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ABSTRACT

We report a micromagnetic study on spin-wave propagation along magnetic domain walls in a ferromagnetic/ferroelectric bilayer. In our
system, strain coupling between the two ferroic materials and inverse magnetostriction produce a fully correlated domain pattern wherein
straight and narrow ferroelectric domain walls pin the magnetic domain walls. Consequently, an external magnetic field does tailor the spin
structure of the magnetic domain walls instead of moving them. We use experimental parameters from a previously studied CoFeB/BaTiO;
material system to investigate the potential of artificial multiferroics for programmable nanoscopic spin-wave channeling. We show that spin
waves are transported along the pinned magnetic domain walls at zero magnetic field and low frequency due to a local demagnetizing field.
Further, switching of the domain wall spin structure from a head-to-tail to a head-to-head configuration abruptly changes the propagating
spin-wave mode. We study the effect of magnetic field strength on the localized modes and discuss reversible control of spin-wave channeling
via electric-field-driven magnetic domain wall motion. Nanoscopic guiding of propagating spin waves by an electric field, in combination
with positional robustness to and mode programming by an external magnetic field, offers prospects for low-power and reconfigurable
domain-wall-based magnonic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179748

Magnonics is an emerging technology that utilizes spin waves for been theorized and simulated, including unidirectional spin-wave
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energy efficient wave-based logic and unconventional computing in
reconfigurable circuits." © To become competitive, schemes for the
channeling and manipulation of spin waves need to improve and the
footprint of magnonic circuits must scale down. As a potential solu-
tion, nano-sized magnetic domain walls operating as reconfigurable
spin-wave nanochannels have been proposed and demonstrated.” *’
The chiral spin structure of magnetic domain walls localizes the trans-
port of spin waves below the ferromagnetic resonance (FMR) fre-
quency of the uniformly magnetized domains.”’ Experiments have
shown that domain walls carrying spin waves with well-defined wave
vectors can be repositioned by a magnetic field,” that spin waves with
nanoscale wavelengths can be injected into magnetic domain walls
using a vortex core or other anisotropic spin textures,”” and that pro-
totypical domain-wall circuits can be patterned by thermally assisted
magnetic scanning probe lithography (tam-SPL).'’ In addition to these
experimental breakthroughs, various effects and device concepts have

channeling,""'>"” the propagation of spin waves along antiferromag-
netic and synthetic antiferromagnetic domain walls,'"” and reconfig-
urable spin-wave couplers based on domain-wall channels.”

The manipulation of propagating spin waves in a magnetic
domain wall is complicated by the fact that an externally applied mag-
netic field moves the wall in a magnetic film without significantly alter-
ing its spin structure. To control the position of domain-wall
nanochannels, micrometer-sized rectangles with a Landau-like domain
pattern”” and tam-SPL'’ have been employed in experiments. Here,
we assess spin-wave transport in magnetic domain walls that are
pinned strongly onto ferroelectric domain walls in a strain-coupled
ferromagnetic/ferroelectric bilayer. This artificial multiferroic system,
which has been studied ex‘[ensively,22 offers attractive features for
nanoscopic spin-wave channeling. First, the magnetic domain walls
are straight and pinned by abrupt changes of magnetic anisotropy
induced by strain transfer from ferroelastic stripe domains in the
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ferroelectric layer. An external magnetic field does, therefore, not
move the magnetic domain walls, but it alters their spin structure,”
enabling programming of propagating spin-wave modes. Second, an
applied electric field can move the magnetic domain walls by displac-
ing the ferroelectric domain walls that pin them.”**” This feature holds
the potential of rerouting spin-wave signals by voltages. Importantly,
in the strain-coupled ferromagnetic/ferroelectric bilayer considered
here, the manipulation of spin-wave modes and the positioning of
nanochannels are separated fully, with one being controlled by a mag-
netic field and the other being driven by an electric field.

In previous studies, we already investigated the use of strain-
coupled ferromagnetic/ferroelectric bilayers in magnonics. For
instance, we showed that pinned magnetic domain walls can act as
broadband spin-wave emitters,”””” we demonstrated programmable
filtering of spin-wave transmission across such walls,”* and we real-
ized voltage control of spin-wave transport by ferroelectric domain
wall motion.”” Here, we focus on the propagation of spin waves along
pinned magnetic domain walls. Figure 1(a) shows the configuration
of our system. It consists of a ferroelectric layer with regular stripe
domains exhibiting 90° rotations of the ferroelectric polarization.
Strain transfer from the ferroelastic domains in the ferroelectric layer
to an adjacent ferromagnetic film induces a fully correlated magnetic
domain pattern.”*”” The magnetic domains labeled a, and a, exhibit
strain-induced uniaxial magnetic anisotropy with a 90° angle
between the easy magnetization axes. Because of the abrupt rotation
of magnetic anisotropy, the Néel-type magnetic domain wall is
pinned strongly onto the ferroelectric domain wall. We simulate
spin-wave propagation along this wall by exciting spin waves using
an antenna structure that is oriented perpendicular to the wall.

The micromagnetic simulations are performed in MuMax3 soft-
ware.”' The input parameters are taken from experiments on a CoFeB/
BaTiO; bilayer with fully correlated domains and pinned magnetic
domain walls.”” We consider a 25-nm-thick CoFeB film. The simulation

(@)
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areais 12.8 X 6.4 umz, and it includes one a, and one a, domain, which
are both 3.2 um wide. The simulation area is discretized into 6.25
X 625 x 1250 nm’ cells. Periodic boundary conditions are applied
along the x and y directions to mimic a sample with alternating a, and
a, domains, as observed in experiments. The domains are separated by
a pinned magnetic domain wall acting as a spin-wave nanochannel. The
strength of uniaxial magnetic anisotropy in the two domains is set to K,
=5x 10* J/m’, and its easy axis rotates abruptly by 90° between
domains. The saturation magnetization, Gilbert damping constant, and
the exchange constant of the CoFeB film are set to M,=1150kA/m,
o= 0.005, and A, = 21 pJ/m. We use an in-plane magnetic field to ini-
tialize two types of magnetic domain walls, narrow walls in which the
magnetization aligns in a head-to-tail configuration and much broader
walls with a head-to-head spin structure.”** Spin waves are excited by
an out-of-plane sinusoidal ac magnetic field applied over a 50-nm-wide
area acting as the microwave antenna [Fig. 1(a)]. The ac excitation field
is set to 10 mT. An external magnetic bias field is applied perpendicular
to the domain wall in some simulations. Snapshots of spin-wave maps
and line profiles representing steady-state dynamics are taken after
50 ns.

Figure 1(b) presents the spatial distribution of magnetization in
the a; and a, domains at zero magnetic field after initialization by an
external magnetic field along the positive y direction. In this remanent
state, the magnetization aligns at an angle of 45° and 135° with respect
to the x axis within the two domains. The thus-formed head-to-tail
magnetic domain wall is narrow, and its magnetization is oriented
along the y axis in the center of the wall. Because of a large demagnet-
izing field [Fig. 1(c)], this magnetic domain wall can act as a nano-
channel for the transport of spin waves. Figure 1(d) shows the spatial
distribution of magnetization in the a; and a4, domains at zero mag-
netic field after initialization by an external magnetic field along the
negative x direction. Now, the remanent state comprises a pinned mag-
netic domain wall with a head-to-head magnetization configuration.
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(c) 45 90 135
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£, L.__+ o E
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-100 0
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FIG. 1. (a) Schematic of the ferromagnetic/ferroelectric bilayer system with a field-programmable pinned magnetic domain wall and a microwave antenna. Strain coupling
between the 90° polarization domains in the ferroelectric layer and the ferromagnetic film produces a fully correlated domain pattern with a; and a, domains. The domains
exhibit uniaxial magnetic anisotropy, and the easy axis of magnetization rotates by 90° at the domain boundary. The abrupt change of magnetic anisotropy strongly pins the
magnetic domain wall. In the simulations, we assume experimentally derived parameters from a CoFeB/BaTiOj bilayer. (b) Simulated remanent magnetization distribution for a
head-to-tail magnetic domain wall. (c) Magnetization angle with respect to the x axis and demagnetizing field along the y axis extracted along the dashed line in (b). (d)
Simulated remanent magnetization distribution for a head-to-head magnetic domain wall. (€) Magnetization angle with respect to the x axis and demagnetizing field along the y
axis extracted along the dashed line in (d). The color wheel illustrates the direction of magnetization in the micromagnetic simulations in (b) and (d).

Appl. Phys. Lett. 124, 042401 (2024); doi: 10.1063/5.0179748
Published under an exclusive license by AIP Publishing

124, 042401-2

£€:92:2) ¥20z Aenigad g1


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl
(a) f=9 GHz (b) f=9.5GHz (c) f=10 GHz
= ‘5’_\ 0.5 0.5 _ 0.5
2M.E ool = | 5 oof--——SaRiaan £ ool BANUUUUN O
= > > 05
10 ¢
ok
-10 t \
3 -2 1 0 1 2 3
X (Hm) X (Um) X (Hm)
@ f= 8.75 GHz ) f= 9.25 GHz () f=9.75 GHz
- _ 0.5 l 0.5 ‘ _ 0.5 \“
€/ E oo aDDN))) »’)»)p)m- ERYIDDD D)) »)))»)mm £ oo »)»)»)))))))»))))»»»n
EllL ™05 L ~ 05 1 ~ 05 A
2> 20 5> 20 ¢ 2 20
o o o
e o) e Sy E s My
£ .20 ‘ £ .20t ! E 20 ¢ .
-1 -0.5 0 0.5 1 -1 0 0.5 1 -1 -0.5 0 0.5 1
X (Hm) X (Mm) X (pm)

FIG. 2. (a)—(c) Simulated spatial maps and line profiles of propagating spin waves in a 90° head-to-tail domain wall at (a) 9, (b) 9.5, and (c) 10 GHz. (d)-(f) The same data for
propagating spin waves in a 90° head-to-head domain wall at (d) 8.75, (e) 9.25, and (f) 9.75 GHz. All simulations are performed at zero magnetic field.

This domain wall is much broader than the head-to-tail wall, and the
demagnetizing field within the domains changes sign. The magnetiza-
tion in the wall center is oriented along the x axis rather than the y axis,
and therefore, the dispersion of spin waves propagating along this wall
is different.

Figures 2(a)-2(c) show simulated spatial maps and line profiles
of propagating spin waves in the 90° head-to-tail domain wall at 9, 9.5,
and 10 GHz. No external magnetic field is used in these simulations.
Spin waves are excited at x=0um, and they propagate along the
domain wall in the positive and negative x direction. The transport of
spin waves at the selected frequencies is localized because the FMR fre-
quency of the a, and a, domains is around 11 GHz. The microwave
antenna does, therefore, not directly excite spin waves in the magnetic
domains. The spin waves propagate perpendicular to the magnetiza-
tion direction in the domain-wall center. The width of the head-to-tail
wall is 36 nm, providing strong nanoscopic confinement. As the excita-
tion frequency increases from 9 to 10 GHz, the wavelength of the spin
waves decreases from 1.5 to 0.5 um. Fitting the line profile in the lower
panels of Figs. 2(a)-2(c) to y = Aexp (—x/l) sin (2nx/ A + ¢) gives a
spin-wave decay length (I;) of 1.32 and 1.01 um at 9 and 10 GHz,
respectively. The short decay length is caused by strong magnetic
damping in the CoFeB film. The spin waves propagating along the
domain wall excite low-intensity waves inside the magnetic domains
[Figs. 2(a)-2(c)]. The intensity of these waves decreases away from the
microwave antenna. The emitted spin waves from neighboring domain
walls interfere within the domains. Figures 2(d)-2(f) show simulated
spatial maps and line profiles of propagating spin waves in the 90°
head-to-head domain wall. Now, the spin waves are confined to a
much broader transporting channel as the head-to-head wall is about
1.43 um wide. Moreover, the spin waves propagate parallel to the
direction of magnetization at the domain wall center. Consequently,
the wavelength of these spin waves is smaller at equal frequency. As
the frequency increases from 8.25 to 9.75 GHz, the wavelength of the

spin waves decreases from 174 to 136 nm. The spin-wave wavefront
inside the broad head-to-head domain wall is curved because of a
gradual rotation of magnetization.

Figure 3 shows the spin-wave dispersion for the two domain walls
extracted from the data in Fig. 2 and simulations conducted at other
frequencies. We note that switching between longer spin waves and
shorter spin waves at the same frequency is implemented easily by
resetting the spin structure of the pinned domain wall using an exter-
nal magnetic field, as previously demonstrated in experiments.”* For
instance, a positive field pulse along the y axis initializes a head-to-tail
domain wall, while a field pulse along the x axis stabilizes a head-to-
head or tail-to-tail domain wall depending on the field direction.
Reprogramming of the spin-wave mode in the domain-wall transport-
ing channel is a unique feature of pinned magnetic domain walls in a
strain-coupled multiferroic system with 90° rotations of uniaxial

10 + —e— head-to-tail
—=— head-to-head
95 r
T 9f
S
-
8.5 r
8 -
0 10 20 30 40 50

wave vector k (rad/um)

FIG. 3. Spin-wave dispersion for a head-to-tail domain wall (black circles) and a
head-to-head domain wall (red squares) at zero magnetic field.
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FIG. 4. (a)—(d) Simulated spatial maps and line profiles of propagating spin waves in a head-to-tail domain wall for an applied magnetic field of +10, 0, and —10 mT along the
y axis. The excitation frequency is 9.5 GHz. (e) Demagnetizing field along the y axis for an applied magnetic field of 410, 0, and —10mT. (f) Spin-wave dispersion for the

head-to-tail domain wall at +-10, 0, and —10 mT.

magnetic anisotropy. In addition to the toggling between two propa-
gating modes, it is also possible to tune the properties of each mode
continuously by an external magnetic field. We illustrate this for the
head-to-tail domain wall and a magnetic field applied along the y axis,
i.e., perpendicular to the domain wall. Figure 4 shows simulated spatial
maps and line profiles of propagating spin waves in the head-to-tail
domain wall for a magnetic field of +10, 0, and —10mT. The excita-
tion frequency is 9.5 GHz. The magnetic domain wall does not move
under the action of an applied magnetic field because of strong pinning
by the strain-induced rotation of uniaxial magnetic anisotropy.”’
Instead of domain wall motion, the external magnetic field rotates the
magnetization in the 4, and a, domains. For a +10mT field, the spin
rotation inside the domain wall decreases from 90° to 81°, whereas a
—10mT field increases the rotation of magnetization from 90° to 99°.
The change in the spin rotation has a two-pronged effect. First, it alters
the domain wall width and, thus, the localization of spin-wave trans-
port. For +10, 0, and —10mT, we find a head-to-tail domain wall
width of 31, 36, and 44 nm, respectively. Second, field-induced tuning
of the magnetization rotation modifies the wavelength of the spin
waves propagating along the wall [Figs. 4(a)-4(d)] because of a chang-
ing demagnetizing field inside the wall [Fig. 4(e)]. Figure 4(f) summa-
rizes the spin-wave dispersion of the head-to-tail domain wall for the
three magnetic bias fields. Local reprogramming of the spin-wave
wavelength by a small bias field could be utilized to control their phase
in domain-wall circuits.

The pinning of magnetic domain walls onto ferroelectric domain
walls in strain-coupled multiferroic systems allows for the driving of
magnetic domain walls by an electric field.”**” In experiments, the

reversible motion of magnetic domain walls by positive and negative
voltages has been demonstrated for ferroelectric layers with alternating
in-plane and out-of-plane polarization.””*’ In this configuration, the
application of a voltage perpendicular to the ferroelectric layer drives
the pinned ferroelectric and magnetic domain walls in unison.
Attaining a similar effect in the bilayer system considered here would
require an in-plane electric field along the polarization direction of one
of the a domains, which is more challenging but not impossible. In
both multiferroic systems, the magnetic domain walls are strongly
pinned onto the ferroelectric domain walls, providing versatile
magnetic-field tuning of guided spin waves and electric-field control
over the position of spin-wave nanochannels. The separation of mode
control and routing could pave the way for realizing low-power mag-
nonic circuits based on reconfigurable magnetic domain walls.

In summary, we investigated the use of pinned magnetic domain
walls in a strain-coupled multiferroic heterostructure as programmable
nanochannels for spin-wave transport. Micromagnetic simulations
show localized spin-wave transmission along pinned domain walls
below the FMR frequency of the magnetic domains. We demonstrate
that an external magnetic field can be used to abruptly switch the
propagating spin-wave mode or to continuously tune the wavelength
of localized spin waves. Together with the potential to voltage control
the position of magnetic domain walls, the studied systems offer
unique features for reconfigurable magnonic devices.
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