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Fiber optics for spin waves

Xiangjun Xing! and Yan Zhou?

Magnetic skyrmions in chiral magnets with the Dzyaloshinskii—-Moriya interaction have received intensive attention because of
their potential in prospective applications. Here, we theoretically demonstrate that another novel spin texture in chiral magnets—
the chiral strip-domain wall (SDW)—can generate a deep one-dimensional potential well of magnetic origin. We show by
micromagnetic simulations that the potential well caused by a SDW can serve as an internal channel to guide spin-wave (SW)
propagation, which makes the ultrathin chiral magnet including the SDW become a reconfigurable self-cladding optic-fiber-like
magnonic waveguide with a graded refractive index. Furthermore, we design logical NOT and NAND gates based on the state-
modulated transmission property of the magnonic waveguide. We also reveal that a SDW can be reliably written into the gate
arms using the Slonczewski spin torque. Finally, prospective applications of the observed potential well in other fields are
envisioned. This work is expected to open new possibilities for SW guiding and manipulation in ultrathin magnetic
nanostructures as well as to help shape the field of beam magnonics.
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INTRODUCTION

Magnonic circuits are estimated to be capable of providing substantial
throughput enhancement compared with those circuits currently
based on complementary metal-oxide-semiconductor technology;
special tasks such as advanced image processing and speech recogni-
tion that benefit from parallel processing of information will also be
possible.? To achieve multifunctionality of magnonic circuits, con-
trolled propagation and manipulation of spin waves (SWs) in a rich
variety of magnetic nanostructures are required.

With the continued downscaling of magnetic films, the antisym-
metric Dzyaloshinskii-Moriya interaction (DMI)** arising from spin-
orbit scattering of itinerant electrons has manifested its roles in
ultrathin samples with inversion-asymmetric interfaces,>® where
various spin textures such as spin spirals,” chiral domain walls®® and
skyrmions!? were observed recently. As already shown in (refs 11-15),
inhomogeneous spin textures may offer efficient means for tailoring
spin-wave (SW) propagation in magnetic nanostructures. Conse-
quently, ultrathin nanostructures with interface-induced DMI will
become promising candidates for the construction of magnonic
devices with versatile functionalities."'*~1® So far, guided propagation
and manipulation of SWs in chiral nanostructures containing unique
spin textures have not yet been addressed, despite their strong
relevance to potential applications of chiral magnets in magnonics as
well as to understanding the strength of relevant interactions.'®?° In
the widely used Damon-Eshbach (DE) propagation geometry,?! SWs
in a strip-type waveguide—regardless of the center or edge modes?>—
have nonzero precession amplitude at the boundary;?® therefore, they

might suffer from undesired scattering caused by boundary irregula-
rities that have been found to result in reduced attenuation length.??
The self-cladding waveguide with well-defined internal channels
suggested by Duerr et al.'® can resolve the edge-scattering problem,
but the channels must be maintained by an applied field, which is not
preferred in real devices.

In this work, we demonstrate the realization of a novel type of
graded-refractive-index magnonic waveguides with self-cladding inter-
nal nanochannels, in which SWs are trapped transversely and
propagate an ultra-narrow beam less than 10 nm in beamwidth. The
channeling effect stems from the strong inhomogeneity of the internal
field in the direction normal to the strip-domain wall (SDW)
stretching direction. The drastic decrease in this field inside the SDWs
creates a narrow potential well that is deep enough to allow precession
of magnetization at ultralow frequencies. In addition, multichannel
SW propagation in a single waveguide is accomplished by introducing
multiple SDWs into the waveguide (such a multi-SDW spin texture
should exist ubiquitously in magnetic films with interfacial DMI, as
has been observed in a few samples made of different materials and/or
structures).»>»?> Furthermore, we show that when the waveguide is
toggled to a quasiuniform single-domain state, no SWs can enter and
pass through the waveguide unless the frequency is increased to tens of
gigahertzes. Finally, we implement logic-NOT and -NAND gates by
virtue of the observed state-modulated SW transmission, and we
demonstrate how a SDW can be reliably written into the gate’s arm to
ensure the feasibility of this logic architecture. The advantage lies in its
complete compatibility with racetrack memory,?® that is, it can be
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directly interconnected with the latter circuits because the unit
(magnonic waveguide) used in these gates can, after proper reconfi-
guration, work as a nanotrack for skyrmion motion in skyrmion-based
racetrack memories.?”»?8

MATERIALS AND METHODS

Micromagnetic models

The layout of the present study is shown in Figure la. The magnonic
waveguide, in which SWs will be excited and guided, is composed of a
rectangular magnetic plate elongated spatially in x direction. It should be
patterned from an ultrathin magnetic film with inversion-symmetry-breaking
interfaces to ensure the occurrence of an induced DMI® required to stabilize
chiral SDWs in the waveguide. In the following sections, we will demonstrate,
as a first step, the fundamental principle of utilizing a SDW to channel SW
propagation in a magnonic waveguide. Here, we chose a 1200-nm-long and
60-nm-wide waveguide, in which a single SDW is included (Figures 1,2,3 and
Supplementary Figures 1). For comparison, however, we also checked SW
propagation in the same waveguide with a distinct spin configuration.
Subsequently, we will show that SW propagation along separate channels in
parallel is attainable in a single waveguide. For this, the additional widths of 120
and 160 nm were adopted to accommodate more than one SDW (Figure 4).
Finally, we will illustrate how to perform logic operations using the state-
modulated SW output. To this end, a waveguide of 300 nm long and 60 nm
wide was employed as the basic unit of the logic gates (Figures 5 and 6). All
waveguides are 1 nm thick.

Numerical simulations
Micromagnetic simulations®® with MuMax3* and OOMMF?! codes were
carried out to seek a static equilibrium spin configuration in the magnonic
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Figure 1 Setup for SW excitation and propagation, SDW state and its
internal-field profile. (a) The waveguide is made of chiral magnetic films with
an interfacial DMI. A microstrip antenna is fixed at the center of and
perpendicularly to the waveguide, so that the spin waves, once emitted after
opening the excitation field hat, will travel in opposite directions as
indicated by the yellow arrows. The areas in dark blue at the ends of the
waveguide form an absorbing boundary used to suppress SW reflection. The
waveguide is 1200 nm in length and can have different widths depending
on the number of SDWs that are intended for writing. (b) Spin configuration
of the SDW state in a 60-nm-wide waveguide. The SDW sits between two
strip domains with up and down magnetization. The SDW has a definite
chirality (anticlockwise herein) as determined by the DMI. (c) Cross-section
view of the above spin configuration and the magnetization and energy-
density distribution over the waveguide width. (d) The internal-field
distribution over the waveguide width. The magnitude of these fields shown
in the inset indicates that a deep potential well is formed in the center of
the waveguide. The well width, ~ 10 nm, is defined as the full-width at half-
maximum (FWHM) of the well in H,.
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waveguide and to trace the dynamics of magnetization driven by an external
stimulus. For all computations, the Landau-Lifshitz—Gilbert equation was
augmented with the interfacial DMI term,’? and for those simulations
examining the spin dynamics triggered by an out-of-plane electric current
(Figure 6), the Slonczewski spin torque®® (together with the DMI) was added
into the Landau-Lifshitz—Gilbert equation as well. For finite-temperature
simulations, the random thermal field of the Brown form**** was included
in the effective field (the results are shown in Supplementary Figure 4). The
micromagnetic simulation details are presented in the Supplementary
Information. The material parameters adopted in the simulations are typical
of Pt/Co systems with perpendicular magnetic anisotropy:?’ the saturation
magnetization M;=580 kA m’!, the exchange stiffness A=15p] m! and the
Gilbert damping was assumed to be a=0.0127*>3 throughout the waveguide
except at the absorbing boundary region,>” where its value is greatly enhanced
(=0.05%%40 was also examined in the simulations, which gave similar results
as a=0.01; see Supplementary Figure 3). One apparent difference is that the
SWs decay expectedly faster for a=0.05 than for @ =0.01. The details about the
choice of the damping values are shown in the Supplementary Information). A
series of values in large intervals were examined for K, (the perpendicular
magnetocrystalline anisotropy) and D (the DMI strength) to ensure the validity
of the results to a variety of possible samples (Supplementary Figures 1 and 2).
For many of the combinations of K, and D, the waveguide can stay in a multi-
SDW state where opposite strip domains are separated by chiral SDWs. The
results presented in the figures throughout the paper correspond to
K,=0.8 MJ m™ (thereby, the effective uniaxial anisotropy K.g=0.6 MJm™
as determined from Keg=Ky-(1/2)poM2)*”*! and D=3.5 MJ m™2. The com-
putational volume is discretized into cubic meshes of 1x 1x 1 nm? irrespective
of the sample size. The excitation field hyy is applied to an area of 4 X w nm? (w
is the waveguide width) in the waveguide specified by the antenna, and it has a
time profile of either hay(t) = Hysin[2nf.(t-1))]/[2nf.(t-1y)]é, where
Hy=2000 Oe and f. =80 GHz are the amplitude and cutoff frequency of the
sinc field, or hap(t) = hy-sin(2xft)éy, where hy and f are the amplitude and
frequency of the rf field, for different purposes. For hy=10 Oe and 200 Oe, no
significant difference in the results was observed, except that the 200 Oe field
can render higher phase resolution between neighboring simulation cells. In
addition, hy=1000 Oe and 10 000 Oe were used to check the stability of the
SDW state; it was found that the SDW structure could not be destroyed at these
fields.

Code availability. OOMMEF and MuMax3 used to generate the results are
open-source, public-domain codes and can be accessed freely at http://math.
nist.gov/oommf/ (Release version 1.2a5) and http://mumax.github.io/ (Release
version 3), respectively.

RESULTS
Formation of a deep one-dimensional (1D) potential well along the
SDwW
In Figures 1b, a SDW is placed between the top and bottom strip
domains with up and down magnetization, respectively. The side view
of the spin texture is shown in Figure 1c. It is clear that the SDW is of
Neel type® and has a left-handed chirality (along the +y axis, the
magnetization rotates counterclockwise from downward to upward)
guaranteed by the interfacial DMI. Here, the roles of the DMI are
twofold: it stabilizes a twisted spin configuration and the chirality of
the twisted magnetization. Without the DM], it is impossible to realize
a spin texture in such a small sample. The variation of M, and M, over
the waveguide width, plotted in Figure 1c, indicates that the profile of
M, is symmetric about the SDW line, whereas the M, profile is
antisymmetric. The SDW state is protected by its own spin config-
uration with such an alignment of the M, component. As the middle
SDW approaches any of the lateral edges, it feels increased repulsive
force from that edge similar to the situation encountered by skyrmions
moving toward one edge of a racetrack.?”-38

The magnetic energy landscape across the waveguide width,
corresponding to the shown configuration, is plotted in Figure 1b.
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Figure 2 Channeled SW propagation, wave characteristics and confining potentials for the SDW and single-domain states. SW propagation patterns at
specified frequencies in the 60-nm-wide waveguide for the (a) SDW and (b) single-domain states. (c) The beamwidth as a function of frequency. The
beamwidth is defined as the FWHM of the SW amplitude distribution over the waveguide width. (d) SW dispersion relation. The lower branch corresponds to
the well-mode SWs along the center channel of the SDW state, and the upper branch is for the edge-mode SWs along the edge channels'# of the single-
domain state. f; and £, represent the open frequencies of the well-mode and edge-mode SWs. (e) Internal-field landscape for the SDW and single-domain
states. The center well caused by the presence of the SDW is about six times deeper than the edge wells arising from the partial walls!# at the lateral edges.
This difference in the depth of these wells can explain the distinct f; and £, values.

By recalling that the effective field He is the partial derivative of the
energy density E with respect to the magnetization, that is, Heg~ -0E/
om, the effective magnetic field associated with the spin texture can be
obtained as plotted in Figure 1d. Clearly, the H, (H,) component of
the effective field has the same symmetry as the M, (M,) magnetiza-
tion component. However, the field distribution exhibits enhanced
inhomogeneity compared with the magnetization distribution. If we
focus mainly on the magnitudes of Hy, and H, but disregard their
signs, we obtain the field profile as inserted in Figure 1d, from which
the formation of a potential well can be clearly observed. The potential
well created by the field inhomogeneity is centered at y=0 (that is,
along the SDW line). Apart from the minimum at y =0, there are two
other minima in Hy at y ~+20nm, where no potential wells can be
induced yet because H, is close to its maximum. A potential well can
be formed only at the position where both Hy and H, take minimum
values.

At around y=0, note that the internal field exhibits a dramatic
decrease from maximum to minimum. This means that the potential
well is not only deep but also narrow. As a result, if an external
perturbation at a relatively low frequency is imposed, the spins inside
the well will be able to precess; however, those outside the well will
not. In this way, the SDW causing the potential well should offer a
narrow channel along which the SWs at subthreshold frequencies
propagate and form a wave beam. This idea has been verified by
micromagnetic simulations, and the results are presented in Figure 2.

Internal guiding of SWs due to the 1D confining potential

Figure 2a shows the snapshots of SW distribution at certain
frequencies in the magnonic waveguide with a SDW. From these
figures, the formation of the SW beam is clear and justifies that the
SDW in the waveguide can indeed serve as a channel to guide SW
propagation. The well in the internal field is so deep that the SWs
down to 2 GHz can be present inside with much pronounced strength.
In fact, the dispersion relation of the well mode suggests that the
critical frequency (f;), above which SWs are permitted to exist in the
channel, is close to zero (see Figure 2d for details). When the excitation
frequency exceeds 60 GHz, SWs will not only be trapped in the well
but will also appear outside. That is, the barrier and well modes will be
excited simultaneously (Figure 2a6). The SW wavelength of the well
mode is much shorter than that of the barrier mode as a consequence
of the difference in the internal field. As anticipated, the wavelength of
the well-mode SW decreases as the frequency increases. In the well
region, the magnetization is oriented along the y axis and is thus
perpendicular to the propagation direction of the SW, which forms the
DE propagation geometry. It is well known that the DE SWs have
positive dispersion and, more importantly, high group velocity in the
allowed frequency range.*>*> Another striking feature in Figure 2a is
that the leftward- and rightward-propagating SWs have different
wavelengths and amplitudes, which indicates that the well-mode
SWs along the internal channel are nonreciprocal. The nonreciprocity
of SWs is an intrinsic property of the chiral magnetic system with an
interfacial DMI. 1444
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Figure 3 Channeled-SW attenuation with increased propagation distance.
The lines are guides to the eyes and used to reflect the tendency for
evolution of the amplitude ratio against the propagating distance. Inserted in
each panel is the fast-Fourier-transform (FFT) amplitude distribution pattern,
derived using SEMARGL software,29 of the channeled spin wave at the given
frequency. (a) 4 GHz, (b) 20 GHz, (c) 40 GHz and (d) 60 GHz.

As shown in Figure 2¢, the beamwidth of the well-mode SW is
almost independent of the frequency and is smaller than 10 nm, which
is in good agreement with what is expected from a well width at
~ 10 nm. Owing to the perfect confinement effect of the potential well,
the strength of magnetization precession at the lateral edges is around
zero. Accordingly, the SWs traveling along the channel are insensitive
to the edge environment. In this way, we realize a self-cladding optic-
fiber-like magnonic waveguide. Here, the strongly modulated internal
field is equivalent to the graded refractive index found in fiber optics,
and the confining well plays a role like the core layer of an optic
fiber.*> Potential devices built from such optic-fiber-like waveguides
should possess high reliability and performance, as the negligible
boundary scattering experienced by the channeled SWs will lead to an
increased SW attenuation length and even coherence length.

For comparison, we examine SW propagation in the same
waveguide but with a single-domain spin configuration (the left panel
in Figure 2b). The right panels in Figure 2b show the distribution of
SWs at two characteristic frequencies. Below 58 GHz or the threshold
frequency (f;), no SWs can be excited in the waveguide. At 60 GHz
(slightly larger than f;), only one edge mode can couple to the
excitation field and propagate along the edge channels. At 80 GHz
(much larger than f;), both of the two edge modes are activated.
Obviously, these SWs are nonreciprocal, which is qualitatively
consistent to what was found in the study by Garcia-Sanchez et al.'

The dispersion curves in Figure 2d can offer a full picture of the SW
excitation and propagation characteristics in the waveguide. The
bottom curve comes from the well mode in the SDW state, and the
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top curve comes from the edge-mode in the single-domain state. It is
observed that any perturbation, with the upper frequency in the range
of fi—f,, will be able to pass through the waveguide in the SDW state
but will be stopped in the waveguide in the single-domain state.
Namely, by toggling the magnetization state of the waveguide, the SWs
can be switched on and off. This feature is explored to implement
logic operations, as will be shown later. In contrast to the edge mode,
the well mode exhibits an enhanced nonreciprocity (compare the
dispersion curves in the range of 60—80 GHz). For the same frequency,
the well mode has a lower phase velocity but a higher group velocity
than the edge mode, which promises a larger SW coherence length.

The internal-field profiles for the SDW and single-domain spin
textures are shown in the left and right panels of Figure 2e,
respectively. One can see that the side wells stemming from the partial
walls' situated around the lateral edges (see the left panel of
Figure 2b) are rather shallow compared with the center well created
by the SDW. The field values corresponding to the side- and center-
well bottoms are approximately 16 and 2.5 kOe, respectively. This can
account for the large difference in the open frequencies (f,—f;) of the
well and edge modes when considering that the open frequency of the
mode excitation is determined by the strength of the effective field in
the excitation region.

In Figure 2a, we have found that the channeled SWs are reciprocal,
as revealed by the different wavelengths and amplitudes of the leftward
and rightward traveling SWs. Because of the limited size of the
waveguide, it is impossible to directly derive the attenuation lengths of
these two beams; however, it is still possible to assess which of the two
branches decays faster. Our idea is as follows: Discarding the phase
information, the amplitude of propagating SWs as a function of the
propagation distance is given by A(x) = Ay-exp(-x/A),** where A and
A are the excitation amplitude and attenuation length of a SW,
respectively. Thus, the amplitude ratio of the leftward and rightward
propagating SWs is 1= Al(x) /AT (x) = Al AT -exp[x-(A-AD[(AFAL) . T
A=A, then n=Al/A" = C, which means that the amplitude ratio is
constant and independent of the propagation distance. If Aj<A,, then
n=C-exp(a-x) where a=(A-A,)/(ArA;) <0, suggesting that the ampli-
tude ratio will decrease monotonically with the propagation distance;
otherwise, it will increase monotonically with the propagation
distance.

The amplitude ratio between the left and right beams against the
propagation distance as well as the associated amplitude patterns for
SWs at several characteristic frequencies are shown in Figure 3. From
these figures, it is clear that the amplitude ratio is a decreasing
function of the propagation distance. We thereby infer that Aj<A,,
namely, the rightward traveling SWs decay at a slower rate than the
leftward traveling ones. In addition, it is found that the amplitude ratio
increases with the frequency, which implies that the higher the
excitation frequency, the higher the relative excitation efficiency
between the left and right beams. This behavior is already noticeable
in Figure 2a.

Now that the SW channel is defined by the SDW that introduces
the confining potential, is it possible to have multiple channels in a
single waveguide containing more than one SDW? If so, those
ultrathin magnetic samples with repeated strip domains at equili-
brium, realized experimentally by different groups,”?**> might be
used as a multichannel magnonic waveguide. To test this concept, we
write two and three SDWs into one waveguide and then examine SW
propagation in the waveguide with either of the written spin textures.
From Figures 4a and b, it is apparent that the 2-SDW and 3-SDW spin
textures can statically exist in a single waveguide, and the excitation
and propagation of SWs in the parallel confining wells are also
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Figure 4 Realization of a multichannel waveguide based on a magnetic plate
incorporating more than one SDW. Static spin configurations and steady-
state SW propagation patterns for the (a) 2-SDW and (b) 3-SDW states are
presented in the left and right panels, respectively. The magnetic plates are
(@) 120 and (b) 160 nm in width. Both samples are 1200 nm long.

attainable dynamically. Because of the inherent nonreciprocity of the
channeled SWs, the beams in neighboring channels exhibit different
wave characteristics, that is, the wavelength, strength, attenuation
length and so on. As a consequence, patterning of an extended film
into 1D magnonic waveguides to confine SWs might be avoidable, and
manipulation of the SW propagation for functional operations can
possibly be done directly within individual channels written into the
film rather than in separate waveguides patterned from the film. The
channel properties can be tailored, for example, by engineering
material or interface parameters.”>?’ The spacing between nearby
channels should be controllable by means of a local Oersted field,'!
spin-transfer torque®> or spin-Hall torque*® (for details on how to
control the spacing between nearby channels, see Supplementary
Figure 5).

Logical operations based on state-modulated SW transmission

To relate these findings to practical applications, we constructed
magnonic logic gates on the basis of the state-controlled switch of the
SWs in the novel waveguide. The structure of the logic-NOT gate
(Figure 5a;) incorporates a short waveguide (300 nm long, 60 nm
wide) and a pair of antennas. The left antenna is used to inject SW
signals into the waveguide, and the right antenna is used to read out
these signal via inductive coupling. The logic input and output of this
NOT gate are encoded into the spin state of the waveguide and the
amplitude of the received signal, respectively. In principle, a logic-
NOT gate in combination with at least one additional two-input logic
gate will enable the implementation of arbitrary logical operations,
sometimes with the assistance of the fan-out and cross-over routing
units.*” Here, we build a two-input logical NAND gate by connecting
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Figure 5 Logical NOT and NAND gates based on state-modulated SW
transmission. (a) Diagram of the gate architecture. The left antenna is the
SW source and the right antenna detects the output signal encoded into the
SW strength. Logic input is encoded into the spin state of the gate’s arm.
The notches at the ends of a gate arm are used to reduce SW reflection.
(b) Logic-NAND operation and truth table. In each arm, the background spin
state and corresponding SW distribution are shown together. Each arm is
300 nm long and 60 nm wide; the separation between the two arms is
40 nm. The frequency of the used spin wave is 10 GHz. Other separation
values of 20, 60 and 80 nm were also examined in simulations to check if
the dipolar coupling®” between the two arms will affect the operation of the
NAND gate, and it was found that, for the chosen smallest separation
20 nm, the NAND gate can still work well.

two such logic-NOT gates in parallel in a manner as depicted in Figure
5a,. The spin configurations in the two arms of the NAND gate can be
manipulated independently in the operation process.

Figure 5b shows the simulation results for the logic-NAND
function. When the two arms are both in the SDW state (logic ‘0’
input), the probe antenna will be penetrated by the strongest magnetic
flux and give the largest inductive voltage (logic ‘1’ output). When one
of the two arms is converted to the single-domain state (logic ‘1’
input), the magnetic flux entering into the receiver will be still
nonzero, albeit decreased to half of the strongest strength (logic ‘1’
output). Nevertheless, once both arms are set to the single-domain
state, the detection antenna will collect nothing except noise (logic ‘0’
output). This is the full detail of the logical NAND operations where
the functionality of the NOT gate has also been proven.

The readout of data based on the inductive method is fast, and thus
the operation speed relies mainly on the writing efficiency. The writing
of the SDW can be achieved using conventional spin-transfer torque,*?
emergent spin-Hall torque,*® or even fringing field as in the
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Figure 6 Writing a SDW into a gate arm. (a;) Top view and (ap) side view of the gate arm integrated with a writing unit. The writing unit and the Pt/Co
waveguide layer form a trilayer spin-valve structure. The two top electrodes supplied with a voltage, Upc, cause an electron flow along the dotted line (the
distribution of the current flowing lines in the yz plane is illustrated in Supplementary Figure 6). Initially, both the polarizer and free layer are magnetically
oriented upward. Under the action of opposite torques from the spin-polarized current, the spins in the Pt/Co layer underneath the A top electrode are
reversed, whereas those below the B electrode maintain the initial orientation, which introduces a SDW in between. (b) Transient states at indicated times
after current launching. We have checked the influence of the density of electron current (J,) on the injection of the reverse domain by changing J, from 0.9
to 2.0 MAmm?2 with an interval of 0.1 MAmm2 and found that the reverse domain can be reliably written into the Pt/Co layer for J, not less than
1.1 MAmm2. In simulations, we focused only on spin dynamics of the free layer, and properties of the spacer and polarizer were modeled by several
parameters. The spin polarization was assumed to be 0.427 and the spin orientation in the polarizer is m,=(0, 0, 1), that is, along the +z axis. The effect of
the out-of-plane (field-like) torque is negligible, as there is no difference in spin dynamics of the free layer for £=0 and 1.0, where ¢ is the amplitude ratio

of the field-like torque to the in-plane one.2”

present-day hard-disk storage. Here, we give an example of injecting
the SDW using a spin-polarized current, whose flowing path is defined
by specially designed electrodes (see Figures 6al and a2). A pair of top
electrodes supplied with a DC voltage (Upc) will guide the electrons to
flow along the dotted line. To polarize the current, a nonmagnetic
spacer and a polarizer are attached atop the Pt/Co-free layer to form
an inverted trilayer spin valve (see Figure 6a for details). Initially, both
the polarizing and free layers have an upward magnetization. When
the applied voltage is turned on, the spins in the Pt/Co layer
underneath the A and B top electrodes are subjected to opposite
torques. Consequently, these spins below the A electrode will be
reversed, whereas those below the B electrode will maintain the initial
orientation. After relaxation, a SDW will be created in the central
region of the Pt/Co layer.

The whole dynamic process is shown in Figure 6b. At t=0, the
current is switched on. Immediately, the reversed domain is nucleated
at the lower boundary of the free layer as shown in Figure 6b2. The
reversed domain expands with increasing current. At ~ 510 ps, a zigzag
SDW is injected into the free layer. By relaxing the transient state
under zero current, a regular SDW is formed in the interior of the free
layer. Note that current injection with such dual top electrodes is key
to reliable writing of a SDW into the Pt/Co waveguide (that is, the free
layer). Using only the A, top electrode will result in plenty of
randomness in the injection of the SDW. In the presence of a B
electrode, the spins below it will be well stabilized by the passing
current during the spin switch underneath the A electrode. On the
other hand, the usage of such a dual-electrode structure will introduce
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an undesirable in-plane current in the Co layer as denoted by the
magenta dotted line in Figure 6a2 and Supplementary Figure 6.
However, the bottom electrode could experimentally be made far
thicker than the Pt/Co layer in real devices so that the density of the
in-plane current (Jy) flowing through the Pt and Co layers and the
bottom-electrode layer is much lower than that of the perpendicular
current (J,); this would result in negligible spin-transfer (Zhang-Li
form*¥) and spin-Hall torques** on magnetic moments in the Co
layer. Consequently, the nucleated domain wall structure should not
be remarkably affected by the transverse current (see Supplementary
Figure 7 for the full detail). The notches at the ends of the waveguide
have two effects: they can favor nucleation of the reversed domain and
suppress the reflection of SWs at the boundary.

The energy consumed to write the SDW (a bit) into the waveguide
(a logic-NOT arm) is ~0.1 pJ (the detail for estimating the write
energy is presented in section III of the Supplementary Information),
which is comparable to values recently reported for spin-transfer
torque magnetic random access memory (STT-MRAM) constructed
with spin-valve nanopillars*® or magnetic tunnel junctions,®® novel
magnetic random access memory (MRAM) based on planar magne-
tostrictive nanostructures,51 ferroelectric random access memory
(FeRAM)2 and so on.

DISCUSSION

Finally, we would like to make additional remarks on the advantages
of the proposed waveguide. The channeling effect of the waveguide
relies on the potential well arising from the existence of a SDW. The



internal field is inhomogeneous and gives a 1D deep potential well
across the waveguide; however, it is continuous and uniform in the
longitudinal direction of the waveguide. Accordingly, the SWs in the
waveguide are confined transversely and flow along the SDW-defined
channel, which form an ultra-narrow (10 nm, deep submicrometer)
beam with the beamwidth determined by the well width.

Here, the SDW-induced confinement effect is different in nature
from the boundary-induced one in patterned long waveguides.>>* For
patterned 1D waveguides in the DE propagation geometry, the
inhomogeneous internal field produces two potential wells centered
at the lateral physical edges and one potential barrier at the core of a
waveguide. This causes an increasing refractive index from the core of
the waveguide,* which might lead to extra dispersion® of the SWs
because of multimode coexistence and beating.> Moreover, the
unwanted scattering of the center mode by unavoidable edge rough-
ness, owing to the nonzero precession amplitude at the edges, will also
cause undesirable decay.'®

With regard to our proposed waveguide, the potential well lies in
the interior of the waveguide, wherein the effective field assumes the
lowest value over the waveguide width and the refractive index is
thereby the largest. In the frequency window of fi—f, (~ several tens of
GHz), no mode excitation is allowed outside of the middle channel.
That is, no multimode beating and edge scattering can occur in the
boundary areas. This feature is expected to suppress mode dispersion
and enlarge the attenuation length of the signal wave; thus, it is highly
desired in wave-based real devices.

Apart from the demonstrated application in channeling SWs, more
potential applications of the SDWs or SDW-induced wells in other
aspects can also be enumerated. For instance, the SDW can behave as
a virtual magnetic boundary, beside which the internal field is highly
inhomogeneous and SW Goos—Hanchen effect®® is anticipated to
occur and benefit from the roughness-free character of this boundary.
In domain regions away from the ‘SDW boundary’, the magnetization
is normal to the sample surface, and thus the forward-volume SW
propagation geometry*? is fulfilled. It is easier to derive the Goos—
Hanchen shift at the boundary for the isotropic SW dispersion in this
propagation geometry than for the anisotropic SW dispersion in the
other propagation geometries. In addition, magnetic samples, in which
an array of SDWs are packed periodically and in parallel, should play
the role of a magnonic bandgap crystal*® because of the periodicity of
the internal field in the sample. The sharp contrast between the SDW
and strip-domain regions in the effective field promises a large
magnonic band gap.!

In conclusion, we demonstrate by means of micromagnetic
simulations that chiral SDWs in ultrathin magnets with induced
DMI can cause a deep potential well 10 nm in width. Because of the
continuity and uniformity of the well along the SDW, guided
propagation of SWs along the SDW can be achieved. As a result, an
ultra-narrow (~10nm) SW channel is created at the interior of a
waveguide composed of chiral magnets. In this way, we realize a self-
cladding optic-fiber-like magnonic waveguide with ‘graded refractive
index’. This kind of waveguide is advantageous in several aspects
compared with the frequently used width-confined SW waveguides.>®
First, it can avoid the boundary scattering'? caused by edge irregularity
and the extra dispersion®® because of multimode confluence and
beating in the width-confined waveguides.’® In addition, the SDW
state leading to the confining well and thus the channeling effect is
nonvolatile, that is, its presence does not rely on an applied field.
Based on the state-modulated SW propagation in the proposed
waveguide, we build logical NOT and NAND gates whose input and
output are coded into the spin state of the gate’s arm and the

Spin-wave channeling
X Xing and Y Zhou

amplitude of the signal SW, respectively. We also developed an
advanced writing scheme capable of reliably writing a SDW via
delicately distributed current-injection pads. The present study opens
up a route toward interconnection of the magnonic logic circuits and
skyrmion-based racetrack memories.?”?8
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