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We study the interaction of surface acoustic waves (SAWs) with spin waves (SWs) in a
Co40 Fe40 B20 /Au/Ni81 Fe19 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 dispersion relation for oppositely propagating SWs. Due to magnetoacoustic SAW-SW interaction, we observe
highly nonreciprocal SAW transmission in the piezoelectric-ferromagnetic hybrid device. We experimentally 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 ultrathin 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

I. INTRODUCTION
Microwave isolators have found wide applications in a
variety of devices for signal processing. However, for onchip devices, miniaturization remains an important challenge. Microwave isolators rely on nonreciprocity, which
means that the signal propagation is not symmetric under
inversion of the propagation direction [1]. Nonreciprocity 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 everyday devices as the basis for miniaturized ﬁlters and delay
lines due to the greatly reduced wavelength of SAWs compared to free-space microwaves of the same frequency.
However, SAWs in general propagate reciprocally. Motivated by the beneﬁts that SAW technology oﬀers, such
as mass fabrication capabilities and small device geometry, 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 (SWs)
in magnetic media is a straightforward approach to
obtain nonreciprocity. In this case the SAW-SW coupling mechanism itself is already nonreciprocal, because
of a helicity mismatch between the SAW-induced magnetoacoustic 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 experimentally 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/Al2 O3 /Fe-Ga-B magnetic bilayer system for
frequencies up to 1.4 GHz [22].
Here, we experimentally demonstrate the interaction of SAWs and SWs in a magnetoacoustic hybrid
device to obtain highly nonreciprocal magnetoacoustic surface waves (MASWs) for frequencies up to 7.0
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GHz. We show that nonreciprocal symmetric and antisymmetric SW modes form in a magnetically dipolarcoupled Ni81 Fe19 /Au/Co40 Fe40 B20 (Py/Au/CoFeB) layer
system. In combination with the amplitude nonreciprocity
caused by the SAW-SW helicity mismatch eﬀect, doublenonreciprocal MASWs arise. We model our results in a
phenomenological approach and discuss the high tuneability of the nonreciprocity by, for example, increasing the
ﬁlm thicknesses and changing the saturation magnetization of the magnetic layers. Due to the tunability, this
approach has promising prospects as a basis for miniaturized microwave acoustic isolators.
The magnetoacoustic hybrid device, investigated in this
study, is schematically depicted in Fig. 1. A SAW is
launched on the piezoelectric LiNbO3 substrate by applying an alternating voltage signal with the resonance frequency 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 rotational lattice motion of the SAW causes reorientation of
the surface-normal direction, which couples via the magnetic anisotropy ﬁelds and the dipolar shape anisotropy to
the magnetization [11]. The nonreciprocity of the excited
MASW is characterized by inverting its propagation direction, respectively its wave vector kSij with ij ∈ {21, 12}.
For a thin magnetic single layer, a typical reciprocal
SW dispersion in the Damon-Eshbach conﬁguration (φ0 ≈
90◦ ) is shown in Fig. 2(a). The dispersion of the SAW is
linear with ω = 2π f = cSAW |k| and depends on its phase

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 kS21 and kS12 . A symmetric ()
and an antisymmetric () SW mode can be excited in the magnetic bilayer. This is schematically shown by the trajectory of the
precessing magnetic moments (black arrows).

(a)

(b)

(c)

(d)

FIG. 2. Illustration of the nonreciprocity (a),(b) in a magnetic
single layer and (c),(d) in a dipolar-coupled magnetic bilayer for
φ0 = 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 experimentally observed by a decrease in the SAW transmission Sij (b),(d).
Additionally, the SAW-SW helicity mismatch eﬀect is present
in both samples and induces diﬀerent transmission magnitudes
S21 = S12 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 Sij decreases [8] as
schematically depicted in Fig. 2(b). The SAW transmission
at resonance potentially diﬀers for oppositely propagating 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, interlayer exchange interaction must be considered additionally
[32,33]. Since the dipolar energy of both modes diﬀers and
depends on the SW propagation direction kij , both modes
are nondegenerate and nonreciprocal [34]. Consequently,
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two dips with shifted nonreciprocal resonance frequencies 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 calculation 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 l ∈ {A, B} (i) parallel alignment of the static in-plane magnetizations Ml0 =
Msl m with the saturation magnetizations Msl and (ii) identical 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 φ0 = φ0A = φ0B
with the x axis of the Cartesian coordinate system (see
Fig. 1). Additionally, we use rotated 123-coordinate systems to calculate the magnetization dynamics [8], where
the 3 axis is parallel to Ml0 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 ui , strain ij = 12 (∂ui /∂j +
∂uj /∂i), and lattice rotation ωij = 12 (∂ui /∂j − ∂uj /∂i)
with i, j ∈ {x, y, z}. For the Rayleigh-type SAW, the
nonzero complex amplitudes of ij and ωij are xx,0 , zz,0 ,
xz,0 , and ωxz,0 , respectively [11,12]. These give rise to
magnetoelastic and magneto-rotation SAW-SW coupling
and induce driving ﬁelds with complex amplitudes


2
bl2,eﬀ xz,0
h =
cos (φ0 ) l
b1 xx,0 sin (φ0 )
μ0
l

(1)


ωμ0  l  l ∗
V Im h · Ml12
2
l

we calculate Pabs with Eqs. (1) and (2) and obtain

±
∗
Pabs
= ω cos φ0 Im xz,0
VB bB2,eﬀ M1B ± VA bA2,eﬀ M1A

∗
+ xx,0
(3)
sin φ0 VB bB1 M2B ± VA bA1 M2A ,
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 bl2,eﬀ ,
bl1 , on the ratio of the magnetic thin-ﬁlm volumes, and
l
on the precession amplitudes M1,2
. For identical ﬁlms A
and B, it is not possible to excite the antisymmetric SW
−
mode and we obtain Pabs
= 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 adjusting the properties of both ferromagnetic layers. For the
Rayleigh wave, the strain xz,0 is phase-shifted by 90◦
with respect to xx,0 [8]. If the propagation direction of
the SAW is inverted, the strain xz,0 changes sign (with
respect to xx,0 ) and the helicities of the driving ﬁelds hl
are inverted. This results, together with the favored, righthanded 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 xz,0
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.
III. EXPERIMENTAL METHODS

in the 12 plane. Here bl1 are the isotropic magnetoelastic
coupling constants for polycrystalline ﬁlms. Additionally,
bl2,eﬀ are vertical eﬀective coupling constants that consider
magnetoelastic and magneto-rotation coupling and depend
on ωxz,0 [35]. The magnetoacoustic driving ﬁelds potentially induce elliptical magnetization precession around
l
the equilibrium magnetization
 l l  direction M0 with complex
l
amplitudes M12 = M1 , M2 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
Pabs =
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(2)

in the limit of small ﬁlm volumes Vl .
Due to large interlayer dipolar coupling, both symmetric and antisymmetric SW modes arise. The mode shape
determines the SW excitation eﬃciency of the SAW. Thus,

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 thicknesses in nanometers) and two samples with magnetic
single layers Py(20)/Au(5) and CoFeB(5)/Pt(3). The compositions of the Py and CoFeB sputter targets are permalloy (Ni81 Fe19 ) and Co40 Fe40 B20 , respectively. All samples
are covered with an additional Si3 N4 (3) layer to protect 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 interference device-vibrating sample magnetometry (SQUIDVSM) measurements to determine the saturation magnetization Ms of all samples. Second, we perform broadband
ferromagnetic resonance (FMR) measurements to obtain
values for the g factor, the eﬀective magnetization Meﬀ , and
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FMR
the eﬀective damping constant αeﬀ
= μ0 H γ /(2ω) +
FMR
α
[12], which includes Gilbert damping α FMR and
inhomogeneous line broadening H . The uniform excitation 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 relatively 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 propagation 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 f = 7.0 GHz. We use the relative
change of the background-corrected SAW transmission
signal as Sij (μ0 H ) = Sij (μ0 H ) − Sij (−200 mT) to characterize SAW-SW coupling. Here Sij is the magnitude of
the complex transmission signal with ij ∈ {21, 12}.

IV. RESULTS AND DISCUSSION
In Fig. 3, we study the SAW transmission Sij as a function of the external magnetic ﬁeld magnitude H and direction φH . The experimental results for the CoFeB(5)/Pt(3)
(a)

CoFeB(5)/Pt(3)
Expt.

(b)

Py(20)/Au(5)
Expt.

2/3 ΔS21

10 ΔS21

2/3 ΔS12

10 ΔS12

magnetic single layer are shown in Fig. 3(a). As discussed in Ref. [12], the fourfold symmetry in Sij reﬂects
the main symmetry of the magnetoacoustic driving ﬁeld
hCoFeB in Eq. (1). Since the longitudinal strain is much
higher than the vertical shear strain (|xx,0 |  |xz,0 |) and
, bCoFeB
are comparable, the
the coupling constants bCoFeB
1
2,eﬀ
main magnetoacoustic driving ﬁeld component is aligned
in plane with a fourfold symmetry ∝ sin φ0 cos φ0 [24].
Due to the SAW-SW helicity mismatch eﬀect this fourfold 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 Ni81 Fe19 thin ﬁlm, the saturation magnetostriction is expected to vanish [40]. Therefore, for purely
magnetoelastic coupling, we expect a vanishing magnetoacoustic 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
∝ cos φ0 , it is diﬃcult to distinguish between them. This
was already noted by Xu et al. for spin- and magnetorotation coupling [11]. Because we cannot diﬀerentiate
(c)

Py(20)/Au(5)/CoFeB(5)
Expt.

(d) Py(20)/Au(5)/CoFeB(5)
Simu.

FIG. 3. Change of the SAW transmission S21 (upper row) and S12 (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 μm instead of 500 μm), 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 φH = 3.6◦ .
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between the three coupling mechanisms, we solely consider magnetoelastic and magneto-rotation coupling in our
modeling, which is suﬃcient to describe our experimental 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 mechanisms 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, Sij 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 ∝ cos φ0 and therefore
is caused by magneto-rotation coupling and proportional
Py
to b2,eﬀ . Because the Py sample also shows a pronounced
amplitude nonreciprocity, the magnetoelastic driving ﬁelds
Py
with the symmetry ∝ b1 sin φ0 cos φ0 are small, but not
zero. The nonreciprocity, induced by the SAW-SW helicity
mismatch eﬀect, is inverted for both single-layer samples,
Py
due to an opposite sign of b1 and bCoFeB
.
1
The experimental results for the dipolar-coupled magnetic 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 nonreciprocal due to the nonreciprocity of the SW dispersion
relation. The main symmetry of Sij follows the fourfold symmetry of the dominating driving ﬁeld component,
which originates from the CoFeB layer. Interestingly, the
low-ﬁeld resonance shows a high degree of amplitude nonreciprocity, whereas the amplitude nonreciprocity of the
high-ﬁeld resonance is low.
We quantitatively simulate the response of the magnetic 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 decaying 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) outof-plane surface anisotropy, (iv) intralayer exchange interaction, (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 MateFMR
rial [35]. The values for the g factor and αeﬀ
are taken
from the FMR experiments. Meﬀ and the total magnetic
moment of the bilayer deviate slightly (< 6%) from FMR
and SQUID-VSM results. The SAW-SW coupling strength
l
l
is described by bl1 xx
/(|k||ulz,0 |) and bl2,eﬀ xz
/(|k||ulz,0 |),
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which are obtained by curve ﬁtting of the response of the
magnetic single layers, as described in Ref. [12]. Here, ulz,0
is the amplitude of the lattice displacement in the z direction. 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 features 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. Additionally, 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 φH . For
low |φH | (−16◦  φH  +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 |φH | 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
Py
coupling constants, b2,eﬀ and bCoFeB
2,eﬀ , 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 |φH | (φH  −16◦ , φH  13◦ ). For lower |φH | 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 position of the resonance ﬁelds by variation of the thickness
of the Au spacer layer ds . These simulations are carried
out for Py(20)/Au(ds )/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 ds = 10 μm, the magnetic ﬁlms are decoupled, 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
μ0 H = 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 |φH |, also the induced shift of
the resonance ﬁelds increases with |φH |. For a small spacer
layer thickness of ds = 5 nm, the dipolar coupling is large
and symmetric and antisymmetric SW modes form for
all φH .
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(b)

(c)

(d)
Expt.

(deg)

(deg)

(deg)

(deg)

Expt.

S21
FIG. 4. (a) The resonance (res.) ﬁelds μ0 Hres
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 ds on the resonance ﬁelds for Py(20)/Au(ds )/CoFeB(5) magnetic bilayer ﬁlms. The numbers in parentheses are
the nominal ﬁlm thicknesses in nanometers. (c) Nonreciprocal splitting of the resonance ﬁelds (μ0 Hres ) 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 S21 or
S12 , for which μ0 Hres = 0 is used. (d) Nonreciprocity of the transmission magnitude S and insertion loss IL 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 dispersion, which results in nonreciprocal splitting (μ0 Hres ) =
Sij
S21
S12
− μ0 Hres
of the resonant ﬁelds Hres . The nonμ0 Hres
reciprocity (μ0 Hres ) versus φH is shown in Fig. 4(c).
Again, experiment and simulation agree well. The sign
of (μ0 Hres ) is inverted for the low-ﬁeld resonance and
for the high-ﬁeld resonance. Except around φH = 0◦ ,
(μ0 Hres ) is approximately ∝ sin φH , 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 φH the nonreciprocity
(μ0 Hres ) is large in comparison to the linewidth of the
resonances and the resonances of S21 and S12 become
separated. This is why we obtain in Fig. 4(d) a simultaneously large nonreciprocity of the transmission magnitude
S21
S21
S = |S21 (μ0 Hres
) − S12 (μ0 Hres
)| and a low inserS21
S21
tion loss IL = Min [|S21 (μ0 Hres )|, |S12 (μ0 Hres
)|] at
S21
resonance μ0 Hres . Note that we deﬁne the insertion loss
IL as the insertion loss occurring by the resonant absorption of phonons in the magnetic ﬁeld. Mainly due to the
nonreciprocity of the SW dispersion, we observe around
φH = ±45◦ a high nonreciprocity of about 32 dB and
low IL 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 φH = −28.8◦ both a large nonreciprocity
of 37 dB and low IL of 0.8 dB for our 500-μm-long
ﬁlm sample. These values indicate that an acoustic isolator that is based on a dipolar-coupled magnetic bilayer
is potentially more promising than approaches that solely

exploit the SAW-SW helicity mismatch eﬀect [S ≈ 4.5
dB/mm and IL ≈ 5.0 dB/mm for CoFeB(2) [12] ] or
approaches that are mainly based on DMI [S ≈ 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 IL0 of the IDTs themselves 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 IL0 = −89 dB for the measurements performed on the seventh harmonic resonance in
Fig. 3. However, this insertion loss can be further optimized. 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 (μ0 Hres ) is large in comparison to the linewidth
of the resonances. Therefore the resonances of S21 and
S12 become separated, as discussed before. For samples
that are not made from low-damping Py and CoFeB, it
might be necessary to further increase (μ0 Hres ), respectively the nonreciprocal splitting of the resonance frequencies fres = fres (+k) − fres (−k) [gray shaded areas for a
constant |k| in Fig. 2(c)] to obtain low IL .
The nonreciprocity can be improved in various ways.
First, this can be achieved by increasing the magnetic
ﬁlm thicknesses. For moderate magnetic layer thicknesses
(dl k
1), which are in a similar range (dl = dA ≈ dB ),
fres ∝ dl , as shown in the Supplemental Material [35].
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In comparison to interfacial DMI (fres ∝ 1/d [44]), this
behavior is of great advantage. With increasing dl , not only
does fres increase, but additionally the SAW absorption
Sij , which limits the maximum attainable nonreciprocity
S, increases. Moreover, the nonreciprocity in a dipolarcoupled bilayer does not rely on heavy metals. Thus, spin
pumping [45], which results in a linewidth broadening
∝ 1/d for Sij [12], and a consequently increased IL are
avoided.
Second, the interlayer dipolar ﬁelds decay exponentially with the thickness ds of the spacer layer [34].
Therefore, thin spacers, such as ds = 5 nm in our
Py(20)/Au(5)/CoFeB(5) magnetic bilayer, are beneﬁcial
for resulting in a pronounced nonreciprocity. If ds is further
reduced, the nonreciprocity fres is only slightly increased
[<10% for Py(20)/Au(5)/CoFeB(5) at 7 GHz]. However,
for very thin ds interlayer exchange coupling may need to
be considered.
Third, it is possible to maximize the nonreciprocity fres
by choosing magnetic ﬁlms with an optimized ratio for the
saturation magnetization Msl 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 identical layers [34] or (ii) one layer having a very low saturation
magnetization.
While Msl , ds , and dl 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 SAWSW helicity mismatch eﬀect.
Furthermore, the nonreciprocity fres increases linearly
with the wave vector k of the SW for kdl
1. This behavior is similar to that observed for DMI [44] and is tested
by performing magnetoacoustic SW resonance measurements over a wide range of frequencies 0 < f <7.5 GHz
and wave vectors |k| = (2π f )/cSAW (0 < k < 15.1 μm−1 )
(a)
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as a function of the external magnetic ﬁeld [12]. The
results are shown in Fig. 5 for φH = 9◦ , 21.6◦ , and
81◦ . Here, the relative change of the SAW transmission
S21 (f , μ0 H ) is obtained by subtraction of the background oﬀset S21 (f , μ0 H = −200 mT). With increasing
φH 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 resonant ﬁelds with respect to H = 0 clearly increases with
φH and k and is inverted for the high- and low-frequency
dispersion branches. The green points in Fig. 5 are the simulated resonance ﬁelds, obtained for the parameters given
in Table SI of the Supplemental Material [35]. Again, we
observe excellent agreement between experiment and simulation, 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 nonreciprocal SW resonance frequencies can be tuned by H and
φH to approximately match two successive IDT resonance
frequencies. Thereby, the two successive SAW transmission bands can have the same or inverted nonreciprocal
behavior. This can be used to build a two-way unidirectional 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 insertion loss of the acoustic isolator in the forward direction
IL0 + IL has to be low. The insertion loss of an optimized
acoustic isolator is mainly given by the insertion loss IL0
of the delay line out of SW resonance. SAW delay lines
with an optimized insertion loss IL0 of about −4 dB have
been achieved in, for example, Refs. [42,43].

(b)

(c)

FIG. 5. Change of the experimentally determined SAW transmission S21 as a function of the external magnetic ﬁeld and frequency,
respectively wave vector, for φH = 9◦ (a), 21.6◦ (b), and 81◦ (c). The green points indicate the simulation results.
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Second, the nonreciprocity S = |S21 − S12 | needs
to be as large as possible. This is ideally achieved for
high Sij , while Sji = 0 (IL = 0). In our device, a
complete separation of the resonances of S21 and S12
FMR
is obtained for low eﬀective damping constants αeﬀ
of
both investigated magnetic layers in conjunction with a
high nonreciprocity of the SW dispersion. Additionally, the
magnitude of the SAW absorption Sij 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 magnetization of both layers, or increasing the frequency. Furthermore, 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 Sij and thus
the nonreciprocity S can be in principle increased arbitrarily 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 IL0 . It is beyond the scope of our study to
discuss such SAW propagation losses in more detail. Moreover, the magnitude of the SAW absorption Sij can be
strongly increased by using magnetic ﬁlms with a high
magnetoelastic coupling constant bl1 , since the magnitude
of the magnetoelastic SAW-SW interaction Sij increases
quadratically with bl1 [35]. Promising highly magnetostrictive 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 IL
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 S = 74 dB/mm and a low insertion loss of IL = 1.6
dB/mm, which is caused by SAW-SW interaction. Furthermore, 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 dispersion, 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 magnetic layer thicknesses or by choosing an optimized ratio
for the saturation magnetization of both layers. Therefore,
extremely high S and low IL should be achievable for
magnetic bilayers, being composed of high magnetostrictive materials. Moreover, in ultrathin magnetic ﬁlms, DMI
can be utilized to tune and strongly enhance the nonreciprocity, as theoretically predicted by Szulc et al. [31].
Finally, by choosing appropriate nonmagnetic spacer
layers, interlayer exchange interactions can be leveraged to
build synthetic antiferromagnets [55]. We expect that eﬃcient SAW-driven SW excitation is enabled by the internal
magnetoacoustic driving ﬁelds even in a synthetic antiferromagnet 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 magnetization [34]. Thus, switching the magnetization states by
electrical currents via, for example, Oersted ﬁelds, spintransfer, or spin-orbit torques might be a possible path
towards reconﬁgurable acoustic isolators [34,56].
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