WB) limit corresponding to the minimum and
maximum values of the external stimuli that allow the mo-
tion to remain in the steady-state regime. However, when
the strength of the external stimulus surpasses the WB limit,
the motion becomes oscillatory due to internal deformation,
leading to a precessional regime [7, 13, 14,17-19,30,31].

The DW motion occurring at mesoscale in the MSL is
governed by the extended Landau-Lifshitz-Gilbert (ELLG)
equation, which includes nonlinear dissipation described via
viscous-dry friction mechanism [7, 13, 14, 17-20]. The in-
jection of a spin-polarized electric current into the MSL in-
duces a torque on the magnetization, causing the DW to
shift toward the direction of the applied current. This torque
is known as spin-transfer torque (STT) [3,7, 17, 19, 32-36].
In addition to STT, the structural inversion asymmetry of
the MSL, which arises from spin-orbit coupling splitting the
electronic energy bands, induces a qualitatively distinct spin-
orbit torque (SOT). The SOT is mainly due to the Spin-hall
and Rashba effects [19, 37-45]. This work specifically fo-
cuses on a subclass of transversely isotropic hexagonal ma-
terials that exhibit structural inversion asymmetry and com-
prise the Rashba effect. Recent studies have shown that the
Rashba field can significantly modify the DW velocity, mo-
bility, depinning threshold, breakdown, and propagation of
DW motion, thereby enabling the development of fast pro-
cessing speed devices [3, 13, 18,19, 37,38,40].

The present study can be viewed as an extension of re-
cent research on DW motion in hybrid PZ-MS heterostruc-
tures for various crystal classes under different scenarios
[2,7,9,10, 17-20, 26,27, 30,45-49]. It is worth mentioning
that these works on such bilayer heterostructures are focused
on the flat DWs motion. However, analytical investigation
related to the curved DWs in ferromagnetic nanowires/strips
can be found in Refs. [37,50,51]. In addition, in these works
on bilayer heterostructures, the MSL was considered to be
either isotropic [17-19, 45-47], cubic [20, 26, 27] or trans-
versely isotropic hexagonal [7] classes of materials. How-
ever, devices based on transversely isotropic ferromagnetic
materials have proven more advantageous due to their nar-
row DWs, stable magnetization states, and efficient current-
induced DW motion. In Ref. [7], the authors studied DW
motion for a transversely isotropic hexagonal class of mag-
netostrictive materials without the Rashba field and charac-
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terized it in steady and precessional dynamic regimes. The
present work aims to bridge this gap by focusing on stain-
induced DW motion in a transversely isotropic hexagonal
magnetostrictive material in the presence of simultaneous ef-
fects of magnetocrystalline anisotropy, magnetoelastic, crys-
tal symmetry of the magnetostrictive material, dry friction
dissipation, and the Rashba field. To achieve this, we estab-
lish explicit functional dependence of the key dynamical fea-
tures in terms of the considered parameters. Our results are
derived assuming that magnetostrictive material is linearly
elastic and piezo-induced strains are spatially uniform and
fully moved from the PEL into the MSL via a common in-
terface. Due to the elongated and thin geometry of the MSL,
we assume that the magnetic DW in the MSL undergoes a
one-dimensional motion along the major strip axis. In our
model, at the equilibrium, we assume a 180° Bloch-type flat
DW, which is initially nucleated at the center of the MSL.

The structure of the paper is as follows. Section 2 presents
a theoretical framework to examine the motion of DWs in hy-
brid PZ-MS heterostructures. This framework utilizes a one-
dimensional ELLG equation, which governs the DW motion
in steady-state and precessional dynamic regimes. By em-
ploying the standard traveling wave ansatz, we obtain an ex-
plicit analytical expression of the most significant dynamical
entities in terms of the key parameters. Section 3 is devoted
to the numerical illustration of the analytical results obtained
in Sect. 2. We demonstrate that DW dynamics can be con-
trolled by suitably adjusting the key parameters and provide
a qualitative comparison with the existing reference. Finally,
in Sect. 4, we conclude this work with plausible remarks.

2. The one dimensional micromagnetic model

We assume an artificial hybrid PZ-MS heterostructure,
shown schematically in Fig. 1. The heterostructure com-
prises a thick PEL and a thin MSL that is perfectly attached
to the upper surface of the PEL. We assume the MSL belongs
to a subclass of transversely isotropic hexagonal material that
depicts structural inversion asymmetry. The dimensions of
the MSL, including its length (L), width (w), and thickness
(d) along the e, e;, and e; axes, respectively, are such that
L >> w > d. This geometry causes the MSL to form an
elongated thin nanostrip. It can be moved along the major
axis e via the application of an external bias magnetic field
hP = he; + hye, + hzes and/or an electric current density
J = Je;. These stimuli are uniform in space and constant in
time. The magnetic field is defined by its components along
the ey, e,, and e3 directions, denoted by A, i, and k3, respec-
tively, while J represents the strength of the applied current
density. The distortion in the PEL is due to an electric voltage
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MSL

L

Figure 1  Sketch of a hybrid PZ-MS heterostructure along with the refer-
ence axes.

VP applied between two electrodes, which in turn induces
an electric field directed along the e,-axis. Due to this in-
duced electric field, the width of the PEL undergoes an elon-
gation (contraction) along with a contraction (elongation) in
the other two orthogonal directions. As the PEL and MSL
are perfectly bonded, piezo-strains are assumed to be fully
moved from the PEL to the MSL through a shared interface.

The Spatio-temporal motion of DW in the ferromagnetic
MSL is governed by the ELLG equation [7, 13,14, 17-20, 26,
27,52]:

om
E = tprec + taiss + it + tra, (D
where, m : R x R* — $2, which represents the normal-
ized magnetization vector. It can be expressed as m(x, ) =
M(x,t)/ M = (my, my, m3), where my, m,, and mz denote the
components of m along the ey, e,, and e3 axes, respectively.
Here, we consider that all vector quantity shows a functional
dependence on time ¢ as well as on the major axis coordinate
e;, which describes the position along the MSL. This one-
dimensional model is well-established in the existing refer-
ence, particularly for geometries characterized by thin and
elongated structures of the MSL [7, 13, 14, 17-20, 26,27, 31,
53,54]. Here, S? represents the unit sphere in R?, M(x, f)
represents the magnetization vector, and M, corresponds to
the saturation magnetization. Furthermore, # and x represent
the time and space variables. Also, we have the following
torque terms: tyrec, taiss, tsw, and ty,. These terms arise from
precession, dissipation, spin-transfer-torque, and the Rashba
field.

Next, we provide detailed explanations for each torque
term that appears on the right-hand side of Eq. (1). The
initial term corresponds to the undamped precessional move-
ment of the magnetization vector around the total effective
field heg and can be expressed as

tprec =y (heg X m), ()

vy = (Muoge)/m, is a positive constant, where po, g, e, and
m, correspond to the magnetic permeability of the vacuum,
Lande¢ factor, electron charge, and mass of the electron, re-
spectively. In our analysis, we assume the collective effects
of exchange, demagnetizing, applied, magnetoelastic, and
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anisotropy fields when determining the total effective field
h.s and express it as

her = h™ + h™ + h*P + h™ + h™". 3)

The expression for the exchange field h®* can be expressed
as [17-20,26,27]

0*m
he = AW’ 4)

where, the constant A is connected with the exchange length

lx and exchange stiffness constant A, via the relation A =
2 _ 24
X T M3

The demagnetizing field h®™¢ is considered as [17-20, 26,
27]

h'™e = —Nymie; — Nymae, — Nymses, &)

where, Ni, N, and N3 represent the demagnetizing factors,
obeying the normalization condition Ny + N, + N3 = 1.
These factors are determined by the structural geometry of
the materials. However, accurately evaluating the demagne-
tizing field is a highly complex task. Explicit expressions
for the demagnetizing field are reported only for a few spe-
cific geometries, such as uniformly magnetized ellipsoids
[46, 55, 56], straight nanowires with circular cross-sections
[57,58], and nanoscale magnetic tunnel junctions [59, 60].
However, the expression for the demagnetizing field being
considered is widely used in the reference as a reliable ap-
proximation [17,19,20,26,27,31,46].

Subsequently, the magnetoelastic field in the case of a lin-
ear elastic material can be expressed as [7,17,20,21,26,27]

1 Oe
h™ = S(e—€):C: —, (6)
,U()M 5 om
where, € = € + €', € represents the elastic strain and

€' = Z : (m ® m) corresponds to the magnetostrictive strain
[7,61-63]. Moreover, “:” denotes the double contraction, “®”
reflects the tensor product, and C and Z correspond to the
elasticity and fourth-order magnetostriction tensors, respec-
tively. We consider the MSL of hexagonal crystal classes
6m2, 6mm, 622, and 6/mmm that exhibit transverse isotropy,
i.e., invariance under rotations about a certain direction, re-
ferred to as axis of symmetry. For such crystals, the elas-
ticity tensor C depends on five independent elastic constants
C11, €12, €13, €33 and ca4, and in the Voigt notation, as follows
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[7,20,64]:
11 12 e
C12 €11 €13 0
C13 €13 €33

[C] =

C44 0 0
0 0 Cy44 0

1
0 0 5(611—012)_

It is to remark that for a transversely isotropic mate-
rial, the fourth-order magnetostriction tensor Z can be ex-
pressed via six independent magnetostriction coefficients

2 2 2
Zinmy + Zioms + Zi133m; (Zun = Zyo)mym,
uo_

€ = (Zi111 = Zio2)mymy

27Zy303mm3 27y303mom3

Now, to maintain the standard notation used in recent re-
ports [7,63,66-68], we express the magnetostriction coeffi-
cients in terms of A4, Ag, A¢, Ag, 413, and A33 by assum-
ing the relation A4 = Zyj1 = Znss, g = Znzn — Ziss,

2 2 2
Ziypomy + Zinnmy + Zizzmg
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Ziit, Zi122, 21133, Z2323, Z3311, Z3333 [7, 63, 65], and read as

Zin Zio Zinss
Znn Zin Zinss 0

Z3311 Z3311 243333

[Z] = - (D

Zyz 0 0
0 0 Znxn 0

1
0 0 E(lell —Zun) |

Using Eq. (7), the magnetostriction strain tensor €' can be
expressed as [7,63,66,67]

27Zy303m1m3
27Zy303mm3 . (®)

2 2 2
Zzz1imy + Zaz1im; + Zzz33m;

[

Ac = Zs311 — Z3333, A = 273303, A13 = Z1133, and A33 = Z3333
[66-68]. Under the aforementioned assumption, Eq. (8), can
be recast as

(A4 — Ap)m; — Apm3 + Ap + 13 (Aa — Ap)mimy Agmyms
€ = (A4 — Ap)mimy (A4 — Ap)m3 — Apm3 + Ap + A3 Apmom; . ©)
Agmyms Agmams Ac(1 —m3) + A33

By virtue of Eq. (6), the components of the magnetoelastic
field can be derived, and as follows [7,20,67,68]:

hye = oM {(ﬁA = Ap) my [Cll (611 — (A4 = Ap)m]
N

+Apmi — (Ag + /113)) +ci2 (622 — (A4 — Ap) M3
+A5m3 = (Ap + A13)) + c13 (€53 + Aem - (Ac
+ /133))] + 2c44 (€13 — Apmims) Apms + (c11
—c12) (12 — (Aa — Ag) mymy) (A — Ap) mz},

me _

he = /J()_Mf{ (As — 1) m2[612(611 = (A4 — Ap) m%

+ ABmg -+ /113)) + 611(622 = (A4 — Ap) m%
+ /leg - (1 + /113)) + 613(633 + lcmg - (¢
+ /133))] + 26‘44(623 - /lEmzms)/lEms + (C 11

- 012)(612 — (A4 - /lB)mlm2)(/lA - /lB)ml},

[
2
HoM3
= Ag) (mi +m3) + 225m3 = 2 (A + A13) )

me __
h3* =

{ - /le3[(c” +c12) (611 +en— (A4

+2c13(€33 + Acm} = Ac = 33|

- ﬂcm3[613(€1] +en— (A4 —Ap) (m% + m%)
+2pm3 = 2(Ap + A13) ) + cx3(€x3 + Aemd - Ac
— A33)| + 2c4ade( (€3 = Apmams) ma + (e

— /lEmlm3)m1)}. (10)

Next, we elucidate the magnetoelastic field h™ for the con-
sidered hybrid PZ-MS heterostructure. Given the compar-
atively smaller thickness of the MSL in comparison to the
PEL, we can conveniently ignore strain variations along the
es-axis. As a result, the collective strains affecting the MSL
can be ascertained by applying mechanical boundary condi-
tions at both the upper and lower surfaces (in the e;-e, plane)
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of the MSL. Based on recent observations, we assume that
the in-plane shear strain €, induced by the PEL can be ne-
glected [7, 17, 19, 20, 26, 27]. We further assume that the
three planar strains €;;, €)2, and &, induced by the PEL are
fully moved to the MSL through a shared interface between
the PEL and MSL. To determine the remaining components
of the strain tensor €3, €3, and €33, we apply the traction
boundary conditions o7;;n; = t; at the top surface of the MSL.
The null traction t = (0, 0, 0) acting on the top surface, along
with the normal vector n = (0, 0, 1), yields the following con-
straints [7,20]:

o13=0,023 =0, 033 =0, (11)
where, o = C : (e — €"), denotes the Cauchy stress tensor.
Using Egs. (9) and (11), we obtain [7,20]

€13 =Apmims, €3 = Apmoms,

c
€3 =— cﬁ(én + &)+ Ac(1 —m3) + A3
33
C13 2
+ ;[(/IA + /13)(1 - m3) + 2/113]. (12)

It is worth mentioning that the crystal symmetry of the fer-
romagnetic material significantly impacts the magnetocrys-
talline anisotropy field. Thus, for the hexagonal crystals with
easy-axis oriented along the es-axis, it takes the following
form Refs. [2,7,20,67]:

o _ 2K
HoM;

(m.ej)es, (13)

where K stands for the uniaxial anisotropy coefficient. Also,
h*" = (h‘i“,hg“,hg“), where h%", hg", and h‘g“ represent the
components of h*" along the ey, e,, and e directions, respec-
tively.

The subsequent term tg;ss consists of two parts and de-
scribes the dissipative processes of the system. The first one
represents the standard viscous Gilbert-dissipation that de-
scribes the dissipative processes in ideal ferromagnets. On
the other hand, the second part denotes the dry friction dis-
sipation due to the impurities, dislocations, and crystallo-
graphic defects present in the material and captures the pin-
ning effect more realistically [7,17,19,20,26]:

yap om
\6m/ 1] } (m x E)’ (14

taiss = [Q'G +

a¢ and ap represent the classical Gilbert and dry friction dis-
sipation coefficients, respectively.

Next, ty represents the STT due to the transfer of spin
angular momentum in the MSL. It comprises adiabatic and
non-adiabatic contributions, responsible for DW distortion
and propagation, respectively [7,17,19,20,26,27]

o P
to = —1t0J 22 _ et [ 22 x m), (15)
ox ox
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where 17 denotes the phenomenological non-adiabatic param-
eter. Also, uy = (gupP/2eMy), up, and P correspond to Bohr
magneton and current polarization factor, respectively.

Lastly, the term t., accounts for the Rashba field arising
from the structural inversion asymmetry of the MSL. This
term is augmented into the ELLG equation as both a field-
and STT-like contribution [3, 18, 19, 26].

tra = Yara[€2 X m +7m X (m X €;)]J, (16)

where, &, = agP/ (,uouBMf,), ag quantifies the magnitude of
the Rashba field.

To characterize the DW motion, we transform the Eq. (1)
into a spherical polar framework by assuming the magnetiza-
tion vector as

m = cos ¢ sin fe; + sin ¢ sin fe; + cos fes, 17

where, 6(x, t) and ¢(x, f) denote the polar and azimuthal an-
gles, respectively.

By inserting Eq. (17) in Eq. (1), we deduce a pair of partial
differential equations of the form:

2 21-172
sind %) - {a + | (7] +siwo(5) | H(5)

= A 0% +A sin 6 cos 6 dp ’ cos 6 cos (h +hme+han)
AT dOx A !
— cos Osin g (hy + h3® + h3") + sin 0 (hs + W5 + ")
+ sin@cos @ (N1 coszgo + stinch - N3) — QppJ cos@sing

@
ox’

90 0V, (9T . (e
(E)+{ag+yap[(5) + sin H(E) ] }smH(E)

0? 00 O
= 7[A sin Ha—f +2A cos 0— % +(N1—N;) sin 8 sin ¢ cos ¢
X

P
— Déad cos (,0} — upJ sin 96—9‘7 + nuod (18)
pe

0x Ox
+ (hy+hy°+h5") cos go—(hl +h'1“e+h"1‘“) $in @+ @, J cos ¢
0 00
— 1@y, J sin @ cos 0| — nupJ sin 9—"0 —ugJ —. (19)
ox ox

Now, we investigate the DW progression in the steady-state
regime, where the DW rigidly propagates with a constant ve-
locity v and a fixed azimuthal angle ¢ = ¢, along the lon-
gitudinal axis e;. To this aim, we employ the classical trav-
eling wave ansatz, representing the DW profile as 6 = 6(¢),
where ¢ denotes the traveling wave variable and is defined as
¢ = (x — vr). Under these assumptions, we can reformulate
Egs. (18) and (19) as

(agv —nupJ) 8 + ap
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= y[ — A0” — cosOcos po(hy + hi° + hi")
— cos 8sin g (h2 +hy° + hg”) + sinfcos 8 (N1 cos’y
+Nasin’gg — N3) + sin 0(hs + h3 + ")
— QpaJ cOs B8in @ — @, J COS goo], (20)
(ugJ —v) 60
= y[ (N1 — Np) sin6sin gg cos ¢ + (hy + B3 + h3") cos ¢y

- (h1 +hi + h*lm) sin g+ @, J cos o —1d.,J sin g cos 0],
(21)

de .
where, @p = yapsign (V@) and ‘7’ denotes the derivative

with respect to &.
Taking into account Egs. (10), (12), and (13), Eq. (21)
renders

@ =T(sin@+Tcos6+1)5), (22)
with

Y 2
Fr=—2 NN+ ——(y-2
2(upJ —v) [( ! 2) HoM? (s = Ap)

-(c11 — c12) (€2 — €11) | sin 2¢y, (23)

ry=- {Zﬂ&raJSinsﬂo}/{[(Nl -N2)

+

LoM? (Aa = Ap) (c11 = c12) (€22 — €11) ] sin 2(,00}

=T, 24)

[y ={2(hy cos g — hy singg + & J cos 900)}/{[(]\’1 -Ny)
2 .
+ —— (A4 — Ap) (c11 — c12) (€2 — €11) | sin2¢g
/'lOMs
=0, + 1l (25)

Using Egs. (20) and (22), we fetch the following equation:

F1 sin 6 + F> cos 0 + F3 sin 6 cos O + F4sin’0
+F5sinfcos’ @ + Fg = 0, (26)

with

F1 =T(agv — nuoJ) — y(h3 + AT\ ToI),
For =N (agv — nuoJ) + y(h cos ¢g + hy sin ¢
+ A2 + @y J sin p),

2B-K)

F3 =y |AT?(1-T?)+N3—Nysin’gy— N cos® g+
HoM?
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Fa = — 2yAT T,

2y 2, 2 t 2
Fs=——=1{(; +2 + 2444 - —(1a +Ap)7|,
5 oM [( a4+ Ap)cin Adpci2 C,33( A+ Ap)

Fo =Dal(agv — quod) + @p + YAT1T? + ynéJ cos go, (27)

where,

B =14 - /13)[(011 cos? gy + 13 sin? 900) €11

Ap(ci

+ (Clz (ZOS2 @Yo+ sin2 (,00) 622] +

2

13 1
+c12) — - (Aa + Ap)
33

€13
(e11 + &) + —(44
€33

+ ﬂB + 2/113) (/lA + /13) - [/li + ﬂ% + /113(AA
+ /13)]011 - [Z/lA/lB + 413 (A4 + Ap) ]CIZ. (28)

To find the explicit expression of the DW width § = I'"!, we
set 73 = 0[7,17-19,26,27]

2 =r2= Acx (1 B F%)

oM % 2 ) .
K —ﬂ + T (Nlcos @ + N,sin ©wo — N3)
(29)
Next, we deduce an analytical expression of the traveling
wave profile 6(&).
(F%—Ff) < 1, a following meaningful solution of Eq. (22) can
be obtained satisfying the symmetry condition 6(0) = 7t/2.

Appexp(l (/1 +T7 = T3€) — 1y
Aexp(T' /1 +T% -T2 -1
where,

~1+ J1+12-12 _—1—,/1+r§—r§
T -y " -y

By employing the symmetry condition 6(0) = 7t/2, we deter-
mine the constant A, it yields

1+ @ =T =T) =@ =T + 1)1 +T2 -T2

A= .
G -Tpd2+1)
(€1))

We remark that under the constraint

0(¢) = 2arctan

(30)

M1 =

It is important to emphasize that in the limit as [I';] — 0 and
[[’2] — 0, the solution corresponds to the classical Walker
solution, which exhibits a 180° Bloch DW. In this case, the
DW profile 6(¢) approaches 0 as § — —co and T as & — +o0
[7,17,19,20,26,27]. However, as we gradually increase the
values of |I';| and |I';|, the solution deviates from the clas-
sical form, and the magnetization configuration between the
distant domains no longer aligns with the es-axis. There-
fore, without loss of generality, we focus on the cases where
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IT';] =~ 0 and |I’;] ~ O can be achieved by assuming realis-
tic values for the relevant parameters. Consequently, the DW
width (as described by Eq. (29)) shows a weak dependence
on the Rashba field and piezo-induced strain, as noted in the
recent observations [7,17, 19, 20,26,27]. Thus, the width of
the DW is assumed to be constant hereafter.

By taking the average of Eq. (26) over the range of the
DW width, i.e., 0 < 6 < 7, we establish the expression of
steady DW velocity, as follows:

v )[27113 — apm + 2I'nuy — ymna,, cos ¢o)J

Tag 2+l
+T (ﬂfluofz - 27Al:‘1le“) J2] (32)

Let us now characterize the dynamics when the applied mag-
netic field h*? and an electric current J act individually to
explore the impact of the external stimuli on the DW veloc-
ity. In the case of field-driven DW motion, the DW velocity
undergoes a linear upward, causing the DW to move along
the major axis e;. On the contrary, in current-induced DW
motion, the presence of the Rashba field introduces a non-
zero coefficient |I'j|, resulting in a non-linear variation of the
DW velocity with the electric current. Moreover, the Rashba
field also affects the DW velocity, the modulus and sign of
the DW mobility (dv/dJ), and the propagation direction of
DW motion. In fact, the direction of DW motion changes at
a critical value of the Rashba coefficient (&, = &;,), which
can be expressed as

« _ T
™ 2yAT

>

2
Ni—-No+ ——14—- A
[ 1 > ,UOM%( A — Ap)cin

—c12)(e22 — €11) [ cos p. (33)

As a result, a forward (backward) motion is observed when
Qra < @, (Qra > @7,). We remark that the change in the direc-
tion of motion also affects the coefficient of dry friction, &@p,
while the traveling wave profile 6(¢) remains unchanged.

The lower limit of the steady-state regime, referred to as
the threshold limit, corresponds to the minimum value of the
external stimuli to overcome the pinning effects. Now, we
determine the threshold value of the applied magnetic field
h3 and electric current density J by using the Eq. (32):

T,

J=0=> hgh) = Z—Q'D, (34
Y

for the range @y, 2 &;, and i3 = 0, we obtain

1
2f2F (7’[7]1/!0 - 2yAf1F){

J([h) = yﬂn&ra COS ¢g

—2I'nuy * [(ZFnuo — YT, €OS @)

+ 4f2F (7'[17140 - 27Aflr) 7'[@0]1/2}. (35)
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It is evident from Eqs. (34) and (35), the depinning threshold
depends only on the nonlinear dissipation coefficient for the
field-driven DW motion. On the other hand, the threshold can
be manipulated via the Rashba field, piezo-induced strains,
and nonlinear damping coefficient for the current-driven DW
motion.

The upper limit of the steady-state regime, known as the
WB limit, is derived from Eq. (32) and yields the following
DW velocity constraints:

J=0=>v <V, (36)

" (37)

ra’

PREPIR v <upd +v*, for G <@,
3 - A A
v >ug —v*, for @, >a

. Y0 2
v = 7[1\’1 - Ny + IJO_M?(/IA = Ap)(c11 — c2)(en — €1) |-

(38)

Now, we establish the WB limit for the external magnetic
field and electric current density by using Eqgs. (32) and (37).
It takes the following form:

2
nVB =28 \N — N, + A=A
3 > M 2 MOM%( 4 — Ap)(cn
7-[ ~
—cp)(en — )|+ 5, Q- (39)
Y

For the current-induced motion, the WB limit depends on the
critical value of the Rashba parameter. To be precise, for
forward (backward) motion, the WB limit is represented as

WB ( JWB f i A A
Jupper (Jlower). For forward motion, i.e., &, < @,

1
JWB = - ——{(2up(«
PP 2((n - ag)upnly — 2yATT 1) {( e

—n) + YTONQ,, cos ¢y + a/Gv*T[f‘z) + [(Zuo(a'(; -n)
N2 .
+ YTONa, COS @ + an*nl"z) + 4((7] — ag)upml s
- A 12
- 2yATT\ ) (m6ép + 2000 |} (40)

For backward motion, i.e., &, > @;,

1
VB _ A —— 1 (2up(
lower 2((n — ag)ugmly — 2yAIT 1) {( oldG

=) + YTONdr 08 ¢ — a2 - [ (2u0(ag - )
A \2 N
+ yTOn@1s COS Py — an*ﬂl"z) + 4((7] — ag)ugTl,
N 172
— 2yATT) (n6ép - 206v") |} (41)

Egs. (40) and (41) indicate that the WB limits are affected by
the Rashba field, piezo-induced strain, and dry friction co-
efficient. As the magnitude of the external stimuli exceeds
the WB limit, the motion is no longer steady and becomes
oscillatory, referred to as a precessional dynamic regime.
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Next, we characterize the precessional regime. In this
case, the DW motion is described via time-varying velocity
v(#) and periodic oscillations at microwave frequency with
constant angular speed ¢ = wy. The system of Egs. (18) and
(19) reads as

. Lo 12 ,
sin fwy + {an + yaq)v[vz(H’)2 + w(z)sm29] - anJ}H
= y[ — A0” — cosOcos p(hy + h[ + hi") — cos Osin p(h,
+ R3S + H3M) + sin @(hs + h5© + B3") + sin 6 cos H(N;cos*p
+ stinch — N3) — @y, J cos @sin @ — 1@y, J cos cp], 42)
. 172y .
(uoJ —v)0' + {aG + 7aD[v2(0’)2 + wgsmze] }sm Bw
= y[(N1 — Ny)sinfsingcos ¢ + (hy + h3 + hy") cos ¢
— (hy + B + hi") sin @ + @raJ cOS @ — 1, J sin @ cos 9].
(43)
Now, we evaluate all dynamic entities at the center of the DW,
where 6 = 7t/2, while assuming that the traveling wave pro-

file (22) remains constant. With these considerations, Eqgs.
(42) and (43) can be expressed as

wy + F[aG + yap (V2F2 + w%)_m ]v

= yhs + I'nugJ — yna@.aJ cos ¢, 44)

[aG +yap (v2r2 + a)(z))_l/z ]a)o

=T (v—uyJ) +’)/Sill(,00 COS(,D()[(Nl - Ny)

+ ﬂo_Mg (A4 — Ap) (c11 — c12) (€22 — 611)}

+ Y@ J cOS . (45)

By taking the average of Eqs. (44) and (45) over the preces-
sion period and making the further physical assumption that
I'v, < wyp to achieve the explicit expression of the average
DW velocity. This assumption is reasonable based on the typ-
ical reference values of precessional angular frequency and
DW width. Consequently, we deduce

wo + aglv, = yhs + TnuyJ, (46)
agwo +yap =T (v, —upJ). “7
By eliminating the parameter w, from the above two Egs.

(46) and (47), we obtain the following expression for the av-
erage velocity of the DW, denoted as v,.

(1 + agnuy §4Y
2 2
1+ a; 1+ ag

_ Q’G’}/6 h

= ap. 48
1+aé3 D (48)

Va
Eq. (48) reveals that the average velocity of the DW re-
mains unaffected by changes in the Rashba parameter. Fur-
thermore, in contrast to the steady-state regime, where piezo-
induced strains influence field-driven and current-driven DW
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mobilities, the impact is distinct here. To be precise,
the piezo-induced strains affect the filed-driven DW mo-
bility (0v,/0h3); however, the current-driven DW mobility
(0v,/0J) remains unaffected.

3. Numerical results

In this section, we present the numerical illustrations of the
analytical results derived in the previous section and provide
qualitative comparison by assuming realistic parameter val-
ues from the Refs. [2,7,19,21,26,67,69-72]. We consider
the MSL having length L = 20 um, width w = 700 nm, and
thickness d = 20 nm along the axes e;, e, and ej3, respec-
tively, and satisfying constrain L >> w > d. In our analysis,
we use the parameter for hexagonal cobalt-based alloy. More
precisely, the set of parameters comprises the following val-
ues: the exchange constant A is 14 pJ/m, the demagnetiz-
ing factors are N; = 0.6417, N, = 0.0093, and N3 = 0.3490,
the saturation magnetization M, is 1.2971 A/m, the dimen-
sionless Gilbert damping constant o is 0.01, the current po-
larization factor P is 0.45, the elastic constants are ¢y; =
320 GPa, ¢y, = 190 GPa, ¢13 = 265 GPa, ¢33 = 330 GPa, and
c44 = 75 GPa. Also, the non-adiabatic coefficient 7 is 0.5,
the anisotropy coefficient K is 2 x 10°> J/m?, and the magne-
tostriction coefficients are 1, = —45x107%, 15 = —95x107°,
Ac = +110x107°, Ap = —232x1075, A3 = =580% 107°, and
A3z = 1.002 x 1073 [21,67,69-72]. We assume that the out-
of-plane strain €33 takes values in the range (—4, +10) X 10~
and ¢9 = 10° [7]. In addition, we consider the dry fric-
tion coeflicient ap is dependent on the strains via the relation
ap = (1-ve33)x 1073, with v = 500 or 0, as suggested in Ref.
[7]. It is evident from Eq. (12) that the out-of-plane strain €33
depends on the piezo-induced strains €;; and e;. We remark
that the dependence of the dry friction coefficient on piezo-
induced strains is also considered in the works presented in
Refs. [17,19,26,27].

In Fig. 2 (a) and (b), we inspected the traveling wave pro-
file 6 for varying Rashba parameter ay and fixed out-of-plane
strain £33 and vice-versa, respectively. For a constant value of
£33 and in the absence of the Rashba field, the traveling wave
profile attains the classical walker solution, i.e., 6(—c0) ~ 0
and 6(+o0) ~ 71, which is associated with a 180° Bloch DW
[17,19,20]. Moreover, the profile shifts away from the classi-
cal form as we gradually increase the Rashba parameter. On
the other hand, for fixed ag, the traveling wave profile de-
picts negligible dependence on the out-of-plane strain (Fig.
2(b)). In Fig. 3, we gain the insight of out-of-plane strain
dependence of DW width for varying the Rashba parameter
reflecting forward (&, < @;,) and backward (&, > @&;,) mo-
tion. For fixed ag, the DW width shows an upward shift and
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Figure 2 Traveling wave profile 6(¢) obtained for (a) varying Rashba parameter g and fixed out-of-plane strain £33, and (b) vice-vesra.

varies linearly with the out-of-plane strain e33. Moreover, for
Qra < @7}, there is no significant variation in the DW width,
as shown in the inset. However, the DW width decreases as
the Rashba parameter exceeds the critical value. Also, the
crystal symmetry impacts the DW width via the magnetoe-
lastic field and the magnetocrystalline anisotropy. Such be-
havior is also observed in the previous works presented in
Refs. [7,26]. Moreover, the dependence of the depinning
threshold and WB limit of the external magnetic field with
the out-of-plane strain e33 have been illustrated in Fig. 4.
We notice that the threshold and the WB limit decrease as
we gradually increase the out-of-plane strain. This decreas-
ing behavior of the threshold with the strain is also noticed
in Ref. [20], wherein the MSL is considered to be of cubic
crystal classes.

Now, we characterize the boundaries of the steady-state
regime for the current-induced DW motion. In Fig. 5, we
present the plot of the threshold electric current density J™
with the out-of-plane strain €33 for varying the Rashba pa-
rameter agz. For forward DW motion with a fixed ag, the
threshold current density exhibits a linear decrease as €33 in-
creases. However, when &35 is held constant, an increase in
the Rashba parameter results in an upward shift in the depin-
ning threshold of the current density. Moreover, for the back-
ward DW motion, the threshold value of the current density
remains unchanged and demonstrates a weak dependence on
both a and €33, as observed in the inset of Fig. 5.

Furthermore, the dependence of the WB limit of current
density on the out-of-plane strain for varying the Rashba pa-
rameter has been portrayed in Fig. 6(a) and (b). In particular,
Fig. 6(a) and (b) delineate the forward (backward) DW mo-
tion in which the WB limit is identified as JY2,_ (JVB ). For
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Figure 3  Schematics of a bilayer PZ-MS heterostructure along with the

reference axes.

the forward DW motion and the fixed ay, it decreases linearly
with the increase of out-of-plane strain €33, whereas for the
fixed €33, it increases as we increase the Rashba parameter.
On the contrary, for the backward motion and fixed ag, the
WB limit of electric current density increases linearly with
the out-of-plane strain e33. Also, it decreases as we increase
the Rashba parameter for the fixed £33. These results indicate
that the steady-state regime can be adjusted by suitably tun-
ing the Rasbha parameter and the out-of-plane strain. Such
qualitative trends of the threshold and WB values of applied
fields have also been observed for isotropic and cubic crys-
tal classes of the MSLs in these heterostructures under the
Rashba effect in Refs. [19,26]. In Fig. 7, we characterize
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the field-induced DW dynamics and delineate the strain-
dependent DW velocity v with an external magnetic field /5.
It is observed that the velocity of the DW increases linearly
with an external magnetic field for fixed £33. However, for the
constant applied magnetic field, it is possible to achieve high
velocities as we gradually increase the out-of-plane strain. A
similar observation is also noticed without considering the
Rashba parameter in Refs. [2,7].

In Figs. 8 and 9, we present the current-induced DW dy-
namics and illustrate the velocity profile for varying Rashba
parameters, fixed out-of-plane strain, and vice-versa. In par-
ticular, we investigate the dependence of DW velocity on the
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electric current density for the constant out-of-plane strain
and varying Rashba parameter for forward (Fig. 8(a)) and
backward motion (Fig. 8(b)). For the forward motion (v > 0)
and the fixed Rashba parameter, the DW velocity v increases
with the current density J, as shown in Fig. 8(a). Further-
more, for the fixed J, the DW mobility (dv/0J) decreases
with an increase in the Rashba parameter. Also, a larger
Rashba field leads to higher velocities, with the correspond-
ing WB limit shifted upward. However, for the backward
motion (v < 0), the DW mobility changes sign, and the direc-
tion of motion is reversed, as apparent from Fig. 8(b). Conse-
quently, increasing the Rashba parameter increases DW mo-
bility, and a higher magnitude of DW velocities (in an abso-
lute sense) can be attained even for small current values.
Figure 9 (a) and (b) exhibit the relationship between the
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isotropic and cubic crystal classes magnetostrictive materials
under the Rashba effect.

Finally, the field- and current-induced DW motion in the
precessional regime have been exhibited in Fig. 10 (a) and
(b), respectively. In Fig. 10 (a), we represent the variation
of the average velocity v, of the DW with the applied mag-
netic field /3 for varying out-of-plane strain e33. For the fixed
strain, we observe that the average velocity of the DW in-
creases linearly with the magnetic field. However, for a fixed
external magnetic field, it decreases with an increase in &3.
Moreover, Fig. 10(b) shows the average velocity of the DW

as a function of current density J for varying out-of-plane

Current density J (A/pm?)

Figure 8 Profile of DW velocity v versus current density J for constant £33
and different values of ap (a) forward motion (&, < &;,), and (b) backward

motion (&ry > dp,).

Lastly, it is worth mentioning that the theoretical findings
presented in this study are at par with recent observations
[2,3,7,9,10, 18-20, 26, 30,48]. These studies provide em-
pirical evidence for achieving versatile control over DW mo-
bility. More precisely, they demonstrate that adjusting the
Rashba parameter and piezo-induced strains makes it possi-
ble to modulate both the DW velocity, threshold, and WB

strain e33. The average velocity of the DW increases linearly limit
with the current density. Also, it admits weak dependence on
the out-of-plane strain. It is worth remarking that the average

4. Conclusions

velocity of the DW is affected by the Rashba field via the DW
width (Eq. (48)). Since the width of the DW is weakly reliant
on the Rashba field; as a result, the average velocity remains
unaffected by tuning the Rashba parameter. It shows a qual-
itative agreement with the recent theoretical studies reported

in Refs. [18,26].

In a nutshell, this work deals with an analytical investi-
gation of strain-induced fast DW motion in a hybrid PZ-
MS heterostructure by considering the combined influence
of various factors, including applied magnetic fields, spin-
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polarized currents, magnetoelastic effects, magnetocrys-
talline anisotropy, nonlinear dry friction dissipation, Rashba
fields, and the crystal symmetry of the ferromagnetic mate-
rial. Furthermore, it is assumed that the MSL belongs to a
subclass of transversely isotropic hexagonal crystal class that
exhibits structural inversion asymmetry. The analysis is car-
ried out by assuming the linear elasticity for the MSL and
considering that the piezo-induced strains are spatially homo-
geneous and fully moved from the PEL to the MSL through
their shared interface.

We analyzed using the ELLG equation framework and ob-
tained an explicit analytical expression for the key features

of DW motion in both dynamic regimes. Our findings reveal
that piezo-induced strains and the Rashba field significantly
impact expanding the steady-state regime, leading to higher
DW velocities. The relationship between DW velocity and
external stimuli remains linear in the presence of dry friction
and piezo-induced strains. However, the introduction of the
Rashba field introduces nonlinearity. Additionally, by appro-
priately adjusting factors such as piezo-induced strains, elec-
tric current density, Rashba, and dry friction coefficients, the
average velocity of the DW can be modulated.

In summary, our findings suggest that the Rashba field pro-
vides an additional control parameter through which the DW
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motion in the considered bilayer structure can be suitably ma-
nipulated. More precisely, our observations exhibit that the
velocity of the DW increases with the increase of the Rashba
field. In addition, the presence of the Rashba parameter re-
sults in a higher WB limit of the applied current density.
These observations hold significant promise for developing
high-performance and energy-efficient DW-based devices.
Finally, we emphasize that the obtained results in this
study demonstrate a qualitative agreement with the existing
reference. The previous works have investigated the DW
motion wherein the impact of the relevant key parameters
was considered separately. However, our approach involves
the holistic consideration of these parameters, enabling us
to present a thorough analysis that unveils the interrelation-
ships and cumulative influence of these factors on the sys-
tem’s dynamics. In our future work, we intend to extend the
present study to further research lines that include (1) investi-
gating fast DW motion in PZ-MS heterostructures for various
crystal classes of magnetostrictive materials such as trigonal,
tetragonal, orthorhombic, etc. (2) spinorbitronic technolo-
gies, where thin MS layers exhibit perpendicular anisotropy,
Spin-Hall effect, and Dzyaloshinskii-Moriya interaction (3)
strain-controlled curved DW motion in such heterostructures.
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