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We study the interaction of surface acoustic waves (SAWs) with spin waves (SWs) in a
CogoFes0Bo/Au/Nig;Fejg system composed of two ferromagnetic layers separated by a nonmagnetic
Au spacer layer. Because of interlayer magnetic dipolar coupling between the two ferromagnetic layers,
a symmetric and an antisymmetric SW mode form, which both show a highly nondegenerate disper-
sion relation for oppositely propagating SWs. Due to magnetoacoustic SAW-SW interaction, we observe
highly nonreciprocal SAW transmission in the piezoelectric-ferromagnetic hybrid device. We experimen-
tally and theoretically characterize the magnetoacoustic wave propagation as a function of frequency,
wave vector, and external magnetic field magnitude and orientation. Additionally, we demonstrate that the
nonreciprocal SW dispersion of a coupled magnetic bilayer is highly tuneable and not limited to ultra-
thin magnetic films, in contrast to the nonreciprocity induced by the interfacial Dzyaloshinskii-Moriya
interaction. Therefore, magnetoacoustic coupling in ferromagnetic multilayers provides a promising route

towards building efficient acoustic isolators.

DOI: 10.1103/PhysRevApplied.15.034060

L. INTRODUCTION

Microwave isolators have found wide applications in a
variety of devices for signal processing. However, for on-
chip devices, miniaturization remains an important chal-
lenge. Microwave isolators rely on nonreciprocity, which
means that the signal propagation is not symmetric under
inversion of the propagation direction [1]. Nonreciproc-
ity requires breaking of time-reversal symmetry [2,3].
Because time-reversal symmetry is a fundamental law
of mechanics [4,5], nonreciprocity is a rarely observed
phenomenon.

Surface acoustic waves (SAWs) are used in many every-
day devices as the basis for miniaturized filters and delay
lines due to the greatly reduced wavelength of SAWs com-
pared to free-space microwaves of the same frequency.
However, SAWs in general propagate reciprocally. Moti-
vated by the benefits that SAW technology offers, such
as mass fabrication capabilities and small device geom-
etry, multiple mechanisms breaking the reciprocity of
SAW propagation have so far been investigated. This
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can be achieved, for instance, by coupling SAWs with
two-dimensional electron systems [6,7].

Moreover, coupling SAWs with spin waves (SW5s)
in magnetic media is a straightforward approach to
obtain nonreciprocity. In this case the SAW-SW cou-
pling mechanism itself is already nonreciprocal, because
of a helicity mismatch between the SAW-induced mag-
netoacoustic driving fields and the fixed chirality of the
magnetization precession [8—14]. Furthermore, the SW
dispersion relation can be nonreciprocal. For instance,
the Dzyaloshinskii-Moriya interaction (DMI) induces SW
nonreciprocity [15—17] and therefore nonreciprocal SAW
propagation, as recently theoretically [18] and experimen-
tally demonstrated for ultrathin ferromagnetic/heavy metal
bilayers [12]. In addition, it was shown many years ago
that the SW dispersion can be highly nonreciprocal in
magnetic multilayers [19—21], which was very recently
exploited to obtain nonreciprocal SAW transmission in
a Fe-Ga-B/Al,03/Fe-Ga-B magnetic bilayer system for
frequencies up to 1.4 GHz [22].

Here, we experimentally demonstrate the interac-
tion of SAWs and SWs in a magnetoacoustic hybrid
device to obtain highly nonreciprocal magnetoacous-
tic surface waves (MASWs) for frequencies up to 7.0
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GHz. We show that nonreciprocal symmetric and anti-
symmetric SW modes form in a magnetically dipolar-
coupled Nig;Fejg9/Au/CogoFeq9Bro (Py/Au/CoFeB) layer
system. In combination with the amplitude nonreciprocity
caused by the SAW-SW helicity mismatch effect, double-
nonreciprocal MASWs arise. We model our results in a
phenomenological approach and discuss the high tuneabil-
ity of the nonreciprocity by, for example, increasing the
film thicknesses and changing the saturation magnetiza-
tion of the magnetic layers. Due to the tunability, this
approach has promising prospects as a basis for miniatur-
ized microwave acoustic isolators.

The magnetoacoustic hybrid device, investigated in this
study, is schematically depicted in Fig. 1. A SAW is
launched on the piezoelectric LiNbO;3 substrate by apply-
ing an alternating voltage signal with the resonance fre-
quency of the interdigital transducer (IDT). This strain
wave propagates through the magnetic film and potentially
couples with SWs because of magnetoelastic [8,23,24],
magneto-rotation [11,12,25], spin-rotation [26-28], and
gyromagnetic coupling [29]. Note that in this study, we
consider magnetoelastic and magneto-rotation coupling.
This is sufficient to describe our experimental results
very well. Magneto-rotation coupling arises since the rota-
tional lattice motion of the SAW causes reorientation of
the surface-normal direction, which couples via the mag-
netic anisotropy fields and the dipolar shape anisotropy to
the magnetization [11]. The nonreciprocity of the excited
MASW is characterized by inverting its propagation direc-
tion, respectively its wave vector kg; with ij € {21, 12}.

For a thin magnetic single layer, a typical reciprocal
SW dispersion in the Damon-Eshbach configuration (¢ &
90°) is shown in Fig. 2(a). The dispersion of the SAW is
linear with w = 2nf = csawl|k| and depends on its phase
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FIG. 1. [Illustration of the investigated magnetoacoustic hybrid

device and the coordinate system used. The nonreciprocity of
the MASW in the magnetic bilayer Py(20 nm)/Au(5 nm)/CoFeB
(5 nm) is characterized by different transmission magnitudes of
oppositely propagating waves kg1 and kgi. A symmetric (1])
and an antisymmetric (1]) SW mode can be excited in the mag-
netic bilayer. This is schematically shown by the trajectory of the
precessing magnetic moments (black arrows).
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FIG. 2. [Illustration of the nonreciprocity (a),(b) in a magnetic

single layer and (c),(d) in a dipolar-coupled magnetic bilayer for
¢o = 89°. Whereas the SW dispersion relation of the single layer
(a) is reciprocal, the SW dispersion relation of the bilayer (c) is
nonreciprocal (highlighted by shaded areas) and is composed
of a high-frequency symmetric mode (][) and a low-frequency
antisymmetric mode (]]). MASWs form in the vicinity of the
SAW-SW dispersion intersection points, which are experimen-
tally observed by a decrease in the SAW transmission Sj; (b),(d).
Additionally, the SAW-SW helicity mismatch effect is present
in both samples and induces different transmission magnitudes
S>1 # S1» at resonance.

velocity csaw and its frequency f . In proximity to the
intersection of SAW and SW dispersion, the SAW can
excite SW dynamics and a MASW forms. As a result, the
amplitude of the SAW transmission §; decreases [8] as
schematically depicted in Fig. 2(b). The SAW transmission
at resonance potentially differs for oppositely propagat-
ing waves. This is a consequence of the nonreciprocal
SAW-SW helicity mismatch effect [8—10].

A typical SW dispersion of an asymmetric magnetic
bilayer separated by a nonmagnetic spacer layer is shown
in Fig. 2(c). By decreasing the spacer layer thickness, the
two uncoupled reciprocal Damon-Eshbach SW modes of
both thin magnetic layers become coupled via the dipolar
stray fields of the SWs. Thus, two branches form, which
correspond to symmetric (in-phase) and antisymmetric
(out-of-phase) modes [30,31], as schematically illustrated
in Fig. 1. Note that for very thin spacer layers, inter-
layer exchange interaction must be considered additionally
[32,33]. Since the dipolar energy of both modes differs and
depends on the SW propagation direction k;;, both modes
are nondegenerate and nonreciprocal [34]. Consequently,
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two dips with shifted nonreciprocal resonance frequen-
cies are expected in the SAW transmission, as shown
in Fig. 2(d). Together with the amplitude nonreciprocity,
being caused by the SAW-SW helicity mismatch effect,
this results in double-nonreciprocal SAW transmission
with a high nonreciprocity contrast.

II. THEORY

The complete theoretical approach, including the calcu-
lation of the SW dispersion, based on Ref. [34], can be
found in the Supplemental Material [35]. For simplicity,
we here assume for both magnetic layers / € {4, B} (i) par-
allel alignment of the static in-plane magnetizations M) =
Mslm with the saturation magnetizations MSI and (ii) iden-
tical displacement fields, which are induced by the SAW.
The direction of the magnetizations m can be adjusted by
an external field H and encloses the angle ¢ = qbg‘ = ¢g
with the x axis of the Cartesian coordinate system (see
Fig. 1). Additionally, we use rotated 123-coordinate sys-
tems to calculate the magnetization dynamics [8], where
the 3 axis is parallel to M/, and the 2 axis (1 axis) is aligned
in (perpendicular to) the xy plane.

In the dipolar-coupled magnetic bilayer, the SAW
induces displacement fields u;, strain €; = %(aui/aj +
du; /i), and lattice rotation w; = 1(du;/dj — du;/di)
with i,j € {x,y,z}. For the Rayleigh-type SAW, the
nonzero complex amplitudes of €; and w;; are €, €-- 0,
€xz0, and wy:, respectively [11,12]. These give rise to
magnetoelastic and magneto-rotation SAW-SW coupling
and induce driving fields with complex amplitudes

!
bz,efféxz,o > ( 1 )

bll €xx,0 sin (¢0)

hl—icos(¢>)<
= 0
Ho

in the 12 plane. Here bl1 are the isotropic magnetoelastic
coupling constants for polycrystalline films. Additionally,
bé,eﬁ are vertical effective coupling constants that consider
magnetoelastic and magneto-rotation coupling and depend
on wy-o [35]. The magnetoacoustic driving fields poten-
tially induce elliptical magnetization precession around
the equilibrium magnetization direction M}, with complex
amplitudes M}, = (M{, M) in the 12 plane, as shown in
Fig. 1. Similar to a single layer [8], the absorbed power of
the SAW in the magnetic bilayer is
w *
Pyps = % 2{: Vim {0 M, | @)
in the limit of small film volumes V.
Due to large interlayer dipolar coupling, both symmet-

ric and antisymmetric SW modes arise. The mode shape
determines the SW excitation efficiency of the SAW. Thus,

we calculate P,y,s with Egs. (1) and (2) and obtain

+
Pabs xz,0

— weos d)olm{e* [P oMP + Vb2 oM ]
+ehosingo [PPBEME £ VBT ], 3)

where the + sign corresponds to the symmetric mode and
the — sign to the antisymmetric mode. The absorbed SAW
power differs for the symmetric and antisymmetric mode
and depends on the sign of the coupling constants b’z,eﬁ,

B!, on the ratio of the magnetic thin-film volumes, and
on the precession amplitudes M 11,2. For identical films A4
and B, it is not possible to excite the antisymmetric SW
mode and we obtain P, = 0. In contrast, for films with
inverted signs for the coupling constants (e.g. CoFeB, Ni)
the symmetric SW mode is suppressed.

Furthermore, the nonreciprocity that is caused by the
SAW-SW helicity mismatch effect can be tuned by adjust-
ing the properties of both ferromagnetic layers. For the
Rayleigh wave, the strain €, is phase-shifted by 90°
with respect to € [8]. If the propagation direction of
the SAW is inverted, the strain €,.¢ changes sign (with
respect to €, 0) and the helicities of the driving fields n
are inverted. This results, together with the favored, right-
handed rotational sense of the magnetization precession,
in a nonreciprocal excitation efficiency that has so far only
been studied in magnetic single layers [8—14].

In magnetic bilayers, the amplitude nonreciprocity is
additionally modulated by the symmetry of the SW mode.
This can be recognized by inspection of the term propor-
tional to €, given in Eq. (3). Since the magnitude of this
term depends on the symmetry of the SW mode, the latter
also modulates the amplitude nonreciprocity.

1. EXPERIMENTAL METHODS

We use dc magnetron sputterdeposition to prepare
one sample with a dipolar-coupled magnetic bilayer
Py(20)/Au(5)/CoFeB(5) (numbers are the nominal thick-
nesses in nanometers) and two samples with magnetic
single layers Py(20)/Au(5) and CoFeB(5)/Pt(3). The com-
positions of the Py and CoFeB sputter targets are permal-
loy (Nig; Fej9) and CogoFeq0Byg, respectively. All samples
are covered with an additional SizN4(3) layer to pro-
tect the samples from oxidation. More details about the
sample geometry and preparation of samples with the
IDTs are given in the Supplemental Material [35]. The
CoFeB(5)/Pt(3) sample, exhibiting DMI, is identical to one
of the samples used in Ref. [12].

First, we carry out superconducting quantum inter-
ference device-vibrating sample magnetometry (SQUID-
VSM) measurements to determine the saturation magneti-
zation M; of all samples. Second, we perform broadband
ferromagnetic resonance (FMR) measurements to obtain
values for the g factor, the effective magnetization Mg, and
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the effective damping constant ozeFPl}/[R = nwoAHy /QRw) +
R [12], which includes Gilbert damping ™R and
inhomogeneous line broadening AH. The uniform exci-
tation mode, which is excited in FMR measurements, does
not show any static [32,33] or dynamic [36,37] interlayer
exchange coupling between the individual magnetic layers
of the Py(20)/Au(5)/CoFeB(5) sample, because of the rel-
atively thick spacer layer. Thus, we attribute the observed
interlayer coupling in our experiments solely to the dipolar
magnetic stray fields of the SWs.

The SAW transmission of our delay lines is measured
with a vector network analyzer. Based on the low propaga-
tion velocity of the SAW, a time-domain gating technique
is employed to exclude spurious signals [38], in particular
electromagnetic crosstalk. This enables us to study SWs
with frequencies up to /' = 7.0 GHz. We use the relative
change of the background-corrected SAW transmission
signal as AS;; (oH) = S (oH) — S;; (=200 mT) to char-
acterize SAW-SW coupling. Here ASj; is the magnitude of
the complex transmission signal with ij € {21, 12}.

IV. RESULTS AND DISCUSSION

In Fig. 3, we study the SAW transmission ASj; as a func-
tion of the external magnetic field magnitude H and direc-
tion ¢. The experimental results for the CoFeB(5)/Pt(3)

(a) CoFeB(5)/Pt(3) (b) Py(20)/Au(5)
Expt.

magnetic single layer are shown in Fig. 3(a). As dis-
cussed in Ref. [12], the fourfold symmetry in AS;; reflects
the main symmetry of the magnetoacoustic driving field
hcoreg in Eq. (1). Since the longitudinal strain is much
higher than the vertical shear strain (e, | >> |€x-0]) and
the coupling constants H$°FeB, bg"g}eB are comparable, the
main magnetoacoustic driving field component is aligned
in plane with a fourfold symmetry o sin ¢g cos ¢g [24].
Due to the SAW-SW helicity mismatch effect this four-
fold symmetry is broken and gives rise to an amplitude
nonreciprocity for the resonant fields [12]. Furthermore,
the resonance fields are nonreciprocally shifted because of
DMI [12].

For a perfect Nig;Feg thin film, the saturation magne-
tostriction is expected to vanish [40]. Therefore, for purely
magnetoelastic coupling, we expect a vanishing magne-
toacoustic response for the Py single layer, which is in
contrast to the experimental results shown in Fig. 3(b).
Besides magnetoelastic coupling, various other SAW-SW
coupling mechanisms have been reported in the literature,
such as spin-rotation coupling [26—28], magneto-rotation
coupling [11,12,25], and gyromagnetic coupling [29]. As
all these effects induce driving fields with a symmetry
X €os ¢y, it is difficult to distinguish between them. This
was already noted by Xu et al. for spin- and magneto-
rotation coupling [11]. Because we cannot differentiate

(c) Py(20)/Au(5)/CoFeB(5) (d) Py(20)/Au(5)/CoFeB(5)
Expt.
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FIG. 3.
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Change of the SAW transmission AS;; (upper row) and AS}, (lower row) of (a) a CoFeB(5)/Pt(3) [12] magnetic single-layer

sample, (b) a Py(20)/Au(5) magnetic single-layer sample, and (c) a Py(20)/Au(5)/CoFeB(5) magnetic bilayer sample as a function of
orientation and magnitude of the external magnetic field at 6.77, 6.86, and 6.87 GHz. The numbers in parentheses are the nominal film
thicknesses in nanometers. To compensate for the greater length of the CoFeB(5)/Pt(3) film (750 um instead of 500 m), the response
of the CoFeB(5)/Pt(3) film is scaled by 2/3 [39]. The low response of Py(20)/Au(5) is multiplied by a factor of ten. (d) Simulated
response of the magnetic bilayer. The discrete appearance of the low-field resonance in (c),(d) is an artifact, which is caused by the

incremental step size of ¢y = 3.6°.
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between the three coupling mechanisms, we solely con-
sider magnetoelastic and magneto-rotation coupling in our
modeling, which is sufficient to describe our experimen-
tal results. In the Supplemental Material [35] we show the
excellent agreement between experiment and curve fitting
results for the CoFeB and Py magnetic single layers [12].
Nevertheless, it might be possible that all of these mecha-
nisms contribute at the same time to the magnetoacoustic
response in Fig. 3.

We attribute the experimental findings for the Py(20)/
Au(5) film to the following effects. First, AS;; is about
ten times lower compared to the CoFeB single layer and
does not show a fourfold symmetry, which is caused by
the small magnetoelastic coupling. The main contribution
of the driving field has a symmetry o cos ¢y and therefore
is caused by magneto-rotation coupling and proportional
to blz),yeﬁ. Because the Py sample also shows a pronounced
amplitude nonreciprocity, the magnetoelastic driving fields
with the symmetry o b[;y sin ¢ cos ¢y are small, but not
zero. The nonreciprocity, induced by the SAW-SW helicity
mismatch effect, is inverted for both single-layer samples,
due to an opposite sign of bll)y and b§°FeB,

The experimental results for the dipolar-coupled mag-
netic bilayer are shown in Fig. 3(c). Because of large
interlayer dipolar coupling, two resonances form, which
can be related to symmetric and antisymmetric SW modes.
Additionally, the positions of the resonance fields are non-
reciprocal due to the nonreciprocity of the SW dispersion
relation. The main symmetry of ASj; follows the four-
fold symmetry of the dominating driving field component,
which originates from the CoFeB layer. Interestingly, the
low-field resonance shows a high degree of amplitude non-
reciprocity, whereas the amplitude nonreciprocity of the
high-field resonance is low.

We quantitatively simulate the response of the mag-
netic bilayer in Fig. 3(d). Our modeling is based on the
analytical Landau-Lifshitz-Gilbert approach of Ref. [8],
but in addition takes into account an exponentially decay-
ing amplitude of the SAW along the SAW propagation
direction [12]. Effective fields caused by the (i) Zeeman
energy, (ii) in-plane uniaxial magnetic anisotropy, (iii) out-
of-plane surface anisotropy, (iv) intralayer exchange inter-
action, (v) intralayer dipolar fields of the SW, and (vi)
magnetoacoustic driving fields of Eq. (1) are considered
for both layers [12]. Furthermore, the interlayer dipolar
coupling is mediated by effective fields as described in
Ref. [34]. More information about the theoretical model
and a summary of all parameters used for the simulation
are given in Secs. S.2 and S.3 of the Supplemental Mate-
rial [35]. The values for the g factor and o’y are taken
from the FMR experiments. M.y and the total magnetic
moment of the bilayer deviate slightly (< 6%) from FMR
and SQUID-VSM results. The SAW-SW coupling strength
is described by biel /(|kllul o) and b gel /(kllul,)),

XX

which are obtained by curve fitting of the response of the
magnetic single layers, as described in Ref. [12]. Here, ”i,o
is the amplitude of the lattice displacement in the z direc-
tion. Additional information about the simulation results,
displayed in Fig. 3(d), is presented in Sec. S.3 of the
Supplemental Material [35]. Simulation and experiment
show excellent agreement with respect to all salient fea-
tures such as resonance fields, nonreciprocity, linewidth,
and transmission magnitude.

We further demonstrate this very good agreement for
the resonance fields in Fig. 4(a) in more detail. Addition-
ally, the simulated symmetry of the excited SW modes
is given by the color code of the simulated resonance
fields. First, the high- and low-field resonances have an
inverted SW mode symmetry, which depends on ¢y. For
low |py| (—16° < ¢y < +13°) the high-field resonance
(low-frequency SW mode) has a symmetric SW mode
shape, whereas the low-field resonance (high-frequency
SW mode) has an antisymmetric SW mode shape. For
increasing |¢y| the magnitude of the effective interlayer
dipolar coupling fields increases [34] and the SW mode
symmetry changes. As described in the theory section,
the symmetry of the SW mode influences the amplitude
nonreciprocity, being induced by the SAW-SW helicity
mismatch effect. For our magnetic bilayer, the effective
coupling constants, bg’yeﬁ and bgf;geB, have the same sign.
Thus, for the antisymmetric (symmetric) SW mode, the
first term in Eq. (3) partly cancels out (adds up) and
the amplitude nonreciprocity is lowered (increased). This
behavior is experimentally observed in Figs. 3(c) and 4(a)
for high ¢y | (¢ S —16°, ¢y 2 13°). For lower |¢y| this
does not apply, because the interlayer coupling is weaker
and mainly the CoFeB (Py) moments precess for the low
(high) field SW resonance.

With reference to Fig. 4(b) we discuss the influence
of the interlayer dipolar coupling strength on the posi-
tion of the resonance fields by variation of the thickness
of the Au spacer layer d;. These simulations are carried
out for Py(20)/Au(d,)/CoFeB(5) with the parameters of
the Py(20)/Au(5)/CoFeB(5) sample that are given in the
Supplemental Material [35]. For a very large spacer layer
thickness of dy = 10 pum, the magnetic films are decou-
pled, such that the resonance fields are identical to the
resonance fields of Py(20) and CoFeB(5) magnetic single
layers. The resonance fields show an interception point at
woH = 16 mT. With decreasing spacer layer thickness the
dipolar coupling strength increases. Thus, symmetric and
antisymmetric SW modes form around 16 mT, which gives
rise to anticrossing. Because the dipolar coupling strength
increases with increasing |¢y|, also the induced shift of
the resonance fields increases with |¢|. For a small spacer
layer thickness of d; = 5 nm, the dipolar coupling is large
and symmetric and antisymmetric SW modes form for

all ¢H~
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of the experiment (false-color plot) and simulation (scatter plot) are in very good

agreement. The symmetry of the simulated SW mode is given by the color of the simulated data points. (b) Simulated influence of the
spacer layer thickness d; on the resonance fields for Py(20)/Au(d;)/CoFeB(5) magnetic bilayer films. The numbers in parentheses are
the nominal film thicknesses in nanometers. (¢) Nonreciprocal splitting of the resonance fields A (uoH,es) for the low- and high-field
resonance and for positive magnetic fields [see (a)]. For the points inside the dashed ellipses, no resonance is observed for either S; or
S12, for which poH;es = 0 is used. (d) Nonreciprocity of the transmission magnitude AS and insertion loss IL A for positive resonance
fields. For the low-field resonance a strong nonreciprocity of 37 dB and simultaneously low IL, of 0.8 dB are observed (green stars).

We now focus on the nonreciprocity of the SW disper-
sion, which results in nonreciprocal splitting A (poHres) =
[oHS2' — [1oHS!2 of the resonant fields Hi. . The non-
reciprocity A(uoHres) versus ¢y is shown in Fig. 4(c).
Again, experiment and simulation agree well. The sign
of A(uoH.es) 1s inverted for the low-field resonance and
for the high-field resonance. Except around ¢y = 0°,
A(poHyes) is approximately o sin ¢y, similar to the case
of nonreciprocity induced by DMI [12,15,41], which is in
agreement with the symmetry of the effective field of the
interlayer coupling term that induces nonreciprocity [34].

For a wide range of angles ¢y the nonreciprocity
A(poHyes) 1s large in comparison to the linewidth of the
resonances and the resonances of AS,; and AS;, become
separated. This is why we obtain in Fig. 4(d) a simultane-
ously large nonreciprocity of the transmission magnitude
AS = |ASy (oHSY) — AS1(oHSY)| and a low inser-

res res

tion loss ILx = Min [|ASy (oH32M)|, |AS 12 (o H32Y)|] at

res res
resonance oH>2!. Note that we define the insertion loss

res
IL o as the insertion loss occurring by the resonant absorp-
tion of phonons in the magnetic field. Mainly due to the
nonreciprocity of the SW dispersion, we observe around
¢y = £45° a high nonreciprocity of about 32 dB and
low ILA of about 1.4 dB. Moreover, the nonreciprocity is
additionally increased for the low-field resonance, because
of the strong SAW-SW helicity mismatch effect. Thus,
we obtain for ¢y = —28.8° both a large nonreciprocity
of 37dB and low ILA of 0.8 dB for our 500-um-long
film sample. These values indicate that an acoustic iso-
lator that is based on a dipolar-coupled magnetic bilayer
is potentially more promising than approaches that solely

exploit the SAW-SW helicity mismatch effect [AS ~ 4.5
dB/mm and ILA ~ 5.0 dB/mm for CoFeB(2) [12]] or
approaches that are mainly based on DMI [AS & 27.9
dB/mm and IL, =~ 22.0 dB/mm for CoFeB(5)/Pt(3) [12]].

In addition to the field-dependent insertion loss IL
there is also the insertion loss ILy of the IDTs them-
selves being caused by the generation and detection of the
acoustic waves. Our device consists of normal finger IDTs
with three finger pairs. Therefore, it is optimized for SAW
transmission measurements with high bandwidth, but has
a high insertion loss of ILy = —89 dB for the measure-
ments performed on the seventh harmonic resonance in
Fig. 3. However, this insertion loss can be further opti-
mized. It has been shown experimentally that an insertion
loss as low as 6.2 dB (2.5 dB) can be realized at 4.1 GHz
(2.0 GHz) by using floating-electrode-type unidirectional
transducers [42,43].

For our magnetic bilayer sample, the nonreciprocal field
shift A(uoHes) is large in comparison to the linewidth
of the resonances. Therefore the resonances of AS,; and
AS], become separated, as discussed before. For samples
that are not made from low-damping Py and CoFeB, it
might be necessary to further increase A (uoHyes), respec-
tively the nonreciprocal splitting of the resonance frequen-
cies Aftes = fres(+k) — fres(—k) [gray shaded areas for a
constant |k| in Fig. 2(c)] to obtain low IL4.

The nonreciprocity can be improved in various ways.
First, this can be achieved by increasing the magnetic
film thicknesses. For moderate magnetic layer thicknesses
(d'k <« 1), which are in a similar range (d' = d! ~ d®),
Afres < d', as shown in the Supplemental Material [35].
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In comparison to interfacial DMI (Afes o 1/d [44]), this
behavior is of great advantage. With increasing @', not only
does Afs increase, but additionally the SAW absorption
AS;;, which limits the maximum attainable nonreciprocity
AS, increases. Moreover, the nonreciprocity in a dipolar-
coupled bilayer does not rely on heavy metals. Thus, spin
pumping [45], which results in a linewidth broadening
o 1/d for AS;; [12], and a consequently increased IL 5 are
avoided.

Second, the interlayer dipolar fields decay exponen-
tially with the thickness d; of the spacer layer [34].
Therefore, thin spacers, such as d; =5 nm in our
Py(20)/Au(5)/CoFeB(5) magnetic bilayer, are beneficial
for resulting in a pronounced nonreciprocity. If d is further
reduced, the nonreciprocity Af;s is only slightly increased
[<10% for Py(20)/Au(5)/CoFeB(5) at 7 GHz]. However,
for very thin d; interlayer exchange coupling may need to
be considered.

Third, it is possible to maximize the nonreciprocity Afres
by choosing magnetic films with an optimized ratio for the
saturation magnetization M! of both layers, as shown in
the Supplemental Material [35]. Such an optimum exists,
since the dipolar-coupling-induced nonreciprocity should
be low for a magnetic bilayer made of (i) two almost identi-
cal layers [34] or (ii) one layer having a very low saturation
magnetization.

While M!, d;, and d' mainly determine the frequency
nonreciprocity, the magnitude and sign of the respective
magnetoelastic coupling constants and the type of SAW
will impact the amplitude nonreciprocity due to the SAW-
SW helicity mismatch effect.

Furthermore, the nonreciprocity Af;.s increases linearly
with the wave vector k of the SW for kd’ <« 1. This behav-
ior is similar to that observed for DMI [44] and is tested
by performing magnetoacoustic SW resonance measure-
ments over a wide range of frequencies 0 < f <7.5 GHz
and wave vectors |k| = 2mf)/csaw (0 < k < 15.1 um™1)

~140 -70 00 (©)

as a function of the external magnetic field [12]. The
results are shown in Fig. 5 for ¢y = 9°,21.6°, and
81°. Here, the relative change of the SAW transmission
ASy (f, moH) is obtained by subtraction of the back-
ground offset Sy, (f', woH = —200 mT). With increasing
¢y the resonance frequency of the high-frequency branch
strongly increases, whereas the resonance frequency of the
low-frequency branch only slightly increases. As expected,
the nonreciprocity, respectively the asymmetry of the res-
onant fields with respect to H = 0 clearly increases with
¢y and k and is inverted for the high- and low-frequency
dispersion branches. The green points in Fig. 5 are the sim-
ulated resonance fields, obtained for the parameters given
in Table SI of the Supplemental Material [35]. Again, we
observe excellent agreement between experiment and sim-
ulation, which demonstrates that our model is adequate for
describing the SAW-SW interaction over a wide range of
frequencies and wave vectors. In addition, the two nonre-
ciprocal SW resonance frequencies can be tuned by H and
¢y to approximately match two successive IDT resonance
frequencies. Thereby, the two successive SAW transmis-
sion bands can have the same or inverted nonreciprocal
behavior. This can be used to build a two-way unidirec-
tional acoustic isolator [46,47], being based on MASW
propagation.

V. ACOUSTIC ISOLATORS BASED ON
DIPOLAR-COUPLED MAGNETIC BILAYERS

In the following, challenges in terms of building useful
acoustic isolators are briefly discussed. First, the inser-
tion loss of the acoustic isolator in the forward direction
ILy + IL A has to be low. The insertion loss of an optimized
acoustic isolator is mainly given by the insertion loss ILg
of the delay line out of SW resonance. SAW delay lines
with an optimized insertion loss ILy of about —4 dB have
been achieved in, for example, Refs. [42,43].

(@) 30 -15 00 (b) 24 -12 00
ASy (dB) T ASy (dB) T ASy, (dB) T
6L i
N N N T
T I 4t b L S
o o o &
g g g x
2r . 2+ 14
4= 9° | 4= 21.6° #,=81°
0 SR PRI e 2 Lo 1 % 0 1 1 1 1 0 Nk BIUCPR ALY iAo Ao et YR st S A i 0
-60 -40 -20 0 20 40 60 -60 40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
HoH (mT) toH (mT) #oH (mT)
FIG. 5. Change of the experimentally determined SAW transmission AS>; as a function of the external magnetic field and frequency,

respectively wave vector, for ¢y = 9° (a), 21.6° (b), and 81° (c¢). The green points indicate the simulation results.
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Second, the nonreciprocity AS = |AS;; — AS)z| needs
to be as large as possible. This is ideally achieved for
high AS;;, while AS;; =0 (IL, =0). In our device, a
complete separation of the resonances of AS,; and AS,
is obtained for low effective damping constants af'™® of
both investigated magnetic layers in conjunction with a
high nonreciprocity of the SW dispersion. Additionally, the
magnitude of the SAW absorption ASj; is large, such that
the prerequisites for the second condition are fulfilled in
our experiments.

The nonreciprocity of the SW dispersion can be further
increased by increasing the magnetic layer thicknesses, by
choosing an optimized ratio for the saturation magnetiza-
tion of both layers, or increasing the frequency. Further-
more, a drastic increase of the nonreciprocity is expected
for interlayer dipolar- and exchange-coupled magnetic
bilayers in antiferromagnetic alignment [34].

The magnitude of the SAW absorption ASj; and thus
the nonreciprocity AS can be in principle increased arbi-
trarily by increasing the length or the thickness of the
magnetic films. However, long and thick magnetic films
might increase unfavorable SAW propagation losses [48]
and might consequently increase the insertion loss of the
delay line ILy. It is beyond the scope of our study to
discuss such SAW propagation losses in more detail. More-
over, the magnitude of the SAW absorption AS;; can be
strongly increased by using magnetic films with a high
magnetoelastic coupling constant &/, since the magnitude
of the magnetoelastic SAW-SW interaction AS;; increases
quadratically with b! [35]. Promising highly magne-
tostrictive materials are Fe-Co-Si-B [49,50], Fe-Ga [51],
Fe-Ga-B [22,52], and Tb-Dy-Fe [53]. However, since
highly magnetostrictive materials usually come with
increased SW damping [54], achieving low values for 1L 5
might be more challenging for these materials than for our
low-damping Py(20)/Au(5)/CoFeB(5) magnetic bilayer.

VI. CONCLUSION

In conclusion, our experimental findings demonstrate
the potential of nonreciprocal magnetoacoustic waves in a
dipolar-coupled ferromagnetic bilayer for the realization of
acoustic isolators. The employed Py(20)/Au(5)/CoFeB(5)
sample shows at 6.87 GHz both a very large nonreciprocity
of AS = 74 dB/mm and a low insertion loss of IL, = 1.6
dB/mm, which is caused by SAW-SW interaction. Fur-
thermore, the excellent agreement between theory and
experiment demonstrates that MASW spectroscopy can be
used to study SW modes of various magnetic multilayer
systems.

We believe that SAW-SW coupling in magnetic bi- or
multilayers has a high potential for characterizing SW dis-
persion, and interlayer coupling phenomena, as well as for
a possible optimization of nonreciprocal effects, because

of the wide range of the tunability in magnetic thin-film
systems.

First, the nonreciprocity in a dipolar-coupled magnetic
bilayer can be easily increased by increasing the mag-
netic layer thicknesses or by choosing an optimized ratio
for the saturation magnetization of both layers. Therefore,
extremely high AS and low IL should be achievable for
magnetic bilayers, being composed of high magnetostric-
tive materials. Moreover, in ultrathin magnetic films, DMI
can be utilized to tune and strongly enhance the nonre-
ciprocity, as theoretically predicted by Szulc ef al. [31].

Finally, by choosing appropriate nonmagnetic spacer
layers, interlayer exchange interactions can be leveraged to
build synthetic antiferromagnets [55]. We expect that effi-
cient SAW-driven SW excitation is enabled by the internal
magnetoacoustic driving fields even in a synthetic antifer-
romagnet with zero net magnetization. This is in contrast
to the small excitation efficiency by Oersted fields in such
systems. On the one hand, the realization of a wide-band
acoustic isolator was theoretically proposed in a synthetic
antiferromagnet [3]. On the other hand, nonreciprocity
in magnetic bilayers with antiparallel magnetization is
larger than in magnetic bilayers with parallel magneti-
zation [34]. Thus, switching the magnetization states by
electrical currents via, for example, Oersted fields, spin-
transfer, or spin-orbit torques might be a possible path
towards reconfigurable acoustic isolators [34,56].
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