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Advancing the development of spin-wave devices requires high-quality
low-damping magnetic materials where magnon spin currents can

efficiently propagate and effectively interact with local magnetic textures.
Here we show that magnetic domain walls can modulate spin-wave transport
in perpendicularly magnetized channels of Bi-doped yttrium iron garnet.
Conversely, we demonstrate that the magnon spin current candrive
domain-wall motionin the Bi-doped yttrium iron garnet channel device

by means of magnon spin-transfer torque. The domain wall can be

reliably moved over 15-20 pm distances at zero applied magnetic field by a
magnon spin current excited by aradio-frequency pulse as shortas1ns.
Therequired energy for driving the domain-wall motionis orders of
magnitude smaller than those reported for metallic systems. These results
facilitate low-switching-energy magnonic devices and circuits where
magnetic domains can be efficiently reconfigured by magnon spin currents
flowing within magnetic channels.

Spin waves, or magnons, can efficiently carry spin information over
macroscopic distances in low-damping magnetic materials' *. Mag-
nonic devices are free from certain drawbacks inherent to traditional
electronics, suchas dissipation of energy dueto electric currents’”, thus
providing a promising platform for realizing ultralow-energy devices
and circuits. More importantly, magnons can apply spin-transfer
torque®’° to a magnetic moment and enable useful functions such as
magnetization reversal” or domain-wall (DW) motion'>". Conversely,
magnetic textures such as DWs can attenuate and shift the phase of a
magnon spin current” ', Efficient mutual interactions between mag-
nons and magnetic textures facilitate all-magnon spintronic devices,
where magnons can be used to write magnetic bits through magneti-
zation reversal or DW movement and read the bits via their effects on
magnon propagation. In prior work, metallic Co/Ni multilayer films
with perpendicular magnetic anisotropy (PMA) were utilized to study
the interaction between coherent magnons and DWs", but the large
Gilbert damping (a = 0.024) (ref.13) and pinning of the DWsled to low
DW velocity (-10 ms™) and high microwave power requirements. In
contrast, low-damping magnetic insulators offer animproved materials

platform for wave-based computing by reducing or eliminating dis-
sipation and eddy currents and supporting fast switching dynamics.
In this work, we demonstrate mutual magnon-DW interactions
inlow-damping bismuth-doped yttriumiron garnet (Bi-YIG) ferrimag-
netic films with PMA: the DW modifies the transmission of spin waves,
and the spin waves drive DW depinning and long-range motion even
for pulselengths aslow as1ns. As depicted by the schematicinFig. 1a,
spin waves and DWs interact via an exchange of angular momentum.
Magnons on the left side of the DW carry spin +A, whereas magnons
on the right side carry spin -#; when one magnon transits through
the DW, anet spinangular momentum of 2xis transferred into the DW,
which is predicted to drive DW motion opposite to the direction of
magnon flow®* ", In this scenario, similar to current-driven DW motion
below Walker breakdown'®°, the DW velocity is predicted to linearly
scale with the magnon spin current®", In contrast, if magnons are
reflected or absorbed by the DW, the exchange of linear momentumiis
predicted to drive the DW motionin the direction of the magnon flow,
with dynamics that depend on the spin-wave frequency, amplitude
and angle of incidence, as well as the type of DW and its own spectrum
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Fig.1|Schematic of magnon-DW mutual interaction and characterization
of the Bi-YIG thin-film sample. a, lllustration of magnons transmitting through
aDWinBi-YIG. The magnon on the left side of the DW carries spin +/, whereas
the magnon on theright side of the DW carries spin -/; when amagnon travels
through the DW, a net spin angular momentum of 2# is transferred to the DW,
leading to its motion with speed v;,,. b, Vibrating sample magnetometry (VSM)

26 (degrees)

Out-of-plane field (mT)

measurement on the 17 nm Bi-YIG thin-film sample along the out-of-plane
direction. ¢, X-ray diffraction (XRD) measurement on the Bi-YIG film.

d, Field-differential FMR measurement on the Bi-YIG film sample under
different frequencies, with the external field applied along the out-of-plane
direction. e, Micromagnetic model of DW showing 44 nm width from alinear
fitat the centre of the wall.

of excitations”?’; interfacial symmetry breaking may also affect the

spin-wave-driven DW propagation direction®®. There are few experi-
mental demonstrations of spin-wave-driven or spin-wave-assisted DW
motion. Magnon currents originating from atemperature gradient via
the spin Seebeck effect have been proposed to explain DW displace-
mentinNiFe (ref. 29) and garnet films™. Incoherent magnons generated
by laser pulses®® or DW collisions® and coherent magnons from an
antenna® have been used to assist or drive DW motionin metallic films.
There are also several examples of DWs modifying the transmission of
spinwaves in both metallic magnetic films™*'*'® and PMA garnet”, and
DWs have been used as conduits, waveguides and magnonic crystals
to filter or manipulate the propagation of spin waves™*>*>* Unlike
most prior experiments, the low-damping Bi-YIG material employed
here enables the effective generation of coherent spin waves using a
radio-frequency (RF) antenna at zero external magnetic field, and the
magnon-driven DW motioninduced by nanosecond RF pulses exhibits
orders of magnitude lower energy consumption compared with that
in metallic systems.

Results

The devices in this work were made from a 17-nm-thick Bi-YIG film
grown on a Gd,Sc,Ga,0,,(111) substrate using pulsed laser deposi-
tion (Methods)****, Besides its low damping, Bi-YIG provides a high
magneto-optical Kerr effect (MOKE), facilitating optical imaging of
magnetic-domain. Vibrating sample magnetometry of the as-grown
film (Fig. 1b) shows a square hysteresis loop along the out-of-plane
direction, with a coercive field u,H.= 0.3 mT and saturation magneti-
zation of 100 kA m™. The PMA originates from both magnetostriction
induced by epitaxial strain® and growth-induced ordering of Biand Y
inthe dodecahedralsites of the garnet”. High-resolution X-ray diffrac-
tion measurements (Fig. 1c) indicate fully coherent film growth with
high structural quality®™. Field-modulated ferromagnetic resonance
(FMR) from 4 to 8 GHz was measured for fields along the out-of-plane
direction (Fig.1d). Zero-field FMR s realized at 3.5 GHz (Fig. 1d), which
allows for the excitation of coherent magnons while maintaining a spe-
cificremanent DW configurationinthe device. The Gilbert damping of

similar 25-nm-thick samples measured inthe10-40 GHzrange was as
low as @ =1.3 x 10"* with an inhomogeneous broadening linewidth of
2.7 mT (Supplementary Note 1), consistent with other measurements
on Bi-YIG films*?%, This low damping greatly reduces the power dis-
sipation during magnon excitation and propagation compared with
metallic films®.

The Bi-YIG film was patterned into racetrack structures with a
width of 5 um and length of 80 um (Fig. 2, inset), surmounted by two
Ti (10 nm)/Cu (100 nm)/Au (30 nm) microwave antennae for magnon
excitation and detection®**°, The two antennae are U-shaped shorted
coplanar waveguides (conductors are 1and 2 pum wide, whereas the
gap is 1um)*, placed 4 pm (Fig. 2, inset), 10 pm, 15 pm and 20 pm
apart on the channel. The antenna design allows for the generation
of coherent magnons over a range of gigahertz frequencies, differ-
ing from narrow-band magnons generated by d.c. spin injection**
or non-coherent magnon excitation by a thermal gradient' or spin
Hall effect*.

The propagation of magnons between the two antennae with
and without the presence of a DW in the gap is studied by integrat-
ing the microwave circuits with a MOKE microscope®. In the setup
(Fig. 2, inset), the magnon injector antenna was connected to a sig-
nal generator, whereas the detector antenna was connected to an RF
diode detector. The transmission of magnons was measured using a
field modulation technique by placing the modulation coil under the
device chip (Supplementary Note 2). The magnetization state of the
Bi-YIG channel was set by applying millisecond external magnetic-field
pulses and was visualized from the MOKE contrast.

In Fig. 2, the transmitted microwave signal is plotted versus the
microwave carrier frequency for remanent states without and with a
DW between the two antennae. In the case withouta DW,amaximumin
thetransmission was centred at 4.1 GHz, with a peak width of 0.3 GHz.
The magnetic nature of the observed resonance can be confirmed by
applying a d.c. external out-of-plane field H,,,, which shifts the reso-
nance frequency f (Supplementary Note 3). In the presence of a DW, a
resonant signal was measured again at 4.1 GHz, withawidth of 0.1 GHz
(appearing at anegative voltage dueto the reversal of magnetization).
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Fig.2|Magnon transmission spectrum on the Bi-YIG channel device with and
without the presence of DW. Field-modulated magnon transmission spectrum
measured for the device with uniform magnetization and withaDW in the

gap between two antennae. The RF power used is 14 dBm. The inset shows the
opticalimage of the 5-um-wide Bi-YIG channel device and anillustration of the
instrument connection in the magnon transmission experiment. Two antennae,
one injector and one detector are fabricated on top of the magnetic channel,
separated by 4 pm.

Comparing these two cases, we see that the resonance frequency
is maintained but the signal amplitude is attenuated by a factor of
2.4 (orapowerreductionby afactor of 5.8) after travelling through the
DW. The attenuation in the transmitted magnon signal is consistent
with previous results from a Co/Ni multilayer with PMA (ref. 13). An
analysis of the magnon dispersion relation for the Bi-YIG shows that
these magnons are exchange-mode spin waves**** with awavenumber
of 67 um™and a group velocity of 570 m s, which leads to a propaga-
tion length on the order of tens of micrometres in the Bi-YIG channel
(Supplementary Note 4).

To demonstrate magnon-induced DW motion, we first prepare
aDW near one antenna by applying external magnetic-field pulses. In
Fig.3a(i),aDW (boundarybetween the grey and dark regions indicated
with a red arrow) is formed close to the lower antenna. From micro-
magnetic modelling, the DW is of the Bloch type with a width of 44 nm
(Fig. 1e and Supplementary Note 5). After the application of one RF
microwave pulse of 14 dBmand 1 ms at 4.1 GHz onto the lower antenna,
the DW moves by 3 umtowards the antenna; asecond RF pulse of 15 dBm
and1 ms moves the DW all the way (by 12 um) to the lower antennaedge.
Here 4.1 GHz was chosen based on its high transmission amplitude
(Fig.2).In contrast, when the device was driven by off-resonance 2 GHz
microwave pulses at the same power, no DW motion was detected (Sup-
plementary Note 6). At 4.1 GHz, the DW moves towards the magnon
source, which is consistent with the magnonic spin-transfer torque
mechanism resulting from magnon transmission through the DW*%*,
and different from both linear momentum transfer* and field-induced
DW movementin the presence of transient spin waves®' (in both these
cases, the DWs move along the magnon propagation direction).

We then study the motion of the DW in the region of spin-wave
channel between two antennae, reflecting amore practical configura-
tion for programming the spin-wave conduit using magnon current. We
note that DWs were commonly found near the edges of antennas, pos-
sibly because of local changes in anisotropy due to, for example, strain
fromthe overlaid metal feature. Figure 3b(i) shows adevice where the
two antennae have a separation of 10 pm. Here a DW was formed near
the upper antennaedge with external magnetic-field pulses (indicated
by the grey-white boundary and red arrow). By applying an RF pulse
(2dBm, 1 ms) at 4.1 GHz to the lower antenna, the DW moves by 2 um
towards thelower antenna (Fig. 3b(ii)). Subsequent pulses at 3 dBm and
1msandthenat4 dBmand1msmove the DWby1pmandthenby7 um
(Fig.3b(iii)(iv)) towards the lower antenna. Therefore, the experiments
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Fig.3|Magnon-induced DW motion. The injector antennaand DW are indicated
withayellow lightning bolt and red arrow, respectively. a, MOKE images of a DW
intheinitial state (i), after the first pulse at 14 dBm (ii) and the second pulse at

15 dBm (iii) applied at the lower antenna, using al ms pulse at 4.1 GHz. In (iii), the
DW moving towards the lower antenna probably annihilated with a DW pinned
under that antenna. b, ADW formed near the upper antenna edge in the initial
state (i) and after al ms pulse at 2 dBm (ii), 3 dBm (iii) and 4 dBm (iv) applied at the
lower antenna at 4.1 GHz.

inFig.3a,b demonstrate the progressive motion of the DW towards the
source of spin waves. A local resistance measurement of the antenna
(Fig. 4) and applying a 10 s 4.35 GHz pulse at 24 dBm showed a tem-
perature increase of 0.07 K (Supplementary Note 7), which excludes
possible Joule-heating-induced DW motion.

We explore the effects of incoming RF pulse power, width and
frequency on DW motion in a third device with 15 um separating the
two antennae. We measured the RF power threshold required to ini-
tiate DW motion as a function of the carrier frequency of pulse and
the pulse width. Figure 4a plots the power threshold as a function
of carrier frequency for pulse widths of 1, 2, 3 and 75 ns. These data
exhibit aminimum power threshold at 4.35 GHz for the device under
test. A device with 10 um separating the two antennae (Fig. 3b) gives
similar conclusions but with a minimum power threshold at 4.1 GHz
(Supplementary Note 8). The antenna design used here can produce
anRF field over arange of frequencies, so the minimum power thresh-
old is not attributed to the antenna geometry. Additional examples
of spin-wave-driven DW motion are given in Supplementary Note 9,
including a device that demonstrated DW motion of 20 pm. The fre-
quency dependence of threshold power implies that the transfer of
energy fromthe RF field into spin waves and/or the spin-wave-induced
excitation, depinning and motion of the DW are most efficient at a
particular frequency. Variability in the optimum frequency between
devices probably reflects differences in their magnetic properties due
to variations in deposition or patterning.

Figure 4a (inset) shows that an RF pulse as short as 1 ns (19 dBm)
at4.35 GHz caused the DW to move the entire 15 pum distance between
the antennae. From the smallest measured power threshold foralns
pulse width, we may estimate the energy required to translate a DW
in the channel by estimating losses in the cables and connectors, the
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Fig. 4 |Magnon-induced DW motion power threshold dependence on pulse
width and carrier frequency of pulse. a, Power threshold as a function of RF
pulse frequency for pulse widths of1,2,3 and 75 ns. An error bar is shown, based
onthestandard deviation of ten repeated measurements at one frequency.
Theinset shows the MOKE images of a 15-pm-gap device before and after the 1 ns
4.35 GHz pulse inducing DW motion at 19 dBm. b, DW motion power threshold

Pulse width (s)

as afunction of pulse width with a carrier frequency of 4.35 GHz. An error bar is
shown, based on the standard deviation of ten repeated measurements at one
pulse width. The orange dashed line shows the linear slope corresponding to a
constant pulse energy. The blue dashed line corresponds to stochastic depinning
fit for a pulse width of >1 ps.

inefficiency of energy conversion from the RF signal into spin waves
and the spin-wave energy dissipated by damping (Supplementary
Note 10), yielding an order of magnitude estimate that the upper
bound of energy used to propagate the DW by 15 um is =4 pJ. This
energy is orders of magnitude lower than the one reported in the
Co/Ni metallic structure (energy to drive DW motion is almost of the
order of microjoules), probably due to the low-damping, low-pinning
and low-dissipation properties of the insulating Bi-YIG material.

We now consider the effect of pulse width on the power thresh-
old at the optimum carrier frequency of 4.35 GHz for the device with
15 pmantenna separation (Fig. 4b). Here the power threshold generally
increases when the pulse time is reduced. In the short-pulse regime
(<0.1ps), the slope of threshold power versus pulse width fits well
to a model of constant energy (orange dashed line). In this regime,
the energy transferred from the spin wave to the DW both depins
and propagates the DW. Recalling that spin wave at frequency w has a
power whnuvsyA, where n, vg, and A are the density and velocity of the
magnons and the spin-wave channel cross-section area, respectively.
A constantenergy, therefore, indicates that the total number of trans-
ferred magnons within the pulse duration A¢, nvg,,AA¢, is a constant,
consistent with the constant total angular momentumrequirement for
domain switching. For longer pulses (=1 ps), the threshold power slowly
decreases with increasing pulse length. We attribute the behaviourin
thelong-pulse regime to stochastic depinning of the DW at room tem-
perature, in which spin-wave excitation of the DW is considered to lower
the energy barrier for depinning through the magnonic spin torque. If
wefit this regime using an Arrhenius law* (Supplementary Note 11), we
find the energy barrier that pins the DW to be (0.62 + 0.01) eV. This may
be compared with values 0f1.379 and 1.700 eV obtained in permalloy
nanowires and 1.440 eV for FePt (refs. 45,46). The low magnetization,
coercivity and damping of Bi-YIG may account for its lower pinning
energy barrier compared with these metals.

Conclusions

Inthis work, we have demonstrated mutual interactions between mag-
nons and DWsin channel devices made of low-damping, insulating and
PMA thin-film material, namely, Bi-YIG. We show that the DW attenuates
magnon transport. More importantly, we have shown that a magnon
spin current generated by an RF pulse canreliably drive DW motionina
channel device, withadisplacement of up to15 pmresulting fromalns
pulse. The motion of the DW towards the source of spin waves indicates

that the transfer of angular momentum to the DW from transmitted
spin waves dominates the spin wave-DW interaction, even though
thereisalsothe absorption or reflection of spin waves. The low Gilbert
damping coefficient of Bi-YIG allows for long magnon decay lengths
andtheinsulating properties of Bi-YIG further reduce Joule heating or
conduction-electron-related dissipation, making this material ideal for
low-energy wave-based computing. Unlike spin-orbit-torque-driven
DW motion in Pt/Bi-YIG where an external in-plane field is needed to
formaNéel-type DW?, the magnon-driven DW motion does not require
any specific type of DW and thus does not need the assistance of any
external magnetic field*>*. The Bi-YIG/Gd,Sc,Ga,0,, used here does not
show measurable Dzyaloshinskii-Moriya interactions’, soit does not
support chiral textures. We anticipate that spin waves can also drive
the motion of DWs and chiral textures in magnetic materials with siz-
able Dzyaloshinskii-Moriya interaction*. To further reduce the power
consumption, the antennas may be replaced by amore efficient magnon
generation process, for example, using d.c. spin-Hall-effect-induced
auto-oscillations*>*°. The high DW velocity and low power consump-
tion enabled by low-damping PMA Bi-YIG facilitates applications in
magnon-based spintronic devices and circuits where DWs may be
effectively written, reconfigured and detected by a magnon current.
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Methods

Material growth

Here 17 nm Bi-YIG was grown by pulsed laser deposition at 560 °C
substrate temperature and 150 mtorr oxygen pressure from a
BioY,,Fes0,, target onto a Gd,Sc,Ga;0,,(111) substrate’**. The 248 nm
KrF COMPex excimer laser was operated at 400 mJ per pulse (fluence,
~1.9) cm™),10 Hz laser repetition rate and 6 cm target-substrate dis-
tance. The chamber was pumped to 6 x 107 torr before introducing
oxygen. The films were cooled to room temperature at 10 °C minin
230 torr oxygen.

Integrated microwave and MOKE setup

The device was attached onto a coplanar waveguide printed circuit
board (PCB) with a central hollow area. The PCB had two RF connectors
on the two ends. The antennae on the device were connected to the
signal line and ground on each side of the PCB waveguide using wire
bonding. The PCB was mounted onto a circular modulation coil and the
assembly was installed onto a MOKE microscope stage. The modula-
tion coil could provide afield of about 0.2 mT, well below the channel
coercivity of15.0 mT, and the modulation frequency is100 Hz. Another
perpendicular electromagnet was installed on the MOKE microscope
from underneath and its pole was extended through the modulation
coil to approach the underside of the PCB. This perpendicular elec-
tromagnet applied a d.c. magnetic field to the device to initialize the
domain configuration. The two RF connectors on the PCB were con-
nected to the RF signal generator or RF diode by coaxial cables for the
microwave experiment. Supplementary Note 2 provides more details
of the integrated microwave and MOKE setup.

Microwave pulse experiment

To generate microwave pulses with width longer than 50 ns, we utilized
the intrinsic pulse generation function within the Anritsu 68369A/
NV synthesized signal generator. For microwave pulses shorter than
25 ns, we combined the Anritsu signal generator withanarbitrary pulse
generator (Hewlett Packard 8131A) through a multiplexer to multiply
the nanosecond pulse function (from the arbitrary pulse generator)
with the microwave signal (from the Anritsu signal generator) and
characterized the microwave pulse profile using an oscilloscope. The
microwave pulse magnitude generated in both cases was calibrated
by an Anritsu spectrum analyser, and the loss from both setups was
calibrated by a vector network analyser.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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