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ABSTRACT

The interaction between surface acoustic waves (SAWs) and spin waves (SWs) in a piezoelectric-magnetic thin film heterostructure yields
potential for the realization of novel microwave devices and applications in magnonics. In the present work, we characterize magnetoacoustic
waves in three adjacent magnetic micro-stripes made from CoFe + Ga, CoFe, and CoFe + Pt with a single pair of tapered interdigital trans-
ducers (TIDTs). The magnetic micro-stripes were deposited by focused electron beam-induced deposition and focused ion beam-induced
deposition direct-writing techniques. The transmission characteristics of the TIDTs are leveraged to selectively address the individual micro-
stripes. Here, the external magnetic field is continuously rotated out of the plane of the magnetic thin film and the forward volume SW
geometry is probed with the external magnetic field along the film normal. Our experimental findings are well explained by an extended phe-
nomenological model based on a modified Landau-Lifshitz-Gilbert approach that considers SWs with nonzero wave vectors. Magnetoelastic
excitation of forward volume SWss is possible because of the vertical shear strain &, of the Rayleigh-type SAW.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101526

I. INTRODUCTION nonreciprocal behavior. Conversely, the SAW-SW interaction can
be also used as an alternative method to characterize magnetic thin
films, SWs, and SAWs.'>****** Design of future magnetoacoustic
devices can benefit from the fact that SAW technology is well devel-
oped and already employed in manifold ways in our daily life.”"
Efficient excitation and detection of SAWs with metallic comb-
shaped electrodes—so-called interdigital transducers (IDTs)—are

Over the last decade, increasing attention has been paid to
the resonant coupling between surface acoustic waves (SAWs) and
spin waves (SWs).'~ On the one hand, magnetoacoustic interac-
tion opens up the route toward energy-efficient SW excitation and
manipulation in the field of magnonics.” On the other hand, mag-
netoacoustic interaction greatly affects the properties of the SAW,

which, in turn, can be used to devise new types of microwave possible on piezoelectric substrates. For example, acoustic delay lines
devices, such as magnetoacoustic sensors™* or microwave acoustic ~ With low insertion losses of about 6 dB at 4 GHz have been real-
isolators.” ' High flexibility in the design of these devices is possi- ized.”® Fundamental limitations in the SAW excitation efficiency are
ble since the properties of the SWs can be varied in a wide range of ~ mainly given by interaction with thermal phonons, spurious excita-
parameters. For instance, the SW dispersion can be reprogrammed tion of longitudinal acoustic waves in the air, and nonlinear effects
by external magnetic fields or electrical currents'”'® and more com- at high input power.”””’ So far, IDTs exciting SAWs homogeneously

plex design of the magnet geometry'”'* or use of multilayers'"'*~' over the whole aperture have been used in resonant magnetoacous-

to allow for multiple dispersion branches with potentially large tic experiments. Apart from Refs. 30 and 31, these studies have
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Tapered-IDT (TIDT)

FIG. 1. Optical micrograph of the fabricated device. Rayleigh-type SAWs are
excited on the piezoelectric substrate LiINbO3 by a tapered-IDT (TIDT) within a
wide range of frequencies f, — 230t . f,+ 20 | dependence on the

applied frequency, SWs can be magnetoacoustically excited in one of the three
different magnetic micro-stripes deposited by FEBID and FIBID. Magnetoacoustic
transmission measurements are performed by a pair of TIDTs.

been performed with an external magnetic field that was exclusively
oriented in the plane of the magnetic thin film.

Here, we experimentally demonstrate targeted magnetoacous-
tic excitation and characterization of SWs in the forward volume SW
geometry with micrometer-scale spatial resolution. To do so, mag-
netoacoustic transmission measurements are performed with one
pair of tapered interdigital transducers (TIDTs) at three different
magnetic micro-stripes, as shown in Fig. 1. This study is carried
out in different geometries in which the external magnetic field is
tilted out of the plane of the magnetic thin film. We demonstrate
that magnetoelastic excitation of SWs is possible even if the static
magnetization is parallel to the magnetic film normal—which is
the so-called forward volume spin wave (FVSW) geometry—thanks
to the vertical shear strain component &, of the Rayleigh-type
SAW. The experimental results are simulated with an extended phe-
nomenological model, which takes the arbitrary orientation of the
external magnetic field and magnetization into account.

The magnetic micro-stripes with lateral dimensions of about
20 x 40 ym”* and different magnetic properties were deposited by
focused electron beam-induced deposition (FEBID) and focused
ion beam-induced deposition (FIBID). One particular advantage of
using the direct-write approach’” to fabricate the micro-stripes is
the ease with which the magnetic properties can be tailored, such
as the saturation magnetization.”* Moreover, direct-write capabili-
ties make the fabrication of complex 3D magnetic structures on the
nanoscale possible. Applications in magnonics include, for instance,
3D nanovolcanoes with tunable higher-frequency eigenmodes,*
2D and 3D magnonic crystals with SW bandgaps,””” SW beam
steering Vi;d graded refractive index, and frustrated 3D magnetic
lattices.

Il. THEORY

A surface acoustic wave is a sound wave propagating along
the surface of a solid material with evanescent displacement nor-
mal to the surface. The density, surface boundary conditions,
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and elastic, dielectric, and potentially piezoelectric properties of
the material mainly determine if and which SAW mode can be
launched. Typical SAW modes on homogeneous substrates show
a linear dispersion with a constant propagation velocity of about
csaw = 3500 m/s.”” We use a standard Y-cut Z-propagation LiNbO;
substrate, which gives rise to a Rayleigh-type SAW. On the substrate
surface, this SAW mode causes a retrograde elliptical lattice motion
in a plane defined by the SAW propagation direction and the surface
normal.””"’

An optical micrograph of the fabricated magnetoacoustic
device is shown in Fig. 1. Rayleigh-type SAWSs can be excited in a
frequency range between fo — %, coos fot %, which corre-
sponds to different positions of the TIDT along the length of its
aperture W. To describe the magnetoacoustic transmission of the
three different magnetic thin films, we extend the phenomenological
model of Dreher et al’’ and Kif3 et al.'? in terms of magnetoa-
coustically excited SWs with nonzero wave vector and arbitrary
orientation of the equilibrium magnetization direction, as detailed
below.

A. Magnetoacoustic driving fields and SAW
transmission

In the following, we use the (x,y,z) coordinate system shown
in Fig. 2. The x and z axes are parallel to the wave vector ksaw = k%
of the SAW and normal to the plane of the magnetic micro-stripes,
respectively. The equilibrium direction of the magnetization M and
the orientation of the external magnetic field H are specified by
the angles (6o, ¢,) and (0w, ¢y ). Here, 6y and ¢, are calculated
by minimization of the static free energy. For that, we take the
external magnetic field H, thin film shape anisotropy M,z with sat-
uration magnetization M, and a small uniaxial in-plane anisotropy
Hani, which encloses an angle i with the x axis, into account.'””’
Because the characterized magnetic thin films are relatively'” thick
(d > 24 nm), we neglect the surface anisotropy. The SAW-SW
interaction can be described by effective dynamic magnetoacoustic
driving fields, which exert a torque on the static magnetization.*!
The resulting damped precession of M is then determined by the

FIG. 2. Relation between the coordinate systems employed. The (x,y, z) frame
of reference is defined by the SAW propagation direction and the surface nor-
mal. We employ the (1,2,3) coordinate system to solve the LLG equation. Here,
the 3-direction corresponds to the equilibrium magnetization orientation and the
2-direction is always aligned in the plane of the magnetic film. The inset shows
the precession cone of the magnetization, with the transverse magnetization
components my and m,. The coordinate system is taken from Ref. 30.
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Landau-Lifshitz-Gilbert (LLG) equation for small precession ampli-
tudes. To this end, we introduce the rotated (1,2,3) Cartesian
coordinate system in Fig. 2. The 3-axis is parallel to M and the 2-
axis is aligned in the film plane.*! In this phenomenological model,
it is assumed that the frequencies f and wave vectors k of SAW
and SW are identical.*"* We assume that the magnon-phonon
coupling strength is in the weak coupling regime, as discussed for
the three micro-stripes in Appendix A. Furthermore, only magnetic
films with small thicknesses |k|d < 1 and homogeneous strain in the
z-direction of the magnetic film are considered. "’

The effective magnetoacoustic driving field as a function of
SAW power in the (1,2) plane can be written'” as

) / ,
h(x, l’) _ ~1 L /PSAW(x ez(kx—wt). (1)
by Resaww

Here, w = 2n1f and csaw are the angular frequency and propaga-
tion velocity of the SAW, w is the width of the acoustic beam, and
the constant R = 1.4 x 10" J/m® ** The normalized effective mag-
netoelastic driving fields 7, and ki, of a Rayleigh wave with strain
COMPONeNts &x-yy 2z, # 0 are "

= . 2 .
h 2 —sin By cos By cos” ¢ sin Oy cos 6y

- = blﬁxx + D10z,
hy to sin By sin ¢ cos ¢o 0

- 20
+ b, cos(26o) cos ¢o ’ @)
cos 6 sin ¢

where by, are the magnetoelastic coupling constants for cubic
symmetry of the ferromagnetic layer,”” &y = exo/(|k||tzo|) are
the normalized amplitudes of the strain, and ¢, are the com-
plex amplitudes of the strain. Furthermore, u;o is the ampli-
tude of the lattice displacement in the z-direction. For the sake
of simplicity, we neglect non- magnetoelastlc interactions, such as
magneto-rotation couphng, ’

spin-rotation coupling,” "’ and
gyromagnetic coupling.”® In contrast to previous magnetoacoustic
studies''»*"*7**% yhere the equilibrium magnetization direc-
tion was aligned in the plane of the magnetic film (6 = 90°),
the strain component ¢, results in a modified driving field for
geometries with 6y + 90°.

In the experiments, we characterize the SAW-SW interaction
for the three geometries depicted in Fig. 3. The oop0-, oop45-,
and oop90-geometries are defined by the polar angle ¢, of the
external magnetic field H. Since the symmetry of the magnetoa-
coustic driving field h essentially determines the magnitude of the
magnetoacoustic interaction, we will now discuss the orientation
dependence of |uoh(8))| for the Rayleigh wave strain components
&xx> €22, and &, separately, setting all other strain components equal
to zero.”” In Fig. 4, we show a polar plot of the normalized magnitude
of the driving field |uoh(6p)|, using 2b12d, = 1 T and assuming no
in-plane anisotropy (Hani = 0,¢, = ¢;;). First, it is interesting that
magnetoelastic excitation of SWs in the FV-geometry (6 = 0°) can
be solely mediated by the driving fields of the shear component &,..

scitation.org/journal/apm
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FIG. 3. The magnetoacoustic transmission is studied in the three geometries
oop0, oop45, and 0op90, which are defined by the polar angle ¢, of the exter-
nal magnetic field H. Here, H is tilted with respect to the z axis by the azimuthal
angle 64.

Second, finite element method (FEM) eigenmode simulations
reveal” that the strain component ¢, is phase shifted by 7 with
respect to &x. Thus, the magnetoacoustic driving fields of & and
&2z show a constructive superposition. Third, the SAW-SW helic-
ity mismatch effect arises because of a +77/2 phase shift of e, with
respect to &u.” '’ Under an inversion of the SAW propaga-
tion direction (k — —k, or ksy1 — ks12), the phase shift changes its
sign (/2 — —m/2). For measurements in the in-plane geometry, the
SAW-SW helicity mismatch effect is attributed to a superposition of
driving fields caused by &, and &x;. This is in contrast to the 0op90-
geometry (¢, = 90°), where the SAW-SW helicity mismatch effect is
mediated by the strain components ¢, and ;.

The magnetoacoustic driving field causes the excitation of SWs
in the magnetic film. Thus, the power of the traveling SAW is expo-
nentially decaying while propagating through the magnetic film with

oop0 oop45 00p90

(a) 'fTeo (b) ' L © ' .
1T
£ # 0
X v y
(@) 4* (e) 4% (f) *
b b, b
£t 0 %@%@%@y
(8 47 (h) 4* @
A A
€% 0 %%},

FIG. 4. Polar plot of the normalized driving field’s magnitude |uoh(8p)] for the
relevant strain components exx, €2z, and &, and for the different geometries oop0,
oop45, and 0op90, assuming ¢, = ¢,,. The distance from the origin indicates for
all panels the normalized magnitude of the driving field. Thereby, the driving field
was calculated by using Eq. (2) with 2b1 284 = 1 T. This diagram extends Fig. 4 of
Ref. 30 by panels (c)—(f) and (i).
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length I and thickness d. With respect to the initial power Py, the
absorbed power of the SAW is

2
Puss = Po(1 - exp{~C Tm[(R)*§h]}) with C - ;uolfd(];). )
The magnetic susceptibility tensor y describes the magnetic response
to small time-varying magnetoacoustic fields and is calculated as
described by Dreher et al.*® for arbitrary equilibrium magnetization
directions (6o,¢,). Besides the external magnetic field, exchange
coupling, and uniaxial in-plane anisotropy, we take the dipolar fields
for SWs with k # 0 also into account, which are given in Eq. (B1) in
Appendix B.
Finally, to directly simulate the experimentally determined rel-
ative change of the SAW transmission AS;; on the logarithmic scale,
we use

_ 21 for k>0,
AS; =10 lg(M) with ij = e (4)
Py 12 for k<0,

for SAWs propagating parallel (k > 0) and antiparallel (k < 0) to the
X axis.
B. Spin wave dispersion

Resonant SAW-SW excitation is possible if the dispersion rela-
tions of SAW and SW intersect in the uncoupled state. The SW
dispersion is obtained by setting det( ') = 0 and taking the real
part of the solution for small SW damping constants «. If we neglect
the uniaxial in-plane anisotropy (Hani = 0, ¢, = ¢;;), we obtain’’

f= %\/HHHH -1, (5)

with

Hiy = H cos(6y — 0y) + DK* = M, cos(26p)
+ M(1 - Go)(cos(260) — sin” ¢ cos’ 60)

Hj, = H cos(6p — Ou) + DK? — M, cos? 60 + Ms(1 - Go)sin2 do,
Hi, = M(1 - Gp) sin ¢ cos ¢o cos 6.

(6)

1-—e kM

Here, y is the gyromagnetic ratio, Gy = T and D = 22 with the

M,

magnetic exchange constant A. a

We exemplarily calculated the SW resonance frequency f in
Fig. 5(a) for the oop0-geometry as a function of the external mag-
netic field magnitude u,H. The corresponding azimuthal angle 6y of
the equilibrium magnetization orientation is shown in Fig. 5(b). For
the simulation, we use besides ¢, = 0% k=59 ,umfl, poMs = 17T,
and Hapi = 0 the parameters of the CoFe + Ga thin film in Table II.
Additionally, the resonance frequency f = 3 GHz of a SAW with
k=59 um™ is depicted by the dashed line in Fig. 5(a). The dis-
persion f(u,H) changes strongly with the azimuthal angle 8y of the
applied external magnetic field. For the FVSW geometry 6y = 0°,
the magnetic thin film is saturated (6 = 0°) when the magnetic field
overcomes the magnetic shape anisotropy u,H > p,M; and resonant

scitation.org/journal/apm

(c)
2 T
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= |-~ CoFe+Pt
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FIG. 5. (a) The SW resonance frequency f is calculated with Eq. (5) for the oop0-
geometry as a function of the external magnetic field magnitude u,H and azimuthal
angle 6y. The corresponding azimuthal angle 6, of the equilibrium magnetization
orientation is shown in (b). For the simulation, we use ¢, = 0°, k = 5.9 pm,
toMs = 1 T, and zero in-plane anisotropy. The remaining parameters are taken
from the data for CoFe + Ga thin film in Table I1. (c) The saturation magnetizations
Ms of the three different magnetic thin films (colored dots) are calculated from
the experimentally determined resonance field 4 Hres of the FVSW in Fig. 8. The
general dependence 1, Ms (¢ Hres ) is shown by the lines for the different magnetic
films.

SAW-SW interaction is only possible at 4,H = 1.06 T. In contrast,
for 6y = 0.9°, we expect magnetoacoustic interaction in a wide range
YoH ~0.7,..., 1.0 T, where the dispersions of SAW and SW inter-
sect. For this geometry and y H < 1.5 T, the magnetic film is not fully
saturated (6y # 0.9°).

lll. EXPERIMENTAL SETUP

In contrast to previous magneotoacoustic studies performed
with conventional IDTs, "!»?02%233L4249 Here  we use “tapered”
or “slanted” interdigital transducers (TIDTs)™* *° to characterize
SAW-SW interaction in three different magnetic thin micro-stripes
in one run. Although the fingers of the TIDT are slanted, the SAW
propagates dominantly parallel to the x axis in Fig. 1 because of
the strong beam steering effect of the Y-cut Z-propagation LiNbO3
substrate.”””” The linear change of the periodicity p(y) along the
transducer aperture W results in a spatial dependence of the SAW
resonance frequency f(y) = csaw/p(y).””> Thus, a TIDT has a wide
transmission band and can be thought of as consisting of multi-
ple conventional IDTs that are connected electrically in parallel.”*
In good approximation, the frequency bandwidth of a conventional
IDT is given by Afipr = 0.9fo/N and is constant for higher har-
monic resonance frequencies. From the bandwidth A fripr of the
TIDT, the width of the acoustic beam w at constant frequency can
be estimated™ with

A
w=W fior .
A fripr

The TIDTs are fabricated out of Ti(5)/Al(70) (all thicknesses are
given in units of nm) and have an aperture of W = 100 um, the
number of finger-pairs is N = 22, and the periodicity p(y) changes
from 3.08 to 3.72 ym. As shown in Fig. 6(a), we operate the TIDT

%
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FIG. 6. (a) The transmission characteristics of the fabricated device shows
the expected wide band behavior. (b) Within this transmission band, the mag-
netoacoustic transmission ASy(u,H) differs for the three different frequency
sub-bands that correspond to the three different magnetic films.

at the third harmonic resonance, which corresponds to a trans-
mission band and SAW wavelength in the ranges of 2.69 GHz < f
< 3.22 GHz and 1.06 ym < A < 1.27 ym. According to Eq. (7), we
expect for the width of the acoustic beam at constant frequency
w= 100 ym (41/530 MHz) ~ 7.7 ym. Moreover, Streibel et al.
argue that internal acoustic reflections in the single electrode struc-
ture used additionally lowers w by a factor of about four.” Since
A is in the range of w, diffraction effects can be expected. These
beam spreading losses are partly compensated by the beam steer-
ing effect and the frequency selectivity of the receiving transducer,
which filters out the diffracted portions of the SAW.*

The three different magnetic micro-stripes in Fig. 1 were
deposited by direct-writing techniques between the two 800 ym
distant TIDTs. For details, we refer the readers to Appendix C.
The compositions of the deposited magnetic films were character-
ized by energy-dispersive x-ray spectroscopy (EDX). The results are
summarized in Table I. More details about the microstructure and
magnetic properties of CoFe can be found in Refs. 34 and 56. For
the microstructure of mixed CoFe-Pt deposits, we refer the read-
ers to Ref. 57 in which results of a detailed investigation of the
microstructural and magnetic properties of fully analogous Co-Pt
deposits are presented. We determined the thicknesses d and the
root mean square roughness of the samples CoFe + Ga (24 +2),
CoPFe (72 +2), and CoFe + Pt (70 + 2) by atomic force microscopy
(AFM). The length and widths of all micro-stripes are identical, with

Ir = 40 ym and wy = 20 um, except W?OFHGa =26 ym.

TABLE I. Compositional EDX analysis of test samples with size 1.5 x 1.5 um?. The
electron beam voltage was 5 keV for the FEBID samples and 3 keV for the FIBID
sample.

Sample C (0) Fe Co Ga Pt
CoFe + Pt 61.8 6.5 4.2 20.1 7.4
CoFe 26.2 6.9 12.4 54.5

CoFe + Ga 16.9 16.5 7.7 37.5 21.4

scitation.org/journal/apm

The SAW transmission of our delay line device was character-
ized by a vector network analyzer. Based on the low propagation
velocity of the SAW, a time-domain gating technique was employed
to exclude spurious signals,”® in particular electromagnetic crosstalk.
We use the relative change of the background-corrected SAW
transmission signal as

ASij(poH) = Sij(uoH) - (2 T) (8)

to characterize SAW-SW coupling. Here, AS; is the magni-
tude of the complex transmission signal with ij € {21,12}. In all
measurements, the magnetic field is swept from -2 to 2 T.

IV. DISCUSSION
A. Experimental results

In Fig. 6(b), we show the magnetoacoustic transmission AS;; as
a function of external magnetic field magnitude and frequency for
the FVSW geometry (8 ~ 0°). Within the wide transmission band
of the TIDT, the magnetoacoustic transmission ASy (4,H) clearly
differs for the three different frequency sub-bands, each of which
spatially addresses one of the three different magnetic micro-stripes.
Both, the maximum change of the transmission with Max(AS5’™)
> Max(ASSFPY) > Max(ASSPF* ) and the resonance fields are
different for the three films. The small signals AS,; # 0 at frequen-
cies corresponding to the gaps between the magnetic structures are
attributed to diffraction effects. The apparent signal AS,; at the edges
of the transmission band is attributed to measurement noise. From
Fig. 6(b), we identify the frequencies corresponding to the centers of
the three magnetic films CoFe + Ga, CoFe, and CoFe + Pt as 2.78,
2.96, and 3.17 GHz, respectively. Further analysis is performed at
these fixed frequencies.

In Fig. 7, we show the magnetoacoustic transmission
ASy (uyH, 0) of all three films in the oop0-, oop45-, and 0op90-
geometry (see Fig. 3) as a function of external magnetic field magni-
tude poH and orientation 8y in the range of —90° < 6y < 90° with an
increment of Afy = 3.6°. For almost all geometries, the magnetoa-
coustic response ASy (,H,0n) has a star shape symmetry, which
was already observed by Dreher et al. for Ni(50) thin films.** This
symmetry results from magnetic shape anisotropy. The sharp reso-
nances in Fig. 7 around 8y = 0° are studied in Fig. 8 in the range
of —3.6° < Oy < 3.6° with ABy = 0.225° in more detail. For all three
magnetic micro-stripes, SWs can be magnetoacoustically excited in
the FVSW geometry (6 = 0°) and the resonance fields Yo Hres(On
= 0°) differ. Additionally, the symmetry of the magnetoacoustic res-
onances p,Hyes(01) changes for the geometries oop0, oop45, and
00p90 and the different magnetic micro-stripes. In general, the res-
onance fields |u,Hyes| decrease if |¢,| is increased from 0° to 90°
(00p0-00p90). Moreover, the line symmetry with respect to 8y = 0°
is broken, in particular, for the oop45- and 0op90-geometry.

B. Simulation and interpretation

To simulate the experimental results in Figs. 7 and 8 with
Eq. (4), we first have to determine the saturation magnetizations
M of the different magnetic thin films. For this purpose, we com-
pute Eq. (5) for the FVSW geometry (6 = 0°, 6y = 0°). The relation
M;(H = Hye) is shown in Fig. 5(c) for all three magnetic films.
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FIG. 7. The magnetoacoustic transmission ASy (¢,H, 6 of the magnetic micro-stripes CoFe + Ga (2.78 GHz), CoFe (2.96 GHz), and CoFe + Pt (3.17 GHz) is shown
in the oop0-, oop45-, and oop90-geometry (see Fig. 3). Resonances are observed for 6y = 0°, which are studied in more detail in Fig. 8. Simulation and experiment show

good qualitative agreement.

oop0 geometry

oop45 geometry

00p90 geometry

E).(pt'. . Sl?nu.l . E)‘.(pt'. . Simu. . . Exlpt. . ISmIm. ___AS,(dB)
() (b) ' (C) | (d) (e) ) 0.00
- 4F \ +4 L | 4 |
} \ . -, v
} . R S | EERTAR T S i -0.04
| Y | -0.08
' 0 “ e D) 0.00
Y T L | ;' L | _015
I (A
; . 9 3 . . B . . -0.30
(m) /’ A o T e ' ® o 77 o7 ' 0.00
18F 1 ] . - ]
f \ W, | \ “
0.0} | Lo o . 1 | ) \ 1 ! | -0.06
-1.8} 1 ] . ]
-0.12
100 1 -1 0 100 1 -10 1 100 1 -0 1
UH (T) UoH (T) UoH (T) oH (T) woH (T) HoH (T)

FIG. 8. The magnetoacoustic transmission ASy (¢,H, 0y ) of the magnetic micro-stripes CoFe + Ga (2.78 GHz), CoFe (2.96 GHz), and CoFe + Pt (3.17 GHz) is shown
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TABLE II. Parameters to simulate the magnetoacoustic transmission ASy; (k > 0)
of the Rayleigh-type SAW in Figs. 7-9. For the simulation of ASy, (k < 0), the sign of
the normalized strain &,; is inverted. For all micro-stripes, we assume g = 2.1834 and
D=247x10""2 Am3*

CoFe + Ga CoFe CoFe + Pt
d (nm) 24 72 70
f (GHz) 2.78 2.96 3.17
M, (kA/m) 772 1296 677
o 0.04 0.1 0.05
@, (deg) -10 0 88
phoHani (mT) 1 5 10
Oxx 0.49 0.40 0.40
Az -0.15 -0.10 -0.10
Qxz 0.13i 0.17i 0.17i
|b1] (T) 4 15 6

Thereby, the frequency f and wave vector k of the SW are deter-
mined by the SAW and we assume csaw = 3200 m/s,”’ g = 2.18,*
and D = 24.7 x 1072 Am.* Since the in-plane anisotropy Hapi is
expected to be small compared to the shape anisotropy, the impact
on the resonance in the FVSW geometry is small, and we use
Hapi = 0. Under these assumptions, the relations M (Hyes) are
almost identical for the three magnetic films. Together with the
experimentally determined gy Hyes(8 = 0°) in Fig. 8, the saturation
magnetizations of CoFe + Ga, CoFe, and CoFe + Pt are determined
to be 772, 1296, and 677 kA/m, respectively.

For the simulations in Figs. 7 and 8, we use the parameters
summarized in Table II. The complex amplitudes of the normalized
strain dy = e/ (|k||uzo|) are estimated from a COMSOL™ finite
element method (FEM) simulation. Since we do not know the elas-
tic constants and density of the magnetic micro-stripes, we assume
a pure LiNbO3 substrate with a perfectly conducting overlayer of
zero thickness. Thus, the real values of d; might deviate from the
assumed ones.'” Furthermore, the normalized strain of the simu-
lation was averaged over the thickness 0 < z < —d. The values for
the SW effective damping «, magnetoelastic coupling for polycrys-
talline films™ by = b,, and small phenomenological uniaxial in-plane
anisotropy (Hani, ¢,,;) were adjusted to obtain a good agreement
between experiment and simulation. Thereby, & includes Gilbert
damping and inhomogeneous line broadening.'” The phenomeno-
logical uniaxial in-plane anisotropy could be caused by substrate
clamping effects or the patterning strategy of the FEBID/FIBID
direct-write process. Note that the values of all these parameters
listed in Table IT are very reasonable.

For all three magnetic micro-stripes, the qualitative agreement
between simulation and experiment in Figs. 7 and 8 is good. For
magnetoelastic interaction, SWs can be excited in the FVSW geom-
etry (6 = 0°) solely due to the vertical shear strain ¢,, which causes
a nonzero magnetoacoustic driving field, as discussed in Fig. 4.
According to Eq. (2), the driving field mediated by €xx . contributes
to O # 0°. In Fig. 8, the intensity of the resonances for Oy # 0° is,
therefore, more pronounced than for 8y = 0°. Because the driving
fields, which are mediated by the strain &, and ¢, are in phase, SW
excitation in one of the out-of-plane geometries can be even more

ARTICLE scitation.org/journal/apm

efficient than in the in-plane geometry. The magnetoacoustic reso-
nance fields of the three magnetic micro-stripes mainly differ due
to differences in M, and d, which strongly affect the correspond-
ing dipolar fields of a SW. As expected from the SW dispersion
in Fig. 5(a), we observe in the case of the CoFe + Ga film in
Figs. 8(a) and 8(b) for 8y = 0 a resonance at poH =1.06 T with a
narrow linewidth and for 8y = 0.9° a wide resonance between poH
~0.7,..., 1.0 T. The symmetry of the magnetoacoustic resonances
toHres(O1) changes with the geometries oop0, oop45, and 0op90
since the magnetic dipolar fields of the SW dispersion Eq. (5) depend
on ¢,. For CoFe + Pt, two resonances are observed in the 0op00-
geometry, whereas in the oop45- and oop90-geometry, confined
oval-shaped resonances show up. This behavior can be modeled by
assuming an uniaxial in-plane anisotropy with ¢, .~ 90°. In the
00p00-geometry, the resonance with the lower resonant fields can
be attributed to the switching of the in-plane direction of the equilib-
rium magnetization direction. In the oop45- and oop90-geometries,
the resonance frequencies of the SWs are higher than the excitation
frequency of the SAW for |0y| > 0.7°. Thus, the magnetoacoustic
response ASy; is low for |6y > 0.7° in Figs. 8(0)-8(r).

We attribute discrepancies between experiment and simula-
tion to the following effects: The phenomenological model solely
considers an in-plane uniaxial anisotropy. Additional in-plane and
out-of-plane anisotropies would result in a shift in the resonance
fields. Furthermore, the strain is estimated by a simplified FEM
simulation and assumed to be homogeneous along the thick-
ness of the micro-stripe. Moreover, we neglect magneto-rotation
coupling,'***** spin-rotation coupling,” " and gyromagnetic cou-
pling.*® These assumptions have an impact on the intensity and
symmetry of the resonances. Finally, low-intensity spurious sig-
nals are caused by SAW diffraction effects, which are, for instance,
observed in Figs. 8(m), 8(0), and 8(q) for |u,H| > 1 T.

C. Nonreciprocal behavior

The nonreciprocal behavior of the magnetoacoustic wave in the
oop0-, oop45-, and 0op90-geometries is illustrated for CoFe + Ga
in Fig. 9. If the magnetoacoustic wave propagates in inverted direc-
tions ksz1 and ksi2 (k and —k), the magnetoacoustic transmission
ASy1 (4yH, 0r) and ASy> (u,H, 0 differs for the oop45- and 0op90-
geometry. The qualitative agreement between experiment and sim-
ulation is also good with respect to nonreciprocity. The SAW-SW
helicity mismatch effect, discussed in the theory section, causes
ASy1 (4yH, 0r) # AS12(pyH, Orr) in Fig. 9 and the broken line sym-
metry with respect to Oy = 0° in Figs. 8 and 9. So far, nonreciprocal
magnetoacoustic transmission was only observed in studies where
the external magnetic field was aligned in the plane of the mag-
netic film (8 = 90°). "> The magnetoacoustic driving field
in Eq. (2) is linearly polarized along the 1-axis for ¢, = 0. Thus,
no nonreciprocity due to the SAW-SW helicity mismatch effect is
observed in the oop0-geometry. In contrast, the driving field has
a helicity in the oop45- and oop90-geometry. Since this helicity is
inverted under inversion of the propagation direction of the SAW
(€xz0 & —€xz0), nonreciprocal behavior shows up in the oop45-
and oop90-geometry. In comparison to the experimental results,
the simulation slightly underestimates the nonreciprocity. This is
mainly attributed to magneto-rotation coupling,'*>** which can
be modeled by a modulated effective coupling constant b, and
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FIG. 9. Nonreciprocal magnetoacoustic waves are characterized by different transmission amplitudes ASy1 and ASj; for oppositely propagating SAWs with wave vectors
ksp1 and ksq. The nonreciprocal transmission is illustrated for the magnetic micro-stripes CoFe + Ga (2.78 GHz) in the oop0-, oop45-, and oop90-geometry for almost
out-of-plane oriented external magnetic field (6 = —3.6°, . . ., 3.6°). Nonreciprocal behavior can solely be observed in the oop45- and oop90-geometry, which is nicely

reproduced by the simulation.

can result in an enhancement of the SAW-SW helicity mismatch
effect.' "

V. CONCLUSIONS

In conclusion, we have demonstrated magnetoacoustic exci-
tation and characterization of SWs with micrometer-scale spatial
resolution using TIDTs. The magnetoacoustic response at differ-
ent frequencies, which lie within the wide transmission band of the
TIDT, can be assigned to the spatially separated CoFe + Ga, CoFe,
and CoFe + Pt magnetic micro-stripes. SAW-SW interaction with
micrometer-scale spatial resolution can have interesting implica-
tions for future applications in magnonics and the realization of new
types of microwave devices, such as magnetoacoustic sensors "’
or microwave acoustic isolators.'”'**! For instance, giant nonre-
ciprocal SAW transmission was observed in magnetic bilayers and
proposed to build reconfigurable acoustic isolators.""'**" In com-
bination with TIDTs, acoustic isolators, which show in adjacent
frequency bands different nonreciprocal behavior, could be real-
ized. Furthermore, if two orthogonal delay lines are combined in a
cross-shaped structure, the resolution of magnetoacoustic interac-
tion of different magnetic micro-structures in two dimensions can
potentially be achieved.”!

In addition, we extended the theoretical model of magnetoa-
coustic wave transmission' "’ in terms of SWs with nonzero wave
vector and arbitrary out-of-plane orientation of the static magne-
tization direction. This phenomenological model provides a good
description of the experimental results for CoFe + Ga, CoFe, and
CoFe + Pt magnetic micro-stripes in different geometries of the
external magnetic field—including the FVSW geometry—in a quali-
tative way. We find that FVSWSs can be magnetoelastically excited by

Rayleigh-type SAWs due to the shear strain component &x,. More-
over, magneto-rotation coupling,'”**"* spin-rotation coupling,”” "’
or gyromagnetic coupling’® may contribute to the excitation of
FVSWs. Since the SAW-SW helicity mismatch effect, which is
related to &, and the effective coupling constant b, is low in Ni
thin films,””"*****? we expect a low excitation efficiency for FEVSW's
in Ni. In contrast to the previously discussed in-plane geometry, the
strain component ¢, of Rayleigh-type waves plays an important role
in the out-of-plane geometries and can result in enhanced SAW-SW
coupling efficiency and SAW-SW helicity mismatch effect.
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APPENDIX A: PHONON-MAGNON COUPLING REGIME

Following Ref. 64, we estimate the magnon-phonon coupling
strength Q for all films. To calculate the filling factor from the
magnon and phonon overlap, we assume that the SAW extends to
within one wavelength Asaw into the substrate and that the magnon
is uniform over the ferromagnetic film thickness. Table III lists the
coupling strengths estimated in this way together with the magnon
loss rates aw. For all films, the magnon-phonon coupling is in the
weak coupling regime.

APPENDIX B: EFFECTIVE DIPOLAR FIELDS

The effective dipolar fields in the (1,2,3) coordinate system for
arbitrary equilibrium magnetization directions (6o, ¢,) are taken
from Ref. 51 by comparing Eq. (23) with the Landau-Lifshitz
equation

H%m, + H m,
H:figlzs = M; ngpmz + Hziprm ,
—cos” 6y
HP = —cos” ) +cos(260) + (1~ Go) (~ cos(26) + sin” ¢o cos” o),
HCIlp =—(1- Go)sm do,
Hf;p dlp = (1-Go)sin ¢g cos ¢g cos 6.
(B1)

Here, my, are the precession amplitudes of the normalized
magnetization m = M/M;.

TABLE lll. The estimated magnon-phonon coupling strength Q is for all micro-stripes
much smaller than the estimated magnon loss rate aw.

CoFe + Ga CoFe CoFe + Pt
Q (MHz) 6 150 60
aw (MHz) 700 1900 1000

ARTICLE scitation.org/journal/apm

APPENDIX C: DETAILS ABOUT THE DEPOSITION
OF THE MAGNETIC THIN FILMS

FEBID and FIBID are direct-write lithographic techniques used
for the fabrication of samples of various dimensions, shapes, and
compositions.” In FEBID/FIBID, the adsorbed molecules of a pre-
cursor gas injected in a SEM/FIB chamber dissociate by means
of the interaction with the electron/ion beam forming the sample
during the rastering process.”” In the present work, the samples
were fabricated in a dual beam SEM/FIB microscope (FEI, Nova
NanoLab 600) equipped with a Schottky electron emitter. FEBID
was employed to fabricate the CoFe and CoFe + Pt samples with
the following electron beam parameters: 5 kV acceleration volt-
age, 1.6 nA beam current, 20 nm pitch, and 1 us dwell time.
The number of passes, i.e., the number of rastering cycles, was
1500. FIBID was used to prepare the CoFe + Ga sample with
the following ion beam parameters: 30 kV acceleration voltage,
10 pA ion beam current, 12 nm pitch, 200 ns dwell time, and
500 passes. The precursor HFeCo3(CO)1, was employed to fabri-
cate the CoFe and the CoFe + Ga samples,® while HFeCo3(CO);,
and (CH3)3;CH3CsH4Pt were simultaneously used to grow CoFe
+ Pt.°° Standard FEI gas-injection-systems (GIS) were used to flow
the precursor gases in the SEM via capillaries with 0.5 mm inner
diameter. The capillary-substrate surface distance was about 100
and 1000 ym for the HFeCo3(CO)1; and (CH3);CH3CsH4Pt GIS,
respectively. The temperature of the precursors were 64 and 44 °C
for HFeCo3(CO):2 and (CH3)3CH3CsH4Pt, respectively. The basis
pressure of the SEM was 5 x 107 mbar, which rose up to about
6 x 10’ mbar, during CoFe and CoFe + Ga deposition, and to about
2 x 10° mbar, during CoFe + Pt deposition.
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