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Nonreciprocity of backward volume spin wave beams excited by the curved
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The focusing effect for spin waves excited by a curved micrometer-sized coplanar waveguide
transducer on top of a 5-um-thick epitaxial yttrium iron garnet film is studied by means of the
micro-focused Mandelstam-Brillouin light scattering technique and micromagnetic simulations.
The curvilinear transducer is designed to focus the backward volume spin waves on the in-plane
bias magnetic field applied along the symmetry axis of the transducer. We show that
two-dimensional maps of spin wave intensity exhibit nonreciprocal properties without mirror sym-
metry with respect to the magnetic field direction and the focusing effect. The observed effects are
the consequence of nonreciprocity of the backward volume spin waves travelling at an angle
toward the bias field direction. Published by AIP Publishing. https://doi.org/10.1063/1.5050347

Magnonics is an emerging research and technological
field considering magnons, the quanta of spin waves (SWs),
as carriers of information for signal processing and logic
operation at microwave frequencies £.' Interest in this area
is motivated by prospects to build low-energy consumption
electronic components without Ohmic losses.*® The archi-
tecture of future magnonic devices can be based on the sys-
tems of SW’s waveguides arranged into two-dimensional
(2D)4_8 and three-dimensional’ magnonic networks or on the
geometrical optic approach integrating optic-like magnonic
components (prisms, lenses, mirrors, splitters) with magnetic
films.'*"2

The approach for the construction of the SW optic ele-
ments strongly depends on the character of the SW dispersion
with respect to the orientation of the SW wave vector k in the
plane of the film.'>'® The focusing elements for SWs with
the isotropic dispersion characteristic f = f (E), like the for-
ward volume spin wave in a normally magnetized film, have a
concave form with respect to the focus'*'¢ that is quite similar
to the traditional optics. In contrast, for waves with anisotropic
dispersion, like magnetostatic surface waves (MSSWs) or
magnetostatic backward volume waves (MSBVWs) in tangen-
tially magnetized films, the shape of the focusing elements is
convex.'%1317 Besides, the reflection and the refraction of SW
beams in tangentially magnetized films can demonstrate sig-
nificant deviation from Snell’s law in optics.'® The geometric
optic approach applied to the dipole-dominated SWs propa-
gating in magnetic structures with the planar dimensions
around one centimeter led to the elaboration of principles for
spatial frequency SWs’ selection and emergence of a new
class of devices for microwave signal processing.'®!!

During the last few years, many efforts have been made
to put the ideas of SW’s geometrical optic approach in the
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context of magnonics.'®=’ In particular, the mechanisms for
the formation and control of SW’s caustics in magnetic
microstructures were discussed.'®® Snell’s law for SW’s
refraction was studied for different types of geometrical con-
figurations®’ " and temperature”>' inhomogeneities in
magnetic microstructures. Also, the possibility to tune
Snell’s law in heterochiral magnetic structures was shown.>?
Besides these, the SW focusing lenses based on temperature
gradients,” magnetic antidot lattices,>*® and shaped thick-
ness steps in magnetic films®’ were also studied. However,
the focusing effect for SWs excited by a micrometer-sized
curvilinear transducer has not been studied yet.

In this letter, we explore such an effect for MSBVWs
using the micro-focused Mandelstam-Brillouin light scattering
(u-BLS) technique and micromagnetic simulations. In our case,
a curvilinear transducer had the form of a short coplanar wave-
guide (CPW) for MSBVW excitation in a micrometer-thick
yttrium iron garnet (YIG) film. The choice of YIG as the mag-
netic material is due to its very low damping which allows
SWs to propagate over very long distances, from hundreds of
microns to millimetres. Pioneering works which employed
BLS to study the SWs in YIG films date back to early two
thousands.*®* In those works, the authors employed
conventional-BLS, i.e., by focusing light with a conventional
lens or objective and in transmission geometry, thanks to the
semi-transparency of YIG in the visible light range.

The measurements presented in this work, instead, have
been performed with u-BLS and in reflection geometry, in
order to exploit the increased lateral resolution granted by
the micro-focusing technique. We were able to measure 2D
maps of intensity of SWs, excited by a curvilinear CPW
transducer, by applying an in-plane bias field directed along
the symmetry axis of the CPW. Our findings demonstrate
that the 2D distribution of the MSBVW intensity is nonrecip-
rocal and has no mirror symmetry with respect to the mag-
netic field direction. In addition, the focusing effect of the

Published by AIP Publishing.
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SW curvilinear multielectrode antenna, like CPW, has been
demonstrated.

A schematic representation of the sample structure is
shown in Fig. 1. We used an epitaxial yttrium iron garnet
(YIG) film grown on a gadolinium gallium garnet substrate
with (111) crystallographic orientation. The YIG film’s
thickness d = 5.0 um, saturation magnetization 47M = 1750 G,
and FMR linewidth AH = 0.50e. 500nm-thick copper
antennas (see the inset of Fig. 1) in the form of a short CPW
were fabricated using DC-magnetron sputtering, photolithog-
raphy and ion etching directly on the YIG film surface.
Antennas had an arc form with curvature radius R =300 um.
The spacing S between antenna’s ends was 430 um and the
length of the central wire L =480 um. Both the signal and
ground conductors of the CPW had a width w,. = 7.0 um
with the gap between neighboring wires w, = 4.0 um. At the
antennas’ end, the ground and signal conductors had a grad-
ual transition to 100 yum x 100 um contact pads with 150 um
pitch for microwave probes. The structure was placed in the
gap of an electromagnet, which provided a magnetic field H
oriented in the film plane along the CPW transducer’s sym-
metry axis 7, see Fig. 1. This orientation of H corresponds to
the MSBVW geometry in the YIG film, where SWs can
propagate in both positive and negative z directions.

Point emitter
Scanning region

Antenna ‘\ ,z /I:I/

FIG. 1. Studied structure with the curvilinear transducer parameters’ nota-
tion (see the text). The intensity map represents the simulated distribution of
the MSBVW normal component of the dynamic magnetization m, excited
by the point emitter in the YIG film. The semi-transparent yellow rectangle
indicates the spatial region where the laser spot was scanned in the p-BLS
measurements. Values i =1, ..., 5 correspond to the number of cells across
the YIG film thickness used in numerical simulations. Values j=0, *1,
+2,... correspond to the number of straight-line segments which were used
for the curvilinear CPW shape approximation. Angles «; characterize the
incline of the normal 7 to the j-th segment with respect to the direction of
the in-plane magnetic field H.
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Prior to the fabrication of the curved CPW transducer,
we performed micromagnetic simulations to optimize its
geometrical parameters by modelling the propagation of
SWs excited in the YIG film by the point source antenna
(point emitter), see Fig. 1. Such an approach was recently
used for the calculation of the SW caustics’ directions in
structures with interfacial Dzyaloshinskii-Moriya interac-
tion”® and focusing transducers for SW in magnonic struc-
tures with thickness nonuniformity.*® Simulations were
performed using the OOMMF code*' for the area of
3 x 3mm with the cell size of 3 x 3 x 1 um. For our pur-
pose, we are interested in the shape of the lines of constant
MSBVW phase excursion 0(y, z) = const. If one takes the
shape of the transducer close to the line, 6(y, z) = const,
then this transducer will focus SWs in such a way that the
focal spot will be at the position of the point emitter.** For
optimal focusing, each electrode in the CPW based antenna
should have its own curvature and length.42 Moreover, the
gap width w, between neighboring wires should be taken as
a variable [w,(y, z) # const] to reflect the changes in the
MSBVW wavelength /1 along the isofrequency curve
f (k) = const. However, the process of photolithographic
mask fabrication requires an approximation of any curvature
by straight-line segments and this would destroy our
attempts to optimize the geometrical parameters of focusing
CPW transducer. For this reason, and in order to simplify the
CPW transducer fabrication, we used the shape of electrodes
close to the part of the circle with radius R and length L as
this shape was the closest to the calculated lines of the con-
stant phase. An example of such choice is shown in Fig. 1.
One can see that the transducer has a convex form that is typ-
ical for focusing long MSBVWs. !

Let us consider 2D maps of SW power distribution P(z, y)
~ m(z, y)2 for MSBVW beams to characterize its focusing
effect in terms of the focus distance F' and the focus spot width
W (Fig. 2). For this purpose, we examined cross-sections of
P(z, y) distributions along the main optical axis (y=0), at the
focus distance (z=F) and the double focus distance (z=2F),
in our measurements and calculations. The positions of the
mentioned cross-sections on the P(z, y) maps are depicted by
dashed lines 1-3 in Fig. 2.

u-BLS measurements were performed in the backscat-
tering configuration by focusing about 5 mW of monochro-
matic laser light at normal incidence upon the sample
surface. Differently from previous studies in YIG films,?®~°
where BLS experiments were performed in transmission, in
the present study BLS, we analyze in the frequency of light
which is backscattered from the film surface. All features of
the experimental apparatus are described in detail else-
where.*> Two-dimensional u-BLS maps were acquired by
scanning the laser spot over an area of about 400 x 600 um?
with 250 nm step size. Measurements were performed at bias
field H=1.0kOe for MSBVWs at frequency f=4.1 GHz.
The 2D intensity maps for two opposite field directions are
shown in Figs. 2(a) and 2(b), respectively, and the corre-
sponding cross-sections along lines 1-3 in Figs. 3(a) and
3(b). From inspection of these SW spatial profiles, it
becomes evident that the chosen curvilinear CPW transducer
produces two SW beams which intersect along the CPW
axis to create the focusing effect. From the cross-sections in
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FIG. 2. Measured (a) and (b) and calculated (c) and (d) 2D maps of the
power distribution for MSBVWs excited by the curvilinear CPW transducer
in the YIG film at H~ 1 kOe and f ~ 4.1 GHz. Figures (a) and (c) correspond
to the bias field directed along the z axis direction and (b) and (d) opposite
to it. Black dotted lines labelled 1, 2, and 3 point to the positions of cross-
sections for MSBVW beams. Calculated values P(z, y) were taken in the

=5

2
form P(z,y) = [Zi:l m(z,y,x,»] .

Figs. 3(a) and 3(b), one can define the experimental focal
distance F* = 100 um and the focal spot width Wp*
= 25 um. It is worth noting that the measured P(z, y) maps
revealed MSBVW beam focusing in the studied frequency
range between 3.9 and 4.5 GHz. For higher frequencies, a
non-monotonic change in the parameters F** and W% is
observed. This change did not exceed 10% of the values
shown in Figs. 3(a) and 3(b).
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FIG. 3. Measured (a) and (b) and calculated (c) and (d) cross-sections of the
focused MSBVW beam along the lines 1-3 shown in Fig. 2. Lines 3" and
3~ correspond to the results obtained under the magnetic field / = 1 kOe ori-
ented, respectively, along the 7 axis direction and opposite to it.
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From the comparison of measured P(z, y) maps for the
bias fields H=1.0kOe [see Fig. 2(a)] and H = —1.0kOe
[see Fig. 2(b)], one can conclude that P(z, y) distribution of
the focused MSBVW beams does not have mirror symmetry
with respect to the main optic axis of the curvilinear trans-
ducer and is nonreciprocal with respect to the field H direc-
tion. These properties of focused MSBVW beams are more
pronounced on the cross-sections of P(z, y) maps at distance
z=2F measured for fields H = *1kOe that are shown in
Fig. 3(b) by lines 3™, respectively. The degree of asymmetry
(Y) and the nonreciprocity (N) of the MSBVW beam focus-
ing can be characterized using the coefficients Y(H) = P(H,
z, ¥)/P(H, z, —y) and N(y) = P(H, z, y)/P(—H, z, y), where
P(H, z, y) are the amplitudes in the z=2F cross-section in
the caustic formation region at y = *100 um and field values
H = +=1.0kOe. In Table I, the values of the coefficients Y~
and N=, obtained from experimental and simulation data
presented by the curves 3™ at y = +100 um in Figs. 3(b)
and 3(d) are listed. One can see that coefficients calculated
from experimental data take values >2 that support our
conclusions about asymmetry and nonreciprocity measured
P(H, z, y) maps.

The results of numerical simulations for MSBVWs focus-
ing on the studied structure with chosen parameters are shown

in Figs. 2(c), 2(d), 3(c), and 3(d), where the calculated values

. 2
P(z, y) were taken in the form P(z,y) = [Zéjm(z,y,xi

One can see that the calculated and experimental results are in
good qualitative agreement with the exception of the region
below the antenna which is not illuminated by the laser beam.
As is follows from Fig. 3(c), the calculated focal distance F°“
= 102 um is rather close to the experimental value. The cross-
section of the calculated P(z, y) map at z=F shows that the
calculated focal spot width W = 40 um [see Fig. 3(d)] is
1.6 times wider than the measured one.

Let us consider the calculated caustics’ cross-sections at
distance z~2F shown by lines 3 in Figs. 2(c) and 2(d).
Lines 3% and 3~ in Fig. 3(d) correspond to the simulation
results of the magnetic field H =1kOe oriented in positive
and negative directions with respect to the z axis and are in
good qualitative agreement with the measured distribution of
the MSBVW beam power [Fig. 3(b)]. It implies that absence
of the mirror symmetry and nonreciprocity with respect to
the direction of the bias field H in measured P(z, y) maps
cannot be attributed to experimental artifacts like misorienta-
tion of transducers’ symmetry axis and the direction of field
H, or nonuniform microwave power distribution along the
CPW transducer.** Note that the values of the coefficients
Y= and N* obtained from the results of the simulation repre-
sented by the curves 3= in Fig. 3(d) are somewhat less than
the corresponding experimental values.

TABLE 1. Experimental and numerical values of the coefficients Y= and
N=, calculated from experimental and numerical data presented by the
curves 3° at y = + 100 um in Figs. 3(b) and 3(d).

Yt Y N* N~
Experiment 1.9 2.8 2.1 24
Simulation 1.97 1.81 1.7 2.1
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To understand the origin of the nonreciprocity and its
more vivid manifestation in the experiment, let us consider
the character of the distribution of the MSBVW amplitude
over the YIG film thickness, see Fig. 4. The calculated cross-
sections 3% and 3~ of MSBVW beam power in the 1 um-
thick layers P(z, y, x;) = m(z, y,x,-)2 on the YIG surface
[labeled as i=35 in Fig. 4(a)] and the YIG-GGG interface
[labeled as i=1 in Fig. 4(b)] show that, for our case, the
MSBVW power near the YIG surface is highly sensitive to
the magnetic field H direction with respect to the z" axis. The
largest changes correspond to the regions of caustic forma-
tion, where coefficients Y= and N~ in the layer i=35 are
equal to N-s =Y -5 =~ 2.2, while in the layer i=1 N;-,
=Y, ~ 1.1. One can conclude that in the case of a posi-
tively directed field, the segments of curvilinear transducer
with the normal 77 declined from the 7 axis at an angle o can
focus MSBVWs, which localizes its energy near the top YIG
surface for positive o and near the bottom YIG surface for
negative o. When the field direction changes to the opposite
one, the same parts of the curvilinear transducer focus
MSBVW in such a way that their energy localization
becomes opposite to the previous case.

The fact that in the experiment the effects of nonreci-
procity and asymmetry are more pronounced than in the cal-
culation is related to the limited focus depth of the u-BLS
technique (typically less than 2 um), to the reflection geome-
try used to perform measurements and to some light attenua-
tion inside the film thickness. All these effects make the
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FIG. 4. The calculated cross-sections of MSBVW beam power in 1 um-thick
layers at the YIG surface (i =5) and at the YIG-GGG interface (i = 1) along
the lines 3 (z=2F) shown in Fig. 2. Lines 3+ and 3— correspond to the
results obtained under the magnetic field H = 1kOe oriented, respectively,
along the " axis direction and opposite to it. In the inset, an order of the
layers in a numerical mesh through YIG film thickness is shown.
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contribution of the near-surface layers of the film in the BLS
cross section much more important than that of the bottom
layers, thus enhancing the observed nonreciprocity of the
MSBVW focusing.

It should be mentioned that nonreciprocity of MSBVW
amplitude localization across the film thickness under aniso-
tropic propagation conditions was discussed earlier in the
papers,45’46 where it was shown that MSBVW propagation
becomes nonreciprocal when it is excited by the linear trans-
ducer with the normal 77 inclined at an angle o # O from the
direction of the in-plane magnetic field. With some approxi-
mation, we can treat our curvilinear transducer as a set of
straight-line segments characterized by angles o;, where
Jj=0, £1, £2,... is the segment number, see Fig. 1. For the
central segment j =0, angle « = 0, while for the segments
located in the clockwise direction from it (j =1, 2, ...) and in
the counter-clockwise direction (j = —1, —2, ...), angles a # 0.
Exactly, these parts of the curvilinear transducer are respon-
sible for the symmetry loss and the nonreciprocity of the
MSBVW focusing effect in our case.

In conclusion, we have studied the focusing of MSBVWs
excited by a curvilinear microwave CPW transducers in the
5 um-thick epitaxial YIG film within an in-plane bias field ori-
ented along the symmetry axis of transducer. It was shown by
both the u-BLS technique and the micromagnetic simulation
that two-dimensional maps of MSBVW beam intensity at dis-
tances larger than the focus position demonstrate nonreciproc-
ity and absence of mirror symmetry with respect to the
direction of the bias field. These effects result from the nonre-
ciprocity of MSBVWs travelling at an angle to the bias field
direction.

We believe that our results are of potential interest in
realizing magnonic pass-band and stop-band filters which
could be used for SW geometrical optics,'™'" magnetic
microparticle imaging,*” non-Boolean computing*® and for
magnonic holographic read-only memory.*” It is worth not-
ing that the used approach for calculation of the focusing
transducer can be applied for the calculation for SW lenses
in the form of shaped thickness steps in magnetic films."”~’
Indeed, in accordance with Huygens’ principle, the SW’s
secondary sources on the wave front will define SW behavior
in the following time. From that point of view, all secondary
sources on the wave front outgoing from the point source are
coherent. Consequently, in order to obtain SW focusing, one
can take the shape of the transducer or thickness step repeat-
ing lines of the constant phase [0(y, z) = const] for SW’s
excited by point source. It can be expected that the combina-
tion of a focusing antenna with a focusing step will improve
the SW focusing effect, similarly to the so-called double
focusing transducer for acoustic waves.”
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