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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 investigate the SAW-SW interaction in a
Pt/Co(2 nm)/Ru(0.85 nm)/Co(4 nm)/Pt synthetic antiferromagnet (SAF) composed of two ferromagnetic
layers with different thicknesses separated by a thin nonmagnetic Ru spacer layer. Because of the combined
presence of interfacial Dzyaloshinskii—-Moriya interaction (iDMI) and interlayer dipolar coupling fields, the
optical SW mode shows a large nondegenerate dispersion relation for oppositely propagating SWs. Due to
SAW-SW interaction, we observe nonreciprocal SAW transmission in the piezoelectric/SAF hybrid device. The
equilibrium magnetization directions of both Co layers are manipulated by an external magnetic field to set a
ferromagnetic, canted, or antiferromagnetic configuration. This has a strong impact on the SW dispersion, its
nonreciprocity, and SAW-SW interaction. The experimental results are in agreement with a phenomenological
SAW-SW interaction model, which considers the interlayer exchange coupling, iDMI, and interlayer dipolar

coupling fields of the SWs.

DOLI: 10.1103/PhysRevB.107.024424

I. INTRODUCTION

Surface acoustic waves (SAWSs) are widely employed
in research and technology nowadays. Efficient excitation
and detection of SAWs is possible with metallic grat-
ing structures—so-called interdigital transducer structures
(IDTs)—on piezoelectric crystals [1]. These acoustic devices
are employed in telecommunications as rf-filters [2,3] and
have further applications, e.g., in microfluidic lab-on-a-chip
devices [4,5], quantum acoustics [6,7], and sensors [8—10].
In general, SAWs show large propagation lengths but are
generally reciprocal and offer little control parameters.

In contrast, spin waves (SWs) in magnetic media have
low propagation lengths but can be controlled in many
ways [11]. For instance, the dispersion f(k) of SWs can
be reprogrammed by external magnetic fields or electrical
currents [12,13]. Furthermore, f (k) can show different res-
onance frequencies for counter-propagating SWs with wave
vectors kT and k~, as depicted in Fig. 1(a). This frequency
nonreciprocity Afy = f(kT) — f(k~) can be pronounced
in heavy metal/ferromagnetic films due to the interfacial
Dzyaloshinskii—-Moriya interaction (iDMI) [14-18] and in
magnetic bi- and multilayers with nonmagnetic spacer lay-
ers via the interlayer dipolar coupling (IDC) fields of the
SWs [12,19,20]. The physical origin of the nonreciprocity
lies in the opposite chiralities of counter-propagating SWs.
The energy degeneracy is lifted due to chirality-dependent
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interactions such as iDMI or dipolar interactions. The non-
magnetic spacer layer in magnetic bilayers can give rise to
Ruderman—Kittel-Kasuya—Yosida (RKKY)-type [21] indirect
interlayer exchange coupling, which can result in a preferred
antiferromagnetic alignment of the equilibrium magnetiza-
tions of both ferromagnetic layers. For simplicity, we refer to
these layers as synthetic antiferromagnets (SAFs) [22]. The
nonreciprocity Afy in such SAF layers can be especially
strong, reconfigurable, and tuneable by the composition of the
materials [12]. It was recently predicted that the nonreciproc-
ity in SAFs can be even further enhanced by the additional
presence of iDMI [23].

The advantageous properties of SAWs and SWs can be
combined in piezoelectric-ferromagnetic hybrid structures
[24], as shown in Fig. 1(b). Phonon-magnon coupling is me-
diated by, e.g., magnetoelastic interaction and opens up the
route toward energy-efficient SW excitation and manipulation
in the field of magnonics [25]. However, also the properties
of the SAW are greatly affected by resonant magnetoacoustic
interaction. It was recently demonstrated that resonant mag-
netoacoustic coupling between SAWs and nonreciprocal SWs
can give rise to large nonreciprocal SAW transmission, which
may be useful for new devices such as microwave acoustic
isolators or circulators [26-30]. Hereby, the nonreciprocity of
SWs is caused by either iDMI [26,31,32] or IDC in magnetic
bilayers with [27-29,33] and without [30] interlayer exchange
coupling through nonmagnetic spacer layers.

Here, we experimentally study the impact of a large non-
reciprocal SW dispersion Afy of a SAF with iDMI and
IDC on the SAW transmission in a piezoelectric/magnetic

©2023 American Physical Society
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FIG. 1. (a) Interlayer dipolar coupling and iDMI can give rise
to a very high nonreciprocity A fy = f(k*) — f(k™) of the SW dis-
persion in a synthetic antiferromagnet (SAF) with iDMI. Thus, the
SAW-SW resonance differs for counter-propagating SAWs. (b) 1I-
lustration of the investigated magnetoacoustic hybrid device and
the coordinate system used. The nonreciprocity of the magne-
toacoustically excited SWs in the Pt/Co(2)/Ru/Co(4)/Pt SAF is
characterized by different transmission magnitudes of oppositely
propagating waves k™ and k™. For moderate excitation frequencies
(f < 7GHz) solely the optical SW mode can be excited in the
antiferromagnetic (AFM) configuration. This is schematically shown
by the trajectory of the precessing magnetic moments (black arrows)
in the Damon-Eshbach geometry (¢}, = £90°).

heterostructure, as shown in Fig. 1. The nonreciprocity A fi
of the low-frequency optical SW mode is enhanced by the
individual additive nonreciprocal contributions of iDMI and
IDC in the investigated Pt/Co(2)/Ru(0.85)/Co(4)/Pt SAF
thin film sample (all thicknesses are given in nm). Moreover,
the equilibrium magnetization directions of both magnetic
Co layers are tuned by an external magnetic field to a
ferromagnetic, canted, and antiferromagnetic configuration.
We demonstrate that these configurations govern the SW
resonance frequency, magnetoacoustic driving fields, and
SAW transmission. The experimental results are well repro-
duced for multiple excitation frequencies by an extended
phenomenological model, which considers the interlayer ex-
change coupling, IDC fields of the SWs, and iDML.

II. THEORY

We describe the SAW-SW interaction in SAFs consisting
of a bottom magnetic layer A (2nm Co), a nonmagnetic

() (b)

1660 !
— Expt.

---= Simu.

M (kA/m)
(=)

-1660 b

1:II\/[ 1 C 1 AI:IM 1 C 1 FM
-600-400-200 0 200 400 600
HoH (mT)

FIG.2. (a) The M-H  hysteresis loop of the
Pt/Co(2)/Ru/Co(4)/Pt SAF with the magnetic field applied in
the xy easy magnetization plane along ¢ = 0°. The magnetization
hysteresis loops of experiment and simulation agree well. Both
show a FM, C, and AFM configuration, which are additionally
schematically depicted by the blue (layer A) and green (layer B)
magnetization vectors. The parameters of the simulation are given
in Table I and ¢y = 0° is assumed. (b) The magnetization dynamics
and the effective magnetoacoustic driving fields are described in
individual (e}, e}, e.) coordinate systems of both layers. Here,
the e} axes are defined by the equilibrium orientations ¢} of the
magnetizations M.

spacer layer, and a top magnetic layer B (4nm Co), with
a phenomenological model. The thicknesses and saturation
magnetizations of the magnetic layers are d' and M!, respec-
tively, with [ = A, B. As depicted in Figs. 1(b) and 2(b), the
x axis of the xyz coordinate system is parallel to the SAW
propagation direction k™ and the z axis is normal to the plane
of the magnetic film. The wave vectors k of SAW and SW
are defined as k = kX. For counter-propagating waves with
wave vectors |k|, we write kT (k > 0) and k= (k < 0). In
contrast to previous studies on magnetoacoustic interaction in
magnetic bilayers [27,29,30], we consider SAFs with iDMI,
IDC, and bilinear interlayer exchange coupling (IEC). The
combination of all these interaction mechanisms gives rise to
different configurations of the equilibrium magnetization and
a large nonreciprocity A fi of the SW dispersion.

A. Equilibrium state of the magnetization

First, we calculate the equilibrium orientations qﬁ(’) of the
magnetizations M’ in the xyz coordinate system by nu-
meric local energy minimization utilizing a macrospin model

TABLE I. Parameters to simulate the equilibrium magnetization directions, SW resonance frequencies, magnetoacoustic driving fields, and
the magnetoacoustic transmission AS,; in Figs. 2—6 at 6.77 GHz. For the simulations at lower frequencies in Fig. 5, the effective SW damping
constant « is calculated by Eq. (D1) with the Gilbert damping (o = 0.031, af;z = 0.019) and inhomogeneous broadening (uoAHf g =
17mT, poAHE R = 5mT) from broadband FMR experiments. For the simulation of AS),, the sign of the normalized strain &, is inverted.
Furthermore, the bilinear interlayer exchange coupling constant Jo; = —0.95 mJ/m? is extracted from the M-H hysteresis loop and we assume
csaw = 3240 m/s [55] for the SAW propagation velocity in the SAF. More details about the simulation parameters are presented in Appendix D.

layer [ d' g M! H] Al Dl woH!; . of b, bha,,

(nm) (kA/m)  (kA/m) (pJ/m) (mJ/m?) (mT) ) (D (D)
Co(4) B 4 2.315 1630 667 31 [23,56] -0.35 4 0 0.031 1.0 0.22i
Co(2) A 2 2.317 1580 1085 31 [23,56] +0.70 0 0 0.071 1.9 0.42i
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FIG. 3. (a) The calculated resonance frequency of the optical
SW mode as a function of the external magnetic field poH shows
nondegenerated frequencies for counter-propagating SWs with wave
vectors k* and k™. Calculated for ¢ = 45° and |k*| = 13.1 um™".
(b) The large frequency nonreciprocity Afy = f(kT) — f(k~) can
be understood as an additive interplay of both individual contribu-
tions of iDMI and IDC [23]. (c) The equilibrium orientations qb(’)
of the magnetizations M/, which are schematically depicted by the
arrows govern the nonreciprocal SW resonance.

[23,34-37]. For both layers, we take into account the Zee-
man energy with the external magnetic field magnitude H
and direction ¢y and phenomenological in-plane uniaxial
anisotropies with the magnitudes H! . and the directions ¢/ .
with respect to the x axis. Thin film shape anisotropy fields
are partly compensated by surface anisotropy fields H;2.
The equilibrium magnetizations are aligned in the xy plane
(MZ’ = 0). The bilinear interlayer exchange coupling with the
effective interlayer coupling constant J. favors an antiparallel
alignment (Jefr < 0) of M4 and M2. We use Eq. (Al) of
Appendix A to calculate ¢).

The calculated equilibrium magnetization orientations
®}(1oH ) and resulting M-H magnetization hysteresis loop of
the sample are shown in Figs. 2(a) and 3(c) as a function of
the external magnetic field magnitude uoH. The parameters
used are listed in Table I. The magnetization configuration
shows three different magnetic states - namely the ferro-
magnetic (FM, ¢§ = ¢8), the canted (C, ¢f # {¢8, o5 +
180°}), and the antiferromagnetic (AFM, ¢ = ¢f + 180°)
configuration. While the FM configuration is favored by the
Zeeman energy at high fields |uoH| 2 460 mT, the AFM
configuration is mediated by the antiferromagnetic interlayer
exchange coupling at low fields |uoH| < 150 mT. The three
different magnetization configurations are also experimen-
tally observed in the M-H magnetometry measurements in
Fig. 2(a), which were obtained with the external magnetic
field aligned in the plane of a reference sample SAF along
¢n = 0°. More details about the experimental results will be
given later. The equilibrium magnetization orientations have a

strong impact on the SW dispersion and the magnetoacoustic
driving fields, as will be discussed next.

B. Spin wave dispersion

The dispersion of a SAW w = csaw|k| in a homogeneous
substrate with the angular frequency w = 27 f is defined by a
constant propagation velocity of about csaw &~ 3500 m/s [3],
as schematically depicted in Fig. 1(a). In contrast, the disper-
sion of SWs in SAFs depends on multiple material parameters
and its behavior is more complicated.

To calculate the SW dispersion, we follow the approach of
Ref. [30] and solve the coupled linearized Landau—Lifshitz—
Gilbert (LLG) equations of both magnetic layers. To this
end, we employ the (ell, elz, eé) coordinate systems, shown in
Fig. 2(b). Hereby, the €} directions correspond to the equilib-
rium magnetization orientations, the el2 directions are aligned
in the plane of the magnetic film, and the e’1 directions are
parallel to the film normal. The magnetization precession is
defined by the transverse magnetization components M! 2=
M!m| , and is assumed to be small (M , < M}).

We formulate the effective fields of the LLG equations in
the (ell, e’z, e’3) coordinate systems as

I

hy

J - / 1 I
Hei 105 = Hegr103n0a + Hetr123.5c + Hegr 1230 + | 72
0

ey

with the intralayer effective fields Hémz&imra [31] caused
by the (i) Zeeman energy, (ii) in-plane uniaxial magnetic
anisotropy, (iii) out-of-plane surface anisotropy, (iv) intralayer
exchange interaction, (v) intralayer dipolar fields, and (vi)
iDMI fields Héff,lB,DMI' The interlayer coupling is mediated
by bilinear exchange fields Héff,lZS,IEC and the dipolar fields
Hjr 155.pc of the SWs. The terms for Hygr 55 pvr Hegr 2315
and Héff,IZB,IDC are taken from Refs. [12,14], rewritten in the
(ell, elz, eé) coordinate systems, and given in Eqs. (B1)—-(B3)
in Appendix B. Moreover, the SAW-SW interaction is me-
diated by small time-varying magnetoacoustic driving fields
hllqz, as defined in the next section. From the LLG equations,
we calculate the 4 x 4 magnetic susceptibility tensor which
describes the magnetic response

M h
My I
=X @)
My hy
My hy

to hll,2' The SW resonance frequency f(uoH) is obtained by
setting det(¥~') = 0 and taking the real part of the solution.
The linewidth A fgwywm is given by the corresponding imag-
inary part. Here, we neglect mutual spin pumping between
both magnetic layers of the SAF [38,39].

As an example, we calculate the SW resonance f(uoH)
of our Pt/Co/Ru/Co/Pt sample in Fig. 3(a). The assumed
parameters are summarized in Table I, ¢y = 45° is the ex-
ternal magnetic field direction and |k*| = 13.1um™" is the
wave vector of a SAW with a frequency of 6.77 GHz. Only the
low-frequency SW mode, which we refer to the SW optical
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mode [23], is shown. The resonance frequency of the high-
frequency SW acoustic mode is much higher (f > 20 GHz)
than the SAW excitation frequency (6.77 GHz) because of the
antiferromagnetic interlayer exchange coupling. Local min-
ima in the SW resonance frequency appear where the static
magnetization configuration (FM, C, AFM) transforms into
another one.

In addition, counter-propagating SWs with wave vectors
k™ and k™ have shifted resonance frequencies. The origin of
the large frequency nonreciprocity A fy = f(kT) — f(k™) is
characterized in Fig. 3(b) in more detail. Since iDMI and
IDC are well-known to cause frequency nonreciprocity, the
impact of both individual contributions on A fy is calculated
by setting the corresponding other effective field Héff’m’mc
or H.j; 13wy 10 zero. A constructive superposition of A fi
caused by iDMI and IDC results in a very large frequency
nonreciprocity of more than 2 GHz in the AFM configuration
at ¢y = 45°. The impact of iDMI of the top and bottom
ferromagnetic layer on A fy is expected to have additive con-
tributions in the AFM configuration [23]. The nonreciprocity
A fy is low in the FM configuration in comparison to the AFM
configuration. Furthermore, the sign of A f. switches between
the AFM and FM configuration. A more detailed theoretical
discussion about the enhancement of A f; in different antifer-
romagnetically coupled magnetic bilayers with iDMI and IDC
was recently presented by A. Franco and P. Landeros [23]. The
Pt/Co(2)/Ru(0.85)/Co(4)/Pt SAF of our study shows a simi-
lar behavior as the considered Pt/Co(1.5)/Cu(0.95)/Co(2)/Pt
SAF in their work [23].

C. Magnetoacoustic driving fields

The propagating SAW causes strain ¢;; and lattice rotation
w;; in the SAF with i, j = x,y,z. Via SAW-SW coupling
mechanisms, such as inverse magnetostriction, the SAW mod-
ulates the magnetic free energy. The corresponding effective
magnetoacoustic driving field as a function of SAW power
Psaw in the (e}, €)) plane can be written [31] as

ht Rt k2 :
- P l(kx—a)t)' 3
(hlz) (h’z Raw Y saw (x) € 3)

Here, W is the width of the aperture of the IDT and R is a
constant [40]. The normalized effective magnetoelastic driv-
ing fields fz’l and i’lz of a Rayleigh wave with strain components
Eij=xx,xz # 0 are [31,41]

4 21, 0 1. (cosh
(%)‘%[’”1“”(sin¢écos¢é)*bZ““< 0 )] @

where bl1 , are the magnetoelastic coupling constants for
cubic syrﬁmetry of the ferromagnetic layers [41,42], &;; =
€ij,0/(Ik|luz0|) are the normalized amplitudes of the strain,
and ¢;; are the complex amplitudes of the strain. Further-
more, u,o is the amplitude of the lattice displacement in
the z direction. Because the wavelength A = (277)/|k| of the
SAW (A 2 500nm) is much larger than the film thickness
of the SAF (=10 nm), we assume constant strain in z direc-
tion. For the sake of simplicity, we neglect nonmagnetoelastic
interactions, like magnetorotation coupling [31,32,43], spin-
rotation coupling [44—46], and gyromagnetic coupling [47].
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FIG. 4. Magnetoacoustic driving field and impact on the ex-
cited SW modes in the investigated SAF sample. [(a) and (b)] The
dominating in-plane component /) of the effective magnetoacoustic
driving field of a Rayleigh-type SAW in the individual magnetic
layers of the SAF is calculated with Eq. (4) on basis of the equilib-
rium magnetization directions ¢ and the parameters in Table I. The
symmetry of || follows the well-known fourfold symmetry [48]
in the FM and AFM configuration, but is more complicated in the
C configuration. [(c)—(e)] Schematic drawings of the excited optical
SW modes and driving fields /45, which can potentially be excited in
the FM, C, and AFM configuration for ¢y = 45 °. Here, the acoustic
SW modes cannot be magnetoacoustically excited since its resonance
frequency is much higher (f > 20 GHz) than the SAW excitation
frequency (6.77 GHz). While the magnetoelastic excitation of SWs
in the AFM configuration is efficient, it is not efficient in the FM
configuration. The drawing of the C configuration depicts only one
possible situation. The direction of 4, is defined by the direction of
the €/, axes (see Fig. 2).

The magnetoacoustic driving fields result in a torque on
the equilibrium magnetizations of both individual magnetic
layers. Whether these torques add up or cancel for the ex-
citation of SWs in SAFs depends on the directions of the
magnetoacoustic driving fields and on the SW modes which
can potentially be excited in the different magnetization con-
figurations (FM, C, AFM). To demonstrate the impact of the
magnetoacoustic driving fields on the excited SW modes,
we calculated from the magnetization equilibrium directions
@} the magnitude of /5 of a purely longitudinal strain wave
with €., # 0 for external magnetic field sweeps from —600 to
600 mT at multiple angles |¢y| < 90 °. The results are shown
in Figs. 4(a) and 4(b).

For the FM and AFM configuration, the magnetoelas-
tic driving field |h’2| of both magnetic layers follows the
well-known fourfold symmetry [48] with maxima at ¢y =
445° and minima at ¢y = 0°, £90°. For the C configura-
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tion, the symmetry of |h’2| is more complicated because the
equilibrium magnetization is not parallel or antiparallel to the
external magnetic field. Note that the direction of 4} in the
fixed xyz coordinate system depends on the direction of the el2
axes [see Fig. 2(b)].

In Figs. 4(c)—4(e), we show an illustration of the driv-
ing fields hl2 and the SW modes, which can potentially be
excited in the FM, C, and AFM configuration of the inves-
tigated Pt/Co/Ru/Co/Pt SAF for ¢ = 45°. The optical SW
mode in the FM configuration is described by an antiphase
magnetization precession [23]. In contrast, the magnetization
precession of the optical SW mode in the AFM configuration
is in-phase in the e/ direction and antiphase in the €} direction
[27]. The drawing of the C configuration depicts only one pos-
sible situation and is in general more complicated, since the
SW mode and driving field change with the external magnetic
field magnitude. Together with the right-handed magnetiza-
tion precession, the magnetoelastic excitation of SWs in the
AFM configuration is efficient, whereas it is not efficient in
the FM and depicted C configuration.

D. Absorbed power

The total absorbed power P,,s of the SAW, caused by
SAW-SW interaction, is the sum of the absorbed power of the
individual layers. Following Ref. [30], we write

arhi ht
s d* it n
Paps = Po| 1 —expy —CIm 2x] 2
ail || &
dPrt ) \ Qb
a1 k?
withC = E/Lolf E s (5)

where [ is the length of the magnetic thin film along the x
axis. Finally, to directly simulate the experimentally deter-
mined relative change of the SAW transmission AS;; on the
logarithmic scale, we use

Po— P\ +
AS;; = 101g (%) with ij = {f; 2 ®
0 E)

for SAWSs propagating parallel (k%) and antiparallel (k™) to
the x axis.

III. EXPERIMENTAL SETUP

We used magnetron sputter deposition for the prepara-
tion of the Pt(3)/Co(2)/Ru(0.85)/Co(4)/Pt(3)/SizN4(3) SAF
thin film (all thicknesses are given in nm) on a piezoelec-
tric Y-cut Z-propagation LiNbOj substrate. The deposition
parameters are detailed in Appendix C. In such multilayers
made out of Co/Ru(dy)/Co especially strong antiferromag-
netic interlayer exchange coupling has been observed for
0.5nm < d; < 1nm [34,49,50]. Furthermore, the Pt layers
are known to induce strong iDMI in Co [18,51,52]. To obtain
a large nonreciprocity Afy of the optical SW mode by a
combined action of iDMI and IDC, we follow the design
rules of Ref. [23]. The bottom Co(2) layer has a lower nat-
ural frequency and a larger thickness-averaged effective DMI
constant D% than the top Co(4) layer because of its lower film

thickness and lower effective magnetization M';, = M! — H].
Therefore, the Co(2) layer governs the low frequency optical
SW mode of the SAF which should be strongly affected by
the relatively large D%;.

The SAW transmission measurements are carried out with
two single finger IDTs that are made out of Ti(5)/Al(70), have
three finger pairs with a periodicity of 1.7 um, and can be
operated at multiple higher harmonic resonance frequencies
of up to ~7 GHz. The Y-cut Z-propagation LiNbO;3 substrate
gives rise to Rayleigh-type SAW excitation [3]. More details
about the IDT geometry are given in Supplemental Material
of Ref. [31].

The M-H hysteresis loop of the prepared SAF was
measured by superconducting quantum interference device-
vibrating sample magnetometry (SQUID-VSM) and is pre-
sented in Fig. 2(a). The SAF shows the expected behavior with
FM, C, and AFM magnetization configurations.

On additionally prepared Pt(3)/Co(2)/Ru(0.85)/Si3N4(3)
and Ru(0.85)/Co(4)/Pt(3)/Si3N4(3) single reference samples
SQUID-VSM magnetometry and broadband ferromagnetic-
resonance (bbFMR) measurements were carried out to further
characterize the magnetic properties of the individual Co lay-
ers.

The SAW transmission of our delay line device was
measured 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 [53],
in particular, electromagnetic crosstalk. We use the relative
change of the background-corrected SAW transmission signal

ASij(oH) = Sij(oH) — S;;(600 mT) %)

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 —600 to
4600 mT corresponding to full magnetic saturation.

IV. DISCUSSION
A. Frequency dependence

In Figs. 5(a)-5(d), we show the magnetoacoustic transmis-
sion ASy; of the prepared Pt/Co/Ru/Co/Pt SAF as a function
of external magnetic field magnitude poH and orientation
¢n . The measurements were carried out for all four harmonic
frequencies f = 1.00, 3.00, 5.03, 6.77 GHz and correspond-
ing wave vectors k = 1.9, 5.8, 9.8, 13.1 ptm‘1 of the acoustic
delay line. The vertical dotted lines indicate the transitions
of the static magnetization configurations (FM, C, AFM) ac-
cording to the M-H hysteresis loop shown in Fig. 2(a). In
comparison to earlier studies performed on magnetic single
layers [31,41,48,54], magnetic bilayers with zero interlayer
exchange coupling [30], and symmetric SAFs with d4 = d%
[29,33], many resonances show up for the asymmetric SAF
with d4 # d®. The resonances in the FM and AFM con-
figuration are at maximum at |¢y| =~ 45°. In contrast, the
resonances in the C configuration show up at |¢y| =~ 0°,90°.
Whereas the resonances in the FM and C configuration have
a low intensity and relatively narrow linewidth, the intensity
and linewidth of the resonances in the AFM configuration are
large.
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FIG. 5. [(a)—(h)] The frequency dependence of the magnetoacoustic transmission ASy; (oH, ¢n ) was determined as a function of external
magnetic field magnitude and orientation for all four harmonic resonances of the acoustic delay line. Experiment (Expt.) and simulation (Simu.)
show good agreement. [(i)—(1)] The SW resonances f (blue), SW linewidths indicated by f £ A fywum (light blue), and SAW excitation
frequencies (orange) at ¢y = 45 °. Both, simulations [(e)—(h)] and SW resonances [(i)—(1)] were calculated with the parameters of Table I and
the corresponding wave vector of the SAW (ksw = ksaw). The nonreciprocity of AS,;(uoH, ¢r) and of the SW resonance f(uoH) decrease

with decreasing frequency.

The simulations of AS» (uoH, ¢py) are shown in
Figs. 5(e)-5(h). Moreover, we simulate the SW resonances
f> SW linewidths indicated by f £ A fgwum, and SAW
excitation frequencies in Figs. 5(1)-5(1) for ¢y = 45°. Note
that the SW resonances f(uoH) are in general not constant,
but are a function of ¢y . All simulations were carried out with
the parameters given in Table I. We took an increase of o'
with decreasing excitation frequency [31] into account, which
is modeled by Eq. (D1). More details about the simulation
parameters can be found in Appendix D.

The simulation and experimental results displayed in Fig. 5
show a rather good quantitative agreement with respect to
all salient features such as resonance fields, linewidth, and
transmission magnitude in the FM, C, and AFM configu-
ration. Only the simulation of AS,; at 1 GHz shows about
five times too large amplitudes in AS,;. The magnetoacoustic
resonances at 1 GHz in Figs. 5(d) and 5(h) result from highly
off-resonant excitation and occur where the static magnetiza-
tion transforms from AFM to C configuration and around zero
field switching. The too-large amplitudes of the simulation
might be caused by deviations of the magnetization reversal
from the macrospin approach (domain formation, etc.), which

could be especially significant where the static configuration
(FM, C, AFM) transforms into another one and around zero
field.

In the AFM configuration at ¢y > 0 and 0 < uoH <
150 mT, the resonance with high linewidth at 6.77 GHz
changes to two resonances at 5.03 GHz, as shown in Figs. 5(a)
and 5(b). If f is further decreased, the splitting of these two
resonances increases [Figs. 5(c) and 5(d)]. As depicted in
Figs. 5(1)—(1), this behavior can be understood by the charac-
teristic behavior of the SW resonance with a local maximum
in the AFM configuration at |poH| ~ 60 mT and a decrease
of the SAW excitation frequency. For excitation frequencies
f below ~3 GHz and above ~7 GHz, the SW and SAW
resonance frequencies do not match in the narrow field range
available of the AFM configuration. There exists a window of
excitation frequencies in which resonant SAW-SW interaction
is possible in the AFM configuration of SAFs. The range
and position of this window can be modified by changing the
properties of the SAF (e.g., d', L, MSZ).

In line with Fig. 5(i), resonant magnetoacoustic inter-
action at 6.77 GHz is possible in the FM configuration at
[woH| ~ 500mT and in the C configuration at |uoH| =~
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FIG. 6. Change of the SAW transmission AS;;(ioH, ¢y ) for counter-propagating magnetoacoustic waves with the wave vectors k* and
k~ at 6.77 GHz. The large frequency nonreciprocity A fy of about 2 GHz at ¢y = £45° in the AFM configuration (see Fig. 3) results in a
pronounced nonreciprocity of the SAW transmission. [(a) and (c)] Experiment (Expt.) and [(b) and (d)] corresponding simulations (Simu.)

show good overall agreement.

420 and 200 mT. The slope of f(uoH) around the SAW-SW
resonance fields and the SW linewidth A fywgm results in a
narrow linewidth AH of the SAW-SW resonances in the FM
and C configuration and in a broad resonance in the AFM
configuration.

In agreement with the discussion of Fig. 4, the magne-
toacoustic SW excitation efficiency is governed by the static
magnetization configuration with large, medium, and low ef-
ficiency in the AFM, C, and FM configuration, respectively.
Moreover, in the AFM configuration, the in-plane magne-
toacoustic driving fields 71’2 and AS,; are at maximum at
¢y ~ £45°. In the C configuration, the symmetry of the
magnetoacoustic driving field is complex, because the static
magnetization directions ¢, are not parallel or antiparallel
to the external magnetic field direction ¢y. The dominating
in-plane magnetoacoustic driving fields /5, which are shown
in Fig. 4, are for 6.77 GHz at the positions of the SAW-SW
resonances |uoH| =~ 200,420 mT in the C configuration at
maximum at ¢y =~ 0°, £90°. Thus, the resonances of the
SAW transmission AS;; in the C configuration in Figs. 5(a)
and 5(e) are also at maximum at ¢y =~ 0°, £90°. Note that
the parameters of the SAF have a strong influence on the
symmetry dependence of AS;; in the C configuration.

Furthermore, the nonreciprocity of the SW disper-
sion causes a broken symmetry f(4uoH) # f(—uoH) in
Figs. 5(1)-5(1). According to the effective fields caused by
iDMI and IDC in Egs. (B1) and (B3), the frequency nonre-
ciprocity A fi decreases with a decrease of the wave vector
k and SAW excitation frequency f. Therefore, also the
maximum nonreciprocity of the SAW transmission magni-
tude AS:(uoH, ¢on) = |AS2 (oH, ¢r) — AS12(oH, ¢n)
decreases from ~2 dB at 6.77 GHz to ~0.4 dB at 3 GHz.

B. Nonreciprocity

After having discussed the frequency dependence, we now
look in more detail at the nonreciprocity for the frequency
with the largest SAW-SW interaction at f = 6.77 GHz. To
this end, we show in Fig. 6 the experimental and simulation
results of the magnetoacoustic transmission ASy;((oH, ¢n)

and AS1>(oH, ¢y ) for counter-propagating magnetoacoustic
waves with the wave vectors k* and k™.

We observe an excellent agreement between experiment
and simulation for both, AS,; and AS;. A pronounced non-
reciprocity of the transmission ASy shows only up in the
AFM configuration. As discussed next, the reason for the
nonreciprocal transmission AS, lays in the nonreciprocity of
the SW dispersion.

The large frequency nonreciprocity A fy of the SW res-
onance in Fig. 3(b) is caused by the individual additive
contributions of nonreciprocity mediated by iDMI and IDC.
Thus, in the AFM configuration for puoH > 0 and ¢y >
0, resonant magnetoacoustic interaction is only possible for
the SWs with k* and the change of the SAW transmission
AS,, presented in Fig. 6 is large. For counter-propagating
SAWSs (k7), the transmission AS1;(uoH > 0, ¢g > 0) shows
a maximum with very low amplitude. We attribute this max-
imum to off-resonant magnetoacoustic interaction which is
possible because of the large linewidth A fiwpm of the SW
resonance [see Fig. 5(i)]. Besides Gilbert damping, the large
effective SW damping o results from a large inhomogeneous
line broadening and the spin pumping effect [31,57]. These
two effects are very relevant due to the low thicknesses d'
and the Ru and Pt interfaces of the magnetic layers. While
frequency nonreciprocity is very large with A fi ~ 3 GHz for
the Damon-Eshbach geometry (@) = £90°), the maximum
nonreciprocity of the SAW transmission magnitude is only
moderate with ASL =~ 2dB. This is again attributed to the
large effective SW damping o!.

In addition to the considered in-plane magnetoacoustic
driving fields 7, there are the smaller (b’zc”zxz < bl1 a,,) out-of-
plane magnetoacoustic driving fields /3’1 [see Eq. (4)], which
could cause nonreciprocal transmission because of a helic-
ity mismatch between the driving fields and magnetizations
precession [30,31,41,58]. Since /} and i are parallel (an-
tiparallel) in the FM configuration (AFM configuration) and
have both a phase shift of 77 /2 with respect to ﬁlz [31,32,58],
the total impact of lel on the excitation of the optical SW
modes is low. In the FM and AFM configurations, the total
impact of fz’l on the magnetization precession almost can-
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cels because the top Co(4) layer is thicker but has a lower
magnitude 7% o< b5a,, = i0.22 T than the bottom Co(2) layer.
Identical simulations of AS;;(j0H, ¢y) but with b5a,, >
i0.22T or b3a,, <« i0.22T show a nonreciprocal excitation
efficiency because of the SAW-SW helicity mismatch effect,
as demonstrated in Appendix E. For the investigated sample,
the impact of the SAW-SW helicity mismatch effect on the
nonreciprocal transmission is rather small.

V. CONCLUSIONS

In conclusion, we have experimentally studied the SAW-
SW interaction in SAFs. Our experiments are in good agree-
ment with analytical model calculations, including interlayer
exchange coupling, iDMI, and IDC. The model describes the
experimental findings of the studied Pt/Co(2)/Ru/Co(4)/Pt
SAF for multiple frequencies and different external magnetic
field magnitudes, which can be used to switch the equilibrium
magnetization directions in both Co layers from AFM to C
to FM configuration. While the magnetoacoustic excitation
efficiency of SWs is maximized in the AFM configuration, it
is medium in the C configuration and low in the FM configura-
tion. This is a consequence of the excited optical SW mode in
the SAF and the directions and magnitudes of the magnetoa-
coustic driving fields in both Co layers. Efficient SAW-driven
SW excitation should be even possible in compensated SAFs
with zero net magnetization. This is in contrast to the small
excitation efficiency of the optical SW mode by Oersted fields
employing antennas [35].

Moreover, we demonstrate a large nonreciprocity A fi
of the SW dispersion because of the individual additive
nonreciprocal contributions of iDMI and IDC. In the Damon-
Eshbach geometry (¢} =+90°) and AFM configuration,
both contributions give rise to A fy &~ 3 GHz for SWs with
f =6.77GHz and k = 13.1 um~'. The nonreciprocity A fy
switches the sign and is much lower in the FM configura-
tion. The strength of the interlayer exchange interaction has
a strong impact on the static magnetization configuration,
which in turn governs the SW resonance frequency f(uoH)
and nonreciprocity Afy by iDMI and IDC. This explains
the dependence of the magnetoacoustic response AS;; on the
nonmagnetic spacer layer thickness ds, as experimentally ob-
served in Ref. [33]. Because of the high SW damping o and
the low magnetic film thicknesses used, the maximum nonre-
ciprocity of the SAW transmission AS1 ~ 2 dB is moderate in
comparison to magnetic bilayers and SAFs with low-damping
and thicker ferromagnetic layers (AS+ =~ 30dB) [29,30,33].
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APPENDIX A: EQUILIBRIUM STATE OF THE
MAGNETIZATION

The equilibrium magnetization direction ¢} is calculated
by numerical minimization of the static free energy Es per

surface area [23,37] in the xyz coordinate system
1 2
I=A.B

1
— = poH (' - u1>2> — Jessm® - m”, (A1)

2

where m' = M/ /M! are the unit vectors of the magnetizations
M'. We consider the Zeeman energy, demagnetization field,
which is partly compensated by a surface anisotropy field H,
an in-plane uniaxial anisotropy field puoH,y; with the easy-axis
direction along u and bilinear interlayer exchange coupling.
The unit vector u is assumed to be orientated in the plane of
the magnetic film and makes the angle ¢fmi with the x axis.
We neglect interlayer demagnetization fields since the lateral
size of the fabricated sample is much larger than its thickness
[23,59].

APPENDIX B: EFFECTIVE DIPOLAR FIELDS

The effective fields caused by iDMI are taken from Moon
etal [14]

I
i —m,

2Dy, .
Hlfi 123 pvr = l/io_ﬂ/;f]k sin (¢p) | m! |- (B1)
s 0

Moreover, the effective fields of the bilinear interlayer ex-
change coupling
m{
A Jol A B\, B
Hir 123180 = AR o MA cos (¢f — b5 )m5 (B2)

"\ cos (¢5 — &)

and interlayer dipolar fields
A 8oar89° i
Hit 10300 = —M; GOG076_| Id;

—|klm¥ — isin (¢§)k m3
x | sin (¢g) sin (¢F) [k|mE — isin (¢f )k m? |,
0

(B3)
are taken from Gallardo er al. [12] and rewritten in
the (e’l, e’z, eé) coordinate system. Hereby, Gf) =(1-
e"k‘dl)/ (|k|d") are dipolar SW terms [60]. For the effective
fields HE; ,; zc and HE; 5 pc of layer B, the replacements
A — B, B’—>’A, and —i — +i are carried out.

APPENDIX C: SAMPLE PREPARATION

After preparation of the IDTs, rectangular-shaped
Pt(3)/Co(2)/Ru(0.85)/Co(4)/Pt(3)/SisN4(3) SAFs (thick-
nesses are given in nm) were deposited at room temperature
by magnetron sputtering (base pressure <1 x 1078 mbar)
between the IDTs. The Ar pressure was kept constant at
3.5 x 1073 mbar during the deposition process and the sample
holder was rotating during sputtering. The individual layer
thicknesses were determined using a calibrated deposition
rate (Pt: 0.05nm/s, Co: 0.02nm/s, Ru: 0.025nm/s and
SizNy: 0.0065 nm/s). The Si3N4(3) capping layer prevents
oxidation of the SAF.
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FIG. 7. The out-of-plane magnetoacoustic driving field fl’l o bha,, is changed in simulations to probe the impact of the SAW-SW helicity
mismatch effect on the SAW transmission AS;;(uoH, ¢y) at 6.77 GHz. (a) The SAW-SW helicity mismatch effect vanishes for an in-plane
linear polarized driving field. The results in (a) are almost identical to the results in (b), for which the same simulation parameters as in all
previous simulations were used. Thus, the impact of the SAW-SW helicity mismatch effect is small in the simulations in Figs. 5 and 6. If the

driving field /%
SAW transmission nonreciprocity.

APPENDIX D: SIMULATION PARAMETERS

In this section, we describe how the simulation parameters
in Table I were derived. First, we determined the effective
interlayer coupling constant J.¢ from the M-H hysteresis loop
in Fig. 2(a). We used the macrospin model to simulate M-H.
With the saturation magnetizations Mf, obtained by SQUID-
VSM measurements performed on single layer reference
samples and the nominal magnetic thin film thicknesses d', we
obtain rather good agreement between experiment and simu-
lation for Jo¢r = —0.95 mJ/m?. This value is in the same range
as reported in the literature for similar SAFs [34,37]. Discrep-
ancies between experiment and simulation are attributed to the
simplification of the macrospin approach [61]. In agreement
with the literature, biquadratic interlayer exchange coupling
[12,36,62] is usually neglected to describe the magnetic be-
havior of Co/Ru/Co multilayers [27,34,37,50,63].

Furthermore, for the simulations, we use Mﬁ, the g-factor,
H,f, and o' obtained by SQUID-VSM and bbFMR mea-
surements performed on the single layer reference samples.
These parameters are summarized in Table 1. Hereby, the
Gilbert damping oz and the inhomogeneous line broaden-
ing AHIQMR contribute to the effective SW damping constant
[31]

I

14 i !
EPaL AHpyr + Opyr >

Oll

= (DD
where y! is the absolute value of the gyromagnetic ratio. The
magnetic exchange constant AL = 31 pJ/m is taken from the
literature [23,56]. In addition, D?f_f and b‘?sz are taken from
magnetoacoustic transmission measurements, which were
performed on a LiNbO;/Pt(3)/Co(2)/Ru(0.85)/Si3N4(3)
sample and carried out as described in Ref. [31]. Because of
the interface character of iDMI and d“4 = 0.5d%, we assume
that |D5.| = 0.5|D2;.

Finally, we use Eq. (6) to simulate the experimental re-
sults of the SAF as presented in Figs. 5 and 6. Experiment
and simulation show good quantitative agreement under the

o b3ay,, of the top Co layer is artificially low (c) or high (d), the SAW-SW helicity mismatch effect modulates slightly the

assumptions for b2, b5a,,, and the uniaxial anisotropies,
given in Table I. Since the uniaxial anisotropies are small
(noH, am < 4mT) in comparison to the external magnetic field
magnitude (JugH| < 600 mT), the anisotropies have mainly
an impact around zero field. We attribute different magnetoe-
lastic constants b} , and b¥ , of the bottom and top Co layer
to different growtli conditions caused by different seed layers
and thicknesses.

APPENDIX E: IMPACT OF THE HELICITY
MISMATCH EFFECT

The nonreciprocal SAW transmission in magnetoacoustic
transmission measurements can be also caused by the nonre-
ciprocity of the SW dispersion and/or the SAW-SW helicity
mismatch effect. By changing the helicity of the magnetoa-
coustic driving field in the simulations, we additionally study
the impact of the SAW-SW helicity mismatch effect on the
SAW transmission. In Fig. 7, we show the simulated SAW
transmission ASyi(uoH, ¢g) with the parameters of Table I,
but with modified values for the out-of-plane magnetoacoustic
driving field lel o bhaiy, [see Eq. (4)]. The SAW-SW helicity
mismatch effect vanishes for 4a,, = b5a,, = 0i in Fig. 7(a),
because the driving field is in-plane linear polarized. The re-
sults in Fig. 7(a) are almost identical to the results in Fig. 7(b),
for which the same simulation parameters as in all previous
simulations were used. Thus, the impact of the SAW-SW
helicity mismatch effect on the nonreciprocal transmission in
the previous simulations is very small.

If the driving field |fzf| of the top Co layer is artifi-
cially large, the SAW-SW helicity mismatch effect modulates
the SAW transmission nonreciprocity. For instance, with an
increase of bg&xz in Figs. 7(c), 7(b), and 7(d), the SAW ab-
sorption of the SAW-SW resonance in the AFM configuration
increases in the 2nd quadrant and decreases in the 3rd quad-
rant. Additionally, the intensity of the resonances in the FM
configuration differs between the 2nd and 3rd quadrants for
the artificially large |b§&xz| in Figs. 7(c) and 7(d). Such an
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asymmetry of the intensity of the resonances in the FM con-
figuration is not observed in the experimental results presented
in Fig. 5(a). We conclude that the impact of the SAW-SW

helicity mismatch effect on the nonreciprocal transmission of
the investigated sample is rather small in comparison to the
impact of the nonreciprocity of the SW dispersion.
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