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Mutual control of coherent spin waves and magnetic
domain walls in a magnonic device

Jiahao Han, Pengxiang Zhang, Justin T. Hou, Saima A. Siddiqui, Lugiao Liu*

The successful implementation of spin-wave devices requires efficient modulation of spin-wave
propagation. Using cobalt/nickel multilayer films, we experimentally demonstrate that nanometer-wide
magnetic domain walls can be applied to manipulate the phase and magnitude of coherent spin

waves in a nonvolatile manner. We further show that a spin wave can, in turn, be used to change the
position of magnetic domain walls by means of the spin-transfer torque effect generated from magnon
spin current. This mutual interaction between spin waves and magnetic domain walls opens up the
possibility of realizing all-magnon spintronic devices, in which one spin-wave signal can be used to
control others by reconfiguring magnetic domain structures.

s propagating oscillations of magnetic

moments, spin waves (SWs) can transmit

spin information over macroscopic dis-

tances in the absence of Joule heating

(I-6). To manipulate the propagation of
SWs, various methods such as lithographically
defined synthetic crystals (7, 8), static magnetic
fields (9, 10), and electrical currents (17-14) have
been used. The large size (above the microme-
ter scale) of control terminals and high power
consumption in these devices pose obstacles
for practical applications. Magnetic textures
such as magnetic domain walls (DWs) have
been suggested as an alternative. It has been
predicted that DWs can cause substantial
changes in the phase and magnitude of SWs
within the length scale of nanometers (15-19).
This prediction, in combination with reconfi-
gurability (20, 2I) and nonvolatility (22) of
DWs, makes DWs promising candidates for
modulating SWs. However, little experimental
progress has been reported in this direction
(23). A major challenge for experimentally
studying the SW transmission in the presence
of DWs is that resonant excitation and co-
herent propagation of SWs require well-defined
quantization axes for spins. In existing studies,
this condition is usually realized through the
application of a large external magnetic field
(8-10, 12-14), which prevents the formation of
more than one magnetic domain. To achieve
the coexistence of DWs and zero-field ferro-
magnetic resonance (FMR), thin films with
strong magnetic anisotropy and low damp-
ing are highly desirable. In addition to DW-
modulated SW transmission, the mutual
interactions between SWs and DWs can en-
able the inverse effect: the SW-induced DW
movement. As shown in Fig. 1A, SWs carry
magnon spin currents along their propaga-
tion direction. On the two sides of a DW, the
magnons have opposite spin angular momen-
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tum and flow in the same direction, leading to
anet spin injection into the DW. This provides
the possibility of manipulating the orientation
of magnetic domains through magnon-induced
spin-transfer torque (24).

In this study, we employed magnetic films
with perpendicular magnetic anisotropy (PMA)
to achieve the mutual control of SWs and DWs.
The magnetic films used in our experiments
consist of substrate/Ti(8)/Pt(7)/[Co(0.4)/
Ni(0.35~0.4)]o/Ru(3) (numbers indicate width
in nanometers). The Co/Ni multilayer films
were chosen for their high PMA, large mag-
netic volume, and low magnetic damping.
Different from other films with interfacial
PMA such as Ta/CoFeB/MgO or Pt/Co/AlO,,
in which only one thin layer of magnetic ma-
terial can be used to carry SWs, our perpen-
dicularly magnetized Co/Ni multilayers (25)
have a much larger total magnetic thickness,
carrying larger amounts of power through
SWs. In addition, Co/Ni films exhibit mod-
erate magnetic damping (26) compared with
other bulk PMA films, enabling propagation
of SWs over detectable distances. FMR spectra
(Fig. 1B) were obtained on an unpatterned
film by sweeping the field with fixed microwave
frequency, and a moderate Gilbert damping fac-
tor of 0.024: was determined (Fig. 1C) (25). More-
over, a zero-field FMR was reached at 7.5 GHz
(Fig. 1B), which made it possible to excite coher-
ent SWs while maintaining the DW structure.

To study the SW propagation, we patterned
films into strips with width between 3 and
6 um and then deposited SiO, mesas (50 nm
thick) for electrical isolation. A pair of micro-
wave antennae was further deposited for SW
excitation and detection (27, 28). Following
the design in (28), we fabricated the antennae
as ground-signal-ground coplanar waveguides
with three meanders to obtain a well-defined
wavelength (3.2 um) corresponding to a wave
number of & = 1.96 um ™ (Fig. 2, A and B). This
design ensures the resonant generation of
highly coherent SWs with more uniform wave-
length, in contrast to other approaches that
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use thermal gradient (29), spin injection (6, 30),
or broadband microstrip (9, 10, 12) to excite
SWs. The excitation and transmission of SWs
were monitored with a 20-GHz vector net-
work analyzer through the S-parameter mea-
surement. The spectra of microwave reflection
coefficient Sy; and transmission coefficient Sy;
of a uniformly magnetized channel at zero dc
field are shown in Fig. 2C and the upper trace
of Fig. 2D, respectively; both exhibit resonant
features at 7.8 GHz. To verify the magnetic
origin of the observed resonant signal, we
measured S,; spectra under different applied
external fields Hy, With the resonant fre-
quency fversus H, relationship summarized
in the inset of Fig. 2D. A typical spectrum at
Hey = 200 Oe is shown as the bottom trace in
Fig. 2D. The oscillating real and imaginary
parts with a 90° phase difference are typical
characteristics of propagating SWs. In a control
sample with a 2.6-um-wide gap in the magnetic
strip between two antennae (inset of Fig. 2E),
no transmission signal was detected within the
resolution of our setup (Fig. 2E). Moreover, Sy;
spectra with different propagation lengths were
measured, for which the SW decay length (31) of
~3 um was extracted and the propagating SW
picture was further confirmed (fig. S3).

We then studied the transmission of SWs
through a DW by using microwave circuits
integrated with a magneto-optic Kerr effect
(MOKE) microscope (Fig. 3A). Figure 3, B and
C, shows typical MOKE images, with bright
and dark colors representing oppositely ori-
ented domains. By applying millisecond mag-
netic field pulses, we toggled the magnetic
strip between a uniformly magnetized state
(Fig. 3B) and a DW state (Fig. 3C). The DW
width is estimated to be ~20 nm (25). During
the measurement, the edge of the SiO, mesa
assists the pinning of the DW, allowing for
repeatable formation of DWs at the same
location. By comparing the S,; spectra that
correspond to the two different magnetic
states in Fig. 3, B and C (Fig. 3, D and E, re-
spectively), we found that when SWs pass
through a DW, they keep the same resonance
frequency as the uniform state but experience
amagnitude attenuation by a factor of 4.3 (or,
equivalently, a power reduction by a factor of
18). This observed reduction in the transmitted
SW magnitude is consistent with the previous
experiment on more complicated Landau do-
main structures (23), which can be explained
by the reflection of SWs at the DW edge caused
by the quasi-rigid boundary condition for mag-
netic moments. Aside from the attenuation in
magnitude, a 175° phase shift appears for the
SWs propagating through the DW (see the
real and imaginary parts of S,; in Fig. 3, D
and E). This nearly 180° phase shift is robust
across our fabricated devices and immune to
specific DW configuration (i.e., up-down or
down-up). Five devices with the same design
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have been checked and similar results have
been obtained, with variance of the magni-
tude attenuation and the phase shift being
within 10% (figs. S5 and S6). Control of wave
phases lies at the heart of physical implemen-
tation of wave-based computing and signal
processing. Various magnonic logic devices
(4, 15, 19, 32), which rely on the interference
between SWs with different phases, have been
previously proposed. The experimental discov-
ery of the phase-shifting effect can therefore
be useful for realizing those devices.

To better understand the DW-induced SW
modulation, we carried out micromagnetic sim-
ulations (33) by using material parameters
consistent with our real samples. Figure 3F
presents the top view of a magnetic channel
with propagating SWs, described by the x
component of magnetization (m,). We chose
to monitor m,, in the simulations because of
its direct correlation with the experimental
observable in our sample geometry (25). A
radio frequency magnetic field was locally
applied near one end of the channel to excite
SWs. Considering the magnetostatic nature
of our SW, we set the aspect ratio between
the channel width and the SW wavelength to
be the same as that of the real device. By com-
paring the top and bottom panels of Fig. 3F, it
is evident that when the SWs encounter a DW,
the oscillating m, experiences an attenuation
in magnitude and a shift of ~180° in phase,
consistent with our experimental results. The
phase shift in the narrow DW limit can also be
possibly explained by considering the magnetic
field boundary conditions at the opposite ends
of the DW (25).

Similar to spin-valve structures, in which
magnetic orientation may result in resistance
change (giant or tunneling magnetoresistance)
and current may induce magnetic switching
(spin-transfer torque), the device structure
studied in our experiments can also exhibit
this pair of inverse effects. In the structure
shown in Fig. 1A, the SWs carry magnon spin
current Jg with spin angular momentum anti-
parallel to the local equilibrium direction.
Across the DW, the spins carried by J; reverse
sign, resulting in net spin current divergence,
which can further cause spin-transfer torque-
induced magnetic switching. To observe this ef-
fect experimentally, we applied large-magnitude
SWs by increasing the driving microwave pow-
er. Moreover, we adopted a simple antenna
design with one meander (Fig. 4A), whose
reduced resistance optimizes the impedance
matching with the microwave circuit. In ad-
dition, a single antenna, rather than antenna
pairs, was employed for clearer observation
of the DW movement at longer length scales.
In this measurement, an up-down DW was
nucleated close to the antenna with exter-
nal magnetic field pulses, as shown by the
boundary between the bright and dark regions
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Fig. 1. lllustration of the basic concept and FMR measurements of thin-film samples. (A) Schematic of
SWs passing through a DW. The magnons at different sides of the DW carry opposite spins, which leads
to a spin angular momentum transfer to the DW. +A represents the angular momentum of each magnon.
(B) FMR spectra of unpatterned Co/Ni films at different microwave frequencies. The field is applied out of
plane. (C) FMR resonant field (H,es) and linewidth (AH) as a function of microwave frequency.
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Fig. 2. SW transmission in uniformly magnetized devices. (A) Optical image of the device. Scale bar,

30 um. (B) Scanning electron microscopy (SEM) image of the center of the device. The width of the
magnetic channel is w = 6 um and the distance between the antennae is d = 6.4 um. Scale bar, 6 um.

(C) Reflection spectrum Sy at zero field. (D) Transmission spectrum Sy with external fields of O (top) and
200 Oe (bottom). The (arbitrary) unit is the same for Sy; and Sy;, enabling a comparison of their values.

Re, real; Im, imaginary. (Inset) Resonant frequency as a function of external field measured from S5;.

(E) Transmission spectrum of a control sample, where the magnetic strip is discontinuous with a 2.6-um-wide
gap between the antennae. A microwave power of 4 uW was used for all measurements depicted in this figure.
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Fig. 3. SW propagation across a DW. (A) Photo of the experimental setup. (B and C) MOKE images of the device in a uniformly magnetized state and a DW state,
respectively. The bright and dark regions in the magnetic channel represent domains with up and down magnetization. In the DW state, the wall is located between the

two antennae. Scale bar, 10 um. (D and E) S,; spectra for (B) and (C). A microwave power of 4 uW was used for the measurement. (F) Simulated SW propagation in a
600-nm-wide magnetic channel without (top) and with (bottom) a DW. The SW wavelength is 320 nm. m, represents the x component of the magnetization. The dashed
rectangle indicates a typical region for comparing the magnitude and phase of the transmitted SWs in the uniform channel and the channel with a DW.

in the top panel of Fig. 4B. With the appli-
cation of the SW, the DW moves toward the
SW source in the absence of any dc magnetic
field and stops underneath the antenna (bot-
tom panel of Fig. 4B). A similar effect was ob-
served for the down-up DW (see the movement
of the boundary between dark and bright re-
gions in Fig. 4C). When the device was driven
with off-resonance microwave signals at the
same power, no DW motion was detected. In
our experiment, DWs always move against
the SW-flowing direction, consistent with the
magnonic spin-transfer torque mechanism
(24, 34) and in contrast to the linear momen-
tum transfer picture (35). This observed DW
movement direction differs from the recently
observed field-induced DW movement under
the assistance of transient SWs (36), where
SWs help DWs move along the wave-flowing
direction. Using the microwave power in our
DW motion experiment, we can estimate the
spin current density carried by the SW to be
on the order of 107(%/2e)A/ecm?® (#, Planck’s
constant divided by 2r; e, elementary charge)
(25), similar to the typical threshold spin cur-
rent density needed for current-induced DW
motion (22). Under this magnon spin current
density, the DW velocity is expected to be
~10 m/s (24, 25), comparable to the velocities
obtained in the spin-transfer torque configu-
ration (22).

Han et al., Science 366, 1121-1125 (2019)

To further verify the spin-transfer torque
origin of the observed DW motion, we ex-
perimentally determined the switching phase
diagram of the DW under applied SW and
external fields. The depinning field (Hgepin)
was measured by simultaneously applying ex-
ternal magnetic field pulses and continuous
microwave power at the resonant frequency.
Using the magnetometry mode of MOKE mi-
croscope, we determined the switching curves
of magnetic domains (Fig. 4D). Under the ap-
plication of SWs, Hgepin €xhibits an overall
shift, indicating that the SWs assist the DW to
move toward the antenna and hamper the mo-
tion in the opposite direction. Hyepin as a function
of the driving microwave power is summarized
in Fig. 4E under both on-resonance frequency
(8.8 GHz) and off-resonance frequency (7 GHz).
For the off-resonance case, a simple reduction
of Hgepin in both directions was observed,
which can be explained by a trivial thermal
effect that suppresses the switching energy
barrier. By comparing the slopes of the two
groups of curves, we found that, whereas
the thermal effects are similar, only the on-
resonance data show asymmetries in Hgepin
of the two different switching directions, in-
dicating that coherent magnons other than
thermally induced spin flow (29) play a major
role in the observed DW motion. To exclude
the contribution from the extra heating effect
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caused by FMR, we used the anomalous Hall
effect to quantitatively characterize the mag-
netization change in the two experimental
situations, as well as to compare them with the
change caused by dc current-induced Joule
heating. We found that the heating-induced
reduction in magnetization cannot account for
the observed effect (25). Finally, Hgepin under
different driving frequencies is summarized
in Fig. 4G, consistent with the SW absorption
spectrum (Fig. 4F).

The transfer of spin current with magnon
flow represents an energy-efficient process.
To transfer one unit of spin angular momen-
tum (%), the energy of a magnon () must be
consumed, corresponding to tens of micro-
electron volts for gigahertz SWs. This amount
is smaller than the energy consumption in
other spin current-generation methods such
as tunnel junctions or spin valves, for which
the corresponding value is in the range of milli-
electron volts to sub-electron volts. Substantial
differences still exist between the power carried
by the SW in the device and that generated
at our microwave source, which mainly comes
from the low efficiency associated with the in-
ductive generation of SWs using the antenna,
degrading the overall power performance of
the studied device. This can be improved by
using energy-efficient SW generation mech-
anisms (37, 38). In the meantime, the energy

3 of 4

6102 ‘2 Jaqueoa uo /610" Bewadusios aouslos//:diy woly papeojumoq


http://science.sciencemag.org/

RESEARCH |

REPORT

A D 8.8 GHzgy E
H,. - — - - - - -
0uw) l*
_ 0 ' | -
© | | =
S| odo-oo - =) :
B Up-down DW @ . - ' :
- v 6 14 ~ _____ ’ g
Before S o] : , ~
- ; 'l 8.8 GH
B Z
- - - - 0.48 mW
-200 -180 180 200
After o
SW
G
7.0 GHz
c Down-up DW R
Xk o
4 (@)
Before — v%
SW :
- __.,4.'—-.--‘.‘"‘. 7.0 GHz E
200 M"“”‘
8.8 GHz
After 220] | | |
W 00 04 08 12
Puw (MW)

Fig. 4. Magnetic domain switching induced by SWs. (A) SEM image of the
device. The magnetic strip under SiO, is marked by the dashed lines. Scale bar,

4 um. (B and C) MOKE images showing the movement of the up-down and down-up
DWs under zero dc magnetic field. The bright and dark regions in the magnetic
channel represent domains with up and down magnetization. The microwave power
applied onto the antenna is Pyy = 2.2 mW at resonant frequency (8.8 GHz for this
sample, slightly higher than the previous value, owing to the stronger anisotropy

efficiency of magnonic devices can be en-
hanced by keeping signals in the SW domain
and avoiding frequent interconversions between
electrical and SW signals. Our experimental re-
sults of the mutual control between SWs and
DWs thus facilitate the possibility of using one

SW to modulate the transmission of others by

reconfiguring the magnetic domain structures.
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field). See (25) for the power calibration methods. (D) Magnetic switching around
the DW location measured from a MOKE magnetometer, under microwave power of
Puw = 048 mW at 8.8 GHz. (E) Hyepin as a function of microwave power. (F) SW
reflection spectrum at zero dc field. (G) Huepin @s a function of microwave frequency.
The microwave power is fixed at Pyy = 0.48 mW. The applied field in this
measurement is small compared with the linewidth of this sample, so the SWs still
propagate across the DW with slightly reduced power.
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Toward magnonic devices

The field of magnonics aims to use spin waves (SWs) and their associated quasiparticles—magnons—as carriers
of information. Compared with the movement of charge in conventional electronics, a major advantage of SWs is
reduced Joule heating. However, SWs are trickier to direct and control. Two groups now go a step further toward
magnon-based devices. Han et al. show that in multilayer films, domain walls can be used to change the phase and
magnitude of a spin wave. Wang et al. demonstrate how magnon currents can be used to switch the magnetization of an
adjacent layer.
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