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Abstract: The extent to which non-reciprocal waves can be
guided in arbitrary directions is an interesting question. We
address one aspect of this problem by studying the propa-
gation of acoustic spin waves in a narrow physical conduit
made of a synthetic antiferromagnet. Through a combination
of Brillouin Light Scattering microscopy and modeling, we
demonstrate that even when attempting to guide waves in the
reciprocal direction of the material, the system still exhibits
strong signatures of non-reciprocity. This includes the excita-
tion of high wavevector waves in the direction perpendicular
to the intended channeling, as well as energy transfer in di-
rections that often neither aligns with the physical conduit nor
with the symmetry axes of the magnetic properties. These
findings have implications for the modeling of propagating
wave spectroscopy in non-reciprocal materials and their po-
tential applications.

INTRODUCTION

Wave non-reciprocity (NR) — the alteration of a wave’s
property upon the reversal of its wavevector — is a fascinating
phenomenon that is seldom observed in linear time-invariant
systems [1], with the notable exception of those involving
magnetism. The NR of spin-waves (SWs), which can arise
from either dipolar interactions [2] or Dzyaloshinskii-Moriya
interaction (DMI) [3]], has been long regarded as a physi-
cal curiosity, primarily enabling a limited number of novel
microwave functionalities, or more recently as a handy tool
to determine magnetic properties [4]. However, recent in-
sight has revealed that NR could be significant enough to
confer unidirectionality to the energy flow (or to the infor-
mation flow) carried by SW ensembles [S]. Moreover, this
non-reciprocal behavior can be transferred to other quasipar-
ticles, for instance by appropriate coupling to elastic waves
[6L [7]. This realization has spurred numerous theoretical and
experimental investigations of SW NR in extended films and
multilayers [8H12].

Theoretical investigations were subsequently conducted in
laterally confined geometry [13H15] primarily focusing on
materials exhibiting weak non-reciprocity induced by inter-
facial DMI. It was predicted that the profiles of the confined
SWs would be affected by the NR, meaning that the con-
fined eigenmodes could no longer be represented as a su-
perposition of oppositely propagating SWs with equal wave-
lengths. Experimental works conducted in stripe geome-
try [L6] concluded that the frequency asymmetry between

counter-propagating spin waves could be even suppressed,
suggesting that the confinement may partly restore reciprocity.

These past studies focused on how NR modifies the eigen-
mode frequencies and the resulting resonance spectra, yet they
overlooked the propagative nature of waves and its potential
interest. A first category of studies that fully accounted for the
propagative nature of the spin waves utilized Brillouin Light
Scattering microscopy in extended media, and analyzed the
two-dimensional patterns generated either by diffraction from
arrays of slits [[17], or the directional spin wave beams gener-
ated by non-uniform transceivers [18]]. The patterns could be
pertinently analyzed with arguments based on iso-frequency
theory [19]]. A second category of studies devoted to SW prop-
agation utilized electrical propagating spin wave spectroscopy
(PSWS, [20]), and involved injecting SWs in wide conduits
[5], which offered minimal guidance for the waves. The anal-
ysis was systematically done using a 1D model [21} 22]] that
implicitly assumes that the wavevectors and the group velocity
of SWs present in the system are both collinear to the SW con-
duit. We will demonstrate that this description is inappropriate
when applied to materials with significant NR such a synthetic
antiferromagnets (SAFs). Even when the conduit is aligned
parallel to the reciprocal direction of a non-reciprocal mate-
rial, the emission can exhibit features that strongly differ from
that encountered when using reciprocal materials. These in-
clude for instance the generation of bidirectional nodal struc-
tures by a one-dimensional transceiver, as well as the radiance
of a caustics-like energy beam in a single direction that sub-
stantially differs from the conduit length.

RESULTS
Experimental results

We use CoFeB/Ru/CoFeB synthetic antiferromagnetics
(SAF), patterned into stripes meant to channel the spin waves.
The stripes have widths wp,, = 5 pm [Fig. E]] and are covered
by a microwave antenna of width w,, = 1.8 um, able to cou-
ple to spin waves of wavevectors satisfying |k,| < &\, =
3 rad/um. A static field H,, is applied perpendicularly to the
stripe. This field orientation induces a situation where the
SWs are reciprocal in the direction of the stripe (i.e. y) and
non-reciprocal in the transverse direction (i.e. ). We will an-
alyze the magnetization response when powering the antenna
to generate an rf field ﬁ;;l 1 H, meant to excite spin waves
under the antenna and to channel them in the stripe. This rf
field is expected —and was checked (see Fig. 5)— to excite the

sole acoustic branch of the spin waves of the SAF.
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FIG. 1. Experimental configuration. (a): Optical image of the device, sketch of the stack and coordinate conventions. The sub-micron
vertical gray segments near the left edge of the stripe are resist residues from the fabrication process. Red boxes: regions investigated by BLS
microscopy. (b): Antenna efficiency function versus wavevector. (c): Direction of the applied field, sketch of the resulting scissors state, and
micromagnetic configuration at poH, = 50 mT. Notice the slight non-uniformity of the magnetizations near the edges of the SAF stripe.
(d) Example of an experimental BLS microscopy image obtained for poH, = 50 mT, and a r.f. field oscillating at 4.5 GHz. The image
extends 0.8 ym on both sides of the stripe, whose width is 5 m. The top and bottom BLS images have dimensions of 6.6 ymx10.2 ym and

6.6 umx2.2 pm, respectively.

The magnetization response is imaged by Brillouin Light
Scattering microscopy (BLS). The pixel size is 200 x 200 nm?
and the optical resolution is estimated to be 2 /kELS ~ 350
nm, with kL% = 18 rad/um being the largest wavevector that

can be collected by the BLS set-up (see methods).

Images of the magnetization response were recorded for ap-
plied fields of 27, 50, 75 and 100 mT, with qualitatively sim-
ilar conclusions. Apart from some amplitude non-reciprocity,
the magnetization profiles are axially symmetric with respect
to the antenna, as in the example of Fig. [[(d); we shall thus
now show only the y > 0 side of the antenna. The profiles of
the response can be cast in 3 archetypal categories. The fig-
ure [2]illustrates these categories for the representative 50 mT
case, for Whicll the most uniform modes have frequencies in
the range f,.(k = 0) ~ 5.5 — 6.5 GHz .

At low frequencies (top raw in Fig.2)), the driven spin waves
exhibit nodes and antinodes aligned in the x direction, i.e.
transverse to the SAF stripe. The spacing between the nodes
gradually increases from 6004100 nm at 3.65 GHz to approx-
imately the half stripe with at 5.2 GHz. The BLS signal is
confined in the 2 pm vicinity of the antenna: the driven SWs
do not seem to radiate energy away from the antenna. No-
ticeably, the BLS amplitude is maximal near the left edge of
the antenna, as if the spin waves were emitted from the bot-
tom left corner of the images towards the bottom right cor-
ner. Note that this feature —emission seemly from the left
corner— would never be measured in electrical measurements
like propagating spin wave spectroscopy (PSWS), owing to
the experimental limitation of only accessing to the spatial
average of the magnetization below an antenna. This direc-
tionality towards x > 0 holds strictly at the lowest frequency
(3.65 GHz) but some curvature gradually appears when in-
creasing the frequency (see e.g. the 4.65 and 5.2 GHz patterns

in Fig.[2).

Approaching the frequency of the uniform acoustic SWs
disrupts the pattern of dynamic magnetization [5.45 GHz and
subsequent frames in Fig. [Jb)]: the antinodes are expelled
from the stripe, and the pattern rotates as a whole: it seems
that the SWs are now emitted by the antenna in a tilted direc-
tional manner. The direction of decay of the BLS intensity
has become approximately Z + 1. Because of this ~45 degree
directional emission, the BLS signal vanishes at a distance of
Wane away from the antenna, exactly when the caustics-like
SW beam hits the right edge of the stripe. Energy is indeed
radiated away from the antenna but the BLS signal does not
decay exponentially along the stripe length. Noticeably, this
indicates that the usual way of deducing SW attenu-
ation length becomes inadequate in the joint presence of non-
reciprocity and confinement. A slight further increase of the
frequency [6.15 GHz case, Fig. 2Jb)] rotates the decay direc-
tion to the (more conventional) ¥ direction, with a long prop-
agation distance comparable to the image size (10.2 ym). In
this narrow frequency range the decay direction is the one ex-
pected from a channeling by the stripe; however the material
non-reciprocity still plays a role and breaks the {z, —z} sym-
metry: the maximum intensity is not at the midst of the SAF
stripe but rather offset by 1 um to the right.

In the 7-9 GHz range [Fig. [2fc)], a bidimensional array of
nodes and antinodes reappears progressively, with beatings in
the two z and y directions, indicating the coexistence of sev-
eral modes with unequal wavevectors. The overall decay of
the BLS signal stays essentially in the y direction, still with a
long attenuation length. The density of nodes and antinodes
increases with the frequency. Finally at the highest investi-
gated frequencies (9.7 GHz), we recover a behavior resem-
bling the low frequency one, i.e. with an apparent emission
from the bottom left corner of the SAF stripe, but with some
beating along the y direction.
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FIG. 2. Experimental BLS images (logarithmic color scale) taken at an applied field of 0 H,=50 mT, and ordered according to the frequency
of the rf signal supplied by the antenna. The images are grouped in 3 types. (a): low frequency patterns with nodes and antinodes in the x
direction and intensity maxima at the bottom left corner of the stripe. (b): near fic (E = 6) patterns with tilted energy flow, first approximately
in the & + ¥ direction, then progressively rotating towards ¢ when increasing the frequency. (c): high frequency patterns, first exhibiting nodes
and antinodes in two directions, then solely in the ¢ direction. The sketches indicates that wavevectors and their group velocities that most
contribution to the spatial profile of the BLS signal.

Physical understanding Dispersion relations

Let us apply the same rational for the SAF stripes with the
dispersion relations reported in Fig. [3] and calculated in the
dynamical matrix formalism (see methods). The dispersion
relation in Fig. [3| recalls that as well-known for SAFs in the
scissors state, the acoustic spin waves are reciprocal in the k,
direction [inducing wyc(kz, ky) = wac(kz, —ky )] while being
non-reciprocal and unidirectional in the field direction (i.e. for

Several features of these BLS profiles are quite unusual.
They include:
(i) the systematic breaking of the {z, —x} symmetry that wit-
nesses the material non-reciprocity and,
(ii) the apparent ability of an antenna that generates a field

. . . . . . . . 12} ac 1
with translational invariance in the z direction to excite mag- ~ small k;, we have F7s eo ” 0). For the applied fields
netization profiles with a surprisingly large number of nodes  congidered here, this unidirectional character extends to far
in this same direction. above the region [~k —k™% | that can be addressed by

the antenna, except for modes with very large —k, that can
anyway not be detected by BLS (Fig. [3).

In past studies of the SWs in confined geometries, it has
often been possible to understand the nature of the modes

by using the dispersion relation in the corresponding un- Interpretation guidelines
bounded films and applying some quantification of the trans-
verse wavevector [23]] according to specific boundary condi- The presence of several to many nodes in the x direction ar-

tions [26]. The BLS images could then be understood from  gues for the generation of SWs of wavevectors with arbitrarily
overlap integrals of the antenna r.f. field and the profiles of  large k, components. This requires non-uniformity in the z
the few allowed modes [27]. direction at scales compatible with all these k,’s, hence at lat-



eral scales smaller than 27 /kBLS. These non-uniformities are
likely the tiny regions near the stripe edges where the equi-
librium magnetization and its demagnetizing fields are non-
uniform [see Fig.[I[c)].

Besides, we can interpret the BLS images by considering
only the wavevectors whose group velocity is directed to the
upper side (i.e. y > 0) of the antenna, since the other SWs
cannot radiate energy into the region under evaluation. Since
the driven SWs must have a k; component that can couple
to the antenna spectrum [Fig. b)], the relevant wavevector
space to be considered for the qualitative analysis of the BLS
images is thus:

{ {kes ky} € [—kals, kars] X [—kyane Kyand 0
and (Vzw).y >0
For each applied frequency wappiica/(27), we shall thus ana-
lyze the BLS images by considering the corresponding isofre-
quency contour wse(kz, ky) = wappliea after truncation of the
spin wave manifold according to Eq. [I} The complicated
shape of the isofrequency contours (Fig. |3)) provides the sec-
ond interpretation guideline: the large differences in spatial
patterns among the BLS images are likely to result from the
mutual orientation of the wavevector, the group velocities
(Vg = v EW)’ the antenna, and the stripe-shaped SW conduit.

Qualitative understanding of the experimental BLS images
from the dispersion relation

At low frequencies (4 GHz), the relevant SWs almost share
the same group velocity pointing in the Z direction and the
same large (k262 ~ —14 rad/um) value of k,. They only
differ by their —comparatively much smaller- k, value. Be-
cause of their common v, direction, the amplitude of the sig-
nal of every SW present in the system decays in the & direc-
tion. This explains why the bottom left corner of the BLS im-
ages at low frequency appeared systematically as the bright-
est spot in experiments (see the top left images in Fig. [2).
Note that the SWs are emitted in-phase at every position
xo € [~ 5] along the antenna, but each of these SWs

has a spatially-dependent phase factor etk (@=20) and an
amplitude decay factor oc e~ ((#+w/2)/La) H (z — 2), where
‘H is the heaviside function and L, the attenuation length.
The phases of these spin waves rotate along the & direction at
the common spatial pace k"2, The interference of all these
waves leads to a BLS pattern whose envelope is maximal at
the left edge and decays like L. Interference of the profiles
of these waves is constructive whenever they are emitted at
positions spaced by integers of 6z = 27/|k}H?| ~ 450 nm
away from the left edge. The destructive interference will lead
to nodes in the BLS images, and antinodes otherwise, in rea-
sonable agreement with the experimental node-to-node spatial
periodicity.

At 6.34 GHz (which is the uniform resonance of the acous-
tic mode in an extended film), the truncated isofrequency

contour is line-shaped and it runs along approximately the
k; = —k, diagonal direction, as sketched in Fig.c). All the
SWs that can be excited at this frequency share the same di-
rection of group velocity, pointing approximately in the Z + /.
These SWs span over a continuous range of wavevectors from
0 to k2 (7 — &). The broadband character of the wavevec-
tor spectrum is such that no fine structure is expected in the
spatial domain. However, the common group velocity ensures
that every generated SW decays in the same Z + ¥ diagonal
direction. This is the reason why a very well defined ~~45°
directional pattern was observed experimentally in this fre-
quency range [Fig.[2(b)].

When slightly increasing the applied frequency to 6.5 GHz,
a semi-circular protuberance starts to stick out of the angled
part of the isofrequency contour [Fig. 3[d)]. The SWs whose
wavevector belongs to this protuberance have group veloci-
ties that lie out of the approximate Z + ¥ direction and span
from +Z to +y. This growth of the protuberance is expected
to weaken the directional character of the BLS image that
was originating from the line-shaped ~ 45°-oriented segment
of the isofrequency contour. In experiments, the directional-
ity was indeed progressively lost as increasing the frequency
slightly above the frequency of the uniform acoustic spin wave
resonance.

At 7.5 GHz [Fig. e)], the protuberance takes all the rel-
evant wavevector space while distorting to get a trapezoidal
shape. The driven SWs have now wavevectors that are broadly
distributed, but with two well-defined subgroups of group ve-
locities, heading either along approximately & + 7 like be-
fore, or along approximately i — Z. This two-flavor distribu-
tion is expected to lead to beating patterns in these two direc-
tions as was indeed anticipated from the experimental result.
[Fig. 2[d)]. Note that if we were performing electrical prop-
agating spin wave spectroscopy in such a narrow spin wave
conduit, the conventional analysis of PSWS data [28]] would
fail because it requires a 1D flow of a single family of SWs, a
condition that is obviously not satisfied here.

Finally at high frequency (10 GHz for instance), we re-
cover a situation that bears some similarity with the low
frequency case: the isofrequency contour is almost a verti-
cal line, such that the relevant SWs share a large common
wavevector k19SH2 ~ 113 rad/pm and a common group ve-
locity pointing towards x. With the same rational as for the
low frequency case, this results in a line of nodes and antin-
odes of decaying amplitude from the bottom left corner to the
bottom right corner of the BLS images. The node-to-node dis-
tance is expected to be now 27 /k06H2 = 480 nm, close to
the resolution of our images, hence difficult to detect experi-

mentally [Fig. 2e)].

DISCUSSION

In partial conclusion, qualitative understanding of the BLS
images is possible from the thin-film dispersion relation, at
least in situations selected for their simplicity. However it
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FIG. 3. Dispersion relations of the acoustic spin waves in an infinitely extended SAF film at a field of 1o H,=50 mT. (a): Dispersion according
to the dynamical matrix formalism. The shaded areas are the regions in which the antenna cannot detect spin waves. Sketched dispersion
relations at low frequency (b), at k=20 frequency (c), slightly above (d) and much above (e). The arrows sketch the directions of the group
velocities. The arrows are grey when the group velocity points downward from the antenna.

cannot account for the details of the images, notably when the
isofrequency contours are very curvy and the node/antinode
pattern runs in two different directions. Also, the above anal-
ysis relies on plane waves, such that it does not account
for demagnetizing effects leading to a difference between an
unbounded SAF and a patterned stripe, where the internal
field is non-uniform and lower than the applied field. Fi-
nally, it misses any possible hybridation between the opti-
cal and the acoustic spin waves. It has been indeed shown
that there are regions of the parameter space where the two
SW branches cross each other [i.e. when wse(ky, ky, Hy) =~
Wop(ka, ky, Hy)] thereby hybridizing the optical and acoustic
characters [29]]. As a result, SWs with a partial optical char-
acter may in principle be weakly driven by the antenna in this
region of the parameter space. These deficiencies of the qual-
itative rational can be resolved by calculating the response
from micromagnetics for a quantitative comparison with the
experimental results.

The Fig. @] reports a selection of BLS images predicted by
micromagnetics (see Eq.[2]in methods) for our stripe width of
5 pm. Calculations of other stripe widths from 1 to 10 um are
reported in Fig. 7. If convolved with the optical resolution of
the BLS, the agreement with their experimental counterparts
(Fig. @ is remarkable, but there are several small differences

that deserve a discussion.

In the low frequency case [see Fig.[d(a) as well as the data

for other stripe widths in the Fig. 7 and 8], the micromag-
netic calculations indicate that, in addition to the line of nodes
and antinodes seemingly emitted from the bottom left corner
already identified in experiments, another line of nodes and
antinodes seems emitted from the bottom right corner. This
second line of nodes has a substantially smaller spatial period
and could not be resolved in the experiments. However when
convolved with the optical resolution of the BLS, this second
line of nodes results in a secondary maximum of BLS inten-
sity at the bottom right corner, which was indeed perceived
experimentally [Fig. 2[a)].
This second line of nodes can be understood with the same
rational as the first one, by noticing that the isofrequency
contours at low frequency have egg shapes and thus cross
Eq. [T twice [Fig. 3[a)]. For instance the 4 GHz contour ex-
tends far in the k, < O direction and passes at the point
{ki6Hz |} = {—25,0} rad/um., where the group velocity
points in the —Z direction. This wavevector and its group ve-
locity is responsible for the line of antinodes of periodicity
27 /k2GHZ | decaying leftwards from the bottom right corner
of the BLS images.

This pattern of nodes and antinodes progressively expands
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FIG. 4. Micromagnetic simulations of the BLS images for an infinite lateral resolution (Eq. 2] logarithmic color scale) and after convolution
with a Gaussian filter reducing the lateral resolution to 350 nm. The bottom of the images (y = 0) are aligned with the outer edge of the
antenna. The calculation are done for a field of 110H,=50 mT and mirror the experimental behaviors reported in Fig. 2] (a): Low frequency
patterns with nodes and antinodes that alternate in the x direction. (b), near waC(E = 6): patterns with a tilted flow of energy in the & + ¥
direction. (c): patterns measured in the intermediate frequencies, exhibiting nodes and antinodes in two directions.

when increasing the applied frequency. When approaching
the frequency of the uniform mode [Fig. @(b)] there remains
a clear directional pattern with a decay approximately in the
Z + ¥ direction, which reproduces nicely the experiment and
the expectations drawn from the dispersion relation. This di-
rectional pattern is also predicted for other stripe widths, see
Fig. 7. However at 8.4 GHz [Fig. f{c)], the micromagnetic
simulation fails to reproduce the bidirectional beating pattern
observed experimentally and that could be understood from
the shape of the protuberance within the dispersion relation.
The absence of the modulation in the z direction in the mi-
cromagnetics result at 8.4 GHz is probably indicative that the
inhomogeneity of the magnetization distribution in the = di-
rection (near the stripe edges) is not correctly modeled and
does not allow to populate the second flavor of modes that
appears at after the blossoming of the protuberance.

Finally, the evolution of the predicted BLS images for very
narrow stripes is worth discussing. The non-reciprocity of the
spin waves in the relevant wavevector space (Eq. 1) is progres-
sively lost when the stripe width gets smaller than the antenna
width. For a 1 micron stripe width (see Fig. 8), we recover a
situation close to the well-known case of a single-layer mag-

net in the (reciprocal) Damon-Eshbach case, where interfer-
ence occurs between the uniform mode and the higher order
confined spin waves, leading to periodic self-modulation of
the amplitude pattern .

In summary, we have used Brillouin Light Scattering mi-
croscopy and micrometer-sized rf antennas to study the con-
finement and the propagation of the acoustic spin waves in
narrow conduits made of synthetic antiferromagnets that ex-
hibit a giant non-reciprocity (NR). One could think that when
the SWs are injected in a conduit that is parallel to the recip-
rocal direction, the NR would not play a major role. The con-
trary happens: the non-reciprocal nature of the dispersion re-
lation is such that the direction in which a line-shaped antenna
radiates SW energy rarely matches with the conduit direction.
The most striking consequence of NR is that when below the
frequency of uniform acoustic SWs, the SWs driven by the
antenna have wavevectors running parallel to the antenna, i.e.
perpendicular to the expected guiding direction. This leads to
a unique nodal structure of the SW pattern in the vicinity of
the antenna, with no possible analogy to reciprocal situations.

Electrical spectroscopy of propagating spin waves has re-



cently become a popular tool for the study of spin waves.
It involves measuring the magnetization response, but spa-
tially averaged below a receiving antenna. Since imaging a
system’s response is key to understand such a spatially av-
eraged response, our results are essential to interpret PSWS
experiments done on non-reciprocal systems and avoid er-
rors. Beyond magnonics, our results can be used to an-
ticipate which modes can be harnessed for the transport of
energy/information in conduits when using non-reciprocal
waves.

METHODS

Devices

We use in-plane magnetized Synthetic AntiFerromagnetic
(SAF) films of composition CogoFe oBsy (17 nm) /Ru
(0.7 nm) / CogoFesoBao (17 nm) [Fig. [[(a)]. The SAF film
was patterned into stripes of width Wy, = 5 pm [Fig. Ekb)].
We then deposited a s = 150 nm-thick insulation layer of
SigNy and a single-wire antenna of width w,,, = 1.8 ym and
thickness . = 160 nm. A static field H, is applied in the
direction transverse to the stripe. The films, devices and vari-
ants thereof were characterized extensively by ferromagnetic
resonance [30] and propagating spin wave spectroscopy [3]]
to deduce the material properties. This include magnetization
M, = 1.35 MA/m, damping o = 0.011, exchange stiffness A
= 16 pJ/m, and interlayer coupling J = —1.0 mJ/m?. These
values were concluded from the analysis of the 4 lowest fre-
quency spin wave modes of an unpatterned SAF, as measured
by VNA-FMR [30].

The experiments shall analyze the magnetization response
when feeding the antenna with an rf source. The field of the
antenna obeys A, | H, such that it should excite the acous-
tic spin waves. However it would not excite the optical spin
waves if the SAF was an infinitely extended film. We show in
the Fig. 5 that this also holds in our stripe despite of the lateral
confinement. Besides, at the applied fields used in this study,
the optical spin waves have frequencies above our investigated
frequency interval, as shown in Fig. 6. We will thus primar-
ily analyse our experiments by considering the sole acoustic
branch of the spin wave manifold.

Brillouin Light Scattering measurements

Our goal is to understand how the lateral confinement
within the SAF stripe affects the SWs and their propagation,
for fields applied in the width direction of the stripe. The spec-
tra of the magnetization response and their spatial profiles are
measured by Brillouin Light Scattering (BLS). The images in
Fig. [1[d), and [2] are taken in microscopy imaging configura-
tion and in driven mode: the laser spot is scanned across the
sample, and the antenna is fed by a monochromatic contin-
uous r.f. source. The pixel size is 200 x 200 nm? and the

optical resolution is estimated to be 27 /kBELS ~ 350 nm, with

kBLS — 18 rad/uum being the largest wavevector that can be

collected by the experimental set-up.

Micromagnetic simulations

Our micromagnetic simulations are done using the mumax3
code at zero temperature [31]]. For each applied field H,, we
start by energy minimization to converge to the ground state,
which is a scissors state. The magnetizations are uniform in
the central part of the stripe but tend to be more parallel to the
edges of the stripe in the regions near the edges of the stripe
[see Fig. [T[c)].

The theoretical dynamical response of the stripe is evalu-
ated by computing the steady state response of the magneti-
zation to the two components /i (y, V) and h (y, V) of the
antenna field. The spatial profile of the r.f. field is calculated
for the real geometry (Eqs. A1-A4 of ref.[22) and a peak field
of hgf = 1 mT at the SAF surface under the middle of the
antenna. The power spectral density of hryf(ky) in wavevector
space is displayed in Fig. [[{b). It has a substantial amplitude
up to |ky| < k. = 3 rad/pm.

We assume that the BLS signal comes essentially [32] from
the square of the out-of-plane (i.e m,) component of the mag-
netization in this steady state: we thus construct the expected
BLS microscopy images by the following variance:

BLS(ry) = [ (maegnt)—ma(opt =0)) de @

J period

To account for the finite lateral resolution of BLS microscopy,
a Gaussian filter will be applied to expected images.

Theory

The images will be discussed from a thorough examination
of the dispersion relations of the spin waves of an unbounded
SAF, which we obtained using the formalism of the dynami-
cal matrix [33} 34]] with explicit accounting of the interlayer
dipole-dipole interactions using Eqgs. 26 and 32 of ref. 35l We
describe each of the two layers of the SAF by discretizing it
into two slices. The key ingredient for the non-reciprocity is
the dipole-dipole interaction between the dynamic magneti-
zations of each layer of the SAF: the dynamic magnetization
associated with a spin wave rotates in space, creating a stray
field that is stronger at one side of the layer, this side being de-
fined by the sign of the wavevector (see Fig. 4 of ref.[22). This
effectively couples more the two layers for one sign of the
wavevector, creating the non-reciprocity. The non-reciprocity
scales with the thickness and the cosine of the wavevector
direction (Eq. 3 of ref. [36). For each applied field, the cal-
culations are run for a grid of wavevectors {k;, k,} and up
to +40 rad/pum. The two lowest order families of SAF spin
waves are calculated: the acoustic (ac) SWs of frequencies



wae, and the optical (op) SWs. A representative example of the
dispersion relation of the acoustic SWs is reported in Fig.
As well-known for SAFs in the scissors state (see the
part on acoustic SW modes in Table I, in [36]), the acous-
tic spin waves are reciprocal in the k, direction [inducing
Wac(kg, ky) = wac(kg, —k,)] while being non-reciprocal and
O Wae

unidirectional in the field direction (i.e. Vk,, 57 > 0).
o P

For the applied fields considered here, this unidirectional char-
acter extends to far above the region [k, —k '] that can
be addressed by the antenna, except for modes with very large

—F, that can anyway not be detected by BLS (Fig. 3).
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Supplementary: Non-excitation of the optical spin waves

The orientation of the r.f. field of the antenna obeys R L
ﬁm, such that the optical spin waves of an unbounded SAF
film cannot be excited. Whether this non-excitation of the
optical spin waves still applies for a stripe of finite width is
answered thanks to Fig.[3]

This figure gathers microfocused BLS spectra: the spectra are
taken with a laser focused at the diffraction limit at a fixed po-
sition at the midst of the stripe, 3 ym away from the antenna
edge. In this configuration, all SWs present in the sample con-
tribute to the signal, whatever the direction of their wavevector
but provided their modulus is smaller than k8L = 18 rad/um.

The spectrum of thermal spin waves [dark blue curve in
Fig. ]l is recorded without powering the antenna. There is
BLS signal in frequency regions corresponding to both the
acoustic and the optical spin waves. Conversely, the other
spectra in Fig.[5]are recorded when powering the antenna with
an r.f. source whose frequency tracks the measured BLS fre-
quency. The power of the r.f. source (10, 100 W and 1
mW) ensures that the driven SWs lead to signals that peak
typically 1-3 orders of magnitude above that of the thermal
SWs. The comparison of the spectra indicates that the addi-
tional spin waves driven by the antenna are purely of acoustic
nature [Fig. [5[b)] except at very large powers. We can thus
analyze the antenna-driven BLS images of Fig. 2 using essen-
tially the sole contribution of the acoustic spin waves.

Supplementary: Dispersion relation of the optical spin waves

The dispersion relation of the optical SWs is reported in
Fig.[6]for a field of 50 mT in an unbounded film. The frequen-
cies of these optical SWs are above any of the acoustic ones
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FIG. 6. Dispersion relations of the optical spin waves in an infinitely
extended SAF film at a field of poH,=50 mT.
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considered above, which is an additional argument to disre-
gard the optical SWs when interpreting our experimental re-
sults. Their dispersion is also very different. The isofrequency
lines run mostly parallel to the k, direction, meaning that the
optical SWs have a group velocity with a component in the
y (guided) direction that almost vanishes. In the other direc-
tion, the isofrequency lines are very closely spaced, which ac-
counts for large group velocities, here typically 11 km/s, way
above that of acoustic spin waves (typically 2 km/s). This di-
rection of the group velocity is such that an antenna is not
expected to radiate energy through optical spin waves along
the stripe when the field is applied in such transverse direc-
tion. The optical spin waves have a non-reciprocal character
inducing wop(kz, ky) # wop(—kz, ky) but they are still for-
ward waves: they have a standard energy-propagating charac-
O Wop

ter [i.e. GIA| k=0 > 0].

Supplementary: Micromagnetic simulations of the BLS images
for other stripe widths

The Figs. 7 and 8 report a selection of BLS images pre-
dicted by micromagnetics (see Eq. 2 in methods) for stripe
widths ranging from 1 to 10 pm.
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FIG. 7. Micromagnetic simulations of the BLS images after convolution with a Gaussian filter reducing the lateral resolution to 350 nm. The
color scale is logarithmic. Left to right: for stripe widths being 1, 2, 3, 5, 7 and 10 um. Top to Bottom: for stimulus frequencies being 3, 5.6
and 8 GHz. )
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FIG. 8. Micromagnetic simulations of the BLS images for a stripe widths of 1 um after convolution with a Gaussian filter reducing the lateral
resolution to 350 nm. The color scale is logarithmic. Left to right: for increasing stimulus frequencies.)
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