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We investigate the interaction between surface acoustic waves (SAWs) and spin waves (SWs) in a
Pt/Co(2 nm)/Ru(0.85 nm)/Co(2 nm)/Pt compensated synthetic antiferromagnet (SAF) composed of two fer-
romagnetic layers with equal thicknesses separated by a thin nonmagnetic Ru spacer layer. Because of
the combined presence of interlayer dipolar coupling fields and interfacial Dzyaloshinskii—-Moriya interac-
tion (iDMI), the optical SW mode shows a large nondegenerate dispersion relation for counter-propagating
SWs. Due to resonant SAW-SW interaction, we observe a nonreciprocal SAW transmission in the prepared
piezoelectric/SAF hybrid device. We demonstrate that the nonreciprocity of the SAW transmission in symmetric
SAFs with equal thicknesses of the magnetic layers can show a substantially different characteristic behavior in
comparison to asymmetric SAFs or magnetic single layers with iDMI. For the prepared SAF, the nonreciprocal
shift of the magnetoacoustic resonance fields and the magnetoacoustic SW excitation efficiency depend on the
external magnetic field sweep direction. For one magnetic field sweep direction and angle of the magnetic
field, the resonance fields of the waves propagating in one direction are larger than for the waves propagating
in the opposite direction. In addition, the magnitude of the nonreciprocal field shift is at minimum if the
external magnetic field is aligned perpendicular to the SW propagation direction. The experimental results are in

agreement with a phenomenological SAW-SW interaction model.

DOI: 10.1103/PhysRevB.107.214412

I. INTRODUCTION

Nonreciprocal wave propagation is the key property on
which the working principle of rf isolators and circulators is
based [1,2]. If wave propagation is nonreciprocal, the prop-
erties of the wave in amplitude, phase, or frequency change
under an inversion of the wave propagation direction [3]. For
spin waves (SWs), amplitude nonreciprocity has been known
since the pioneering work of Damon and Eshbach [3,4].
In recent years, the nonreciprocity of the SW dispersion in
magnetic layers with Dzyaloshinskii-Moriya interaction and
in synthetic antiferromagnets has gained significant interest
because it has possible applications in logic and communica-
tion devices [3,5-10]. Synthetic antiferromagnets (SAFs) are
magnetic bi or multilayers, in which the magnetizations are
usually antiferromagnetically coupled by Ruderman—Kittel—
Kasuya—Yosida (RKKY)-type indirect interlayer exchange
coupling [11,12]. However, nonreciprocal spin-wave devices
have not yet found industrial applications owing to the low
efficiency of electrical SW excitation/detection and the large
SW propagation loss. In contrast to SWs, surface acoustic
waves (SAWs) are already widely employed in modern tech-
nology, such as in rf bandpass filters in cell phones [13—15].
Efficient excitation and detection of SAWs can be achieved
by an rf voltage signal and metallic grating structures—
so-called interdigital transducers (IDTs)—on piezoelectric
crystals [16]. SAWs do show reciprocal characteristics. This
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fundamentally limits the possible technological applications
of SAWs.

By combining SAWs and SWs in magnetoacoustic de-
vices, such as shown in Fig. 1(a), it is possible to make use
of the beneficial properties of both wave types [17]. Due
to SAW-SW interaction mechanisms (e.g., magnetostriction)
along with the large tunability of the SW dispersion, resonant
SAW-SW interaction can be achieved [18-21]. The nonre-
ciprocal properties of the SWs and the nonreciprocity of the
magnetoacoustic interaction itself [17] will result in a non-
reciprocal wave transmission of the magnetoacoustic device.
This yields potential for technological applications, such as
magnetoacoustic isolators and circulators. Motivated by these
application perspectives, magnetoacoustic samples, loaded
with magnetic single layers with interfacial Dzyaloshinskii—
Moriya interaction (iDMI) [19,20,22], magnetic bilayers
[23,24], and SAFs [25-28] have been in the focus of recent
magnetoacoustic studies.

Here, we experimentally characterize the impact of the
large nonreciprocity of the SW dispersion of a symmetric
Pt/Co(2)/Ru(0.85)/Co(2)/Pt SAF (thicknesses are given in
nm) with iDMI and interlayer dipolar coupling (IDC) on the
SAW transmission in a piezoelectric/magnetic heterostruc-
ture, as depicted in Fig. 1(a). We name antiferromagnetically
coupled magnetic bilayers exhibiting a compensated zero
net moment at zero field “symmetric bilayer SAFs”. For
previously studied asymmetric bilayer SAFs [28], mag-
netic bilayers [23], and magnetic single layers with iDMI
[19,20,29], the static magnetization direction and the fre-
quency nonreciprocity switch around zero external magnetic

©2023 American Physical Society
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FIG. 1. (a) Illustration of the investigated magnetoacoustic
hybrid device and the symmetric layer stack of the
Pt/Co(2)/Ru/Co(2)/Pt SAF. The nonreciprocity of the
magnetoacoustically excited SWs is characterized by different
transmission magnitudes of counter-propagating SAWs with wave
vectors k* and k™ in dependence of the external magnetic field H.
For the moderate excitation frequencies of the SAW (f < 7 GHz)
solely the optical SW mode can be excited. This is schematically
shown by the trajectory of the precessing magnetic moments (black
arrows) in the Damon-Eshbach geometry at zero field. (b) The
M-H hysteresis loop of the prepared SAF with the magnetic field
applied in the xy easy magnetization plane along ¢y = 90°. The
magnetization hysteresis loops of experiment and simulation agree
well. The static configuration of M* and M? are additionally
schematically depicted by the blue and green arrows.

field and are independent of the magnetic field sweep direc-
tion. For instance, we recently reported about this behavior
for a Pt/Co(2)/Ru(0.85)/Co(4)/Pt asymmetric bilayer SAF
with iDMI and IDC [28]. In contrast, we find that the nonre-
ciprocity of symmetric bilayer SAFs can show a substantially
different characteristic behavior. First, the magnetization and
the frequency nonreciprocity do not switch around zero field.
Second, the sign of the frequency nonreciprocity and mag-
netoacoustic SW excitation efficiency depend on the external
magnetic field sweep direction. Third, the magnitude of the
nonreciprocally shifted magnetoacoustic resonance fields is
at minimum if the external magnetic field is aligned perpen-
dicular to the SW propagation direction. The experimental
results are well reproduced by a phenomenological model,
which is based on the macrospin approximation and coupled
linearized Landau-Lifshitz-Gilbert equations. The symmetric
bilayer SAF is a model system for single-phase antiferromag-
netic materials.

II. THEORY

Figure 1(a) shows an illustration of the experimental setup
and the xyz coordinate system used. We will briefly describe
the SAW-SW interaction in SAFs consisting of a bottom mag-
netic layer A, a nonmagnetic spacer layer, and a top magnetic
layer B with a phenomenological model. For details of the
theoretical model, we refer to our recent study [28].

The equilibrium in-plane magnetization orientations @} of
the magnetizations M’ are calculated by numeric local en-
ergy minimization utilizing a macrospin model [5,30-33]. All

polar angles ¢ are defined with respect to the x axis. The
wave vectors k of the SAW and SW are given by k = kX.
For counter-propagating waves with wave vectors |k|, we
write kT (k > 0) and k= (k < 0). If the external magnetic
field is aligned in the xy plane and the demagnetization fields
are larger than the surface anisotropy fields (M! > H;), the
equilibrium magnetizations are strictly in-plane and the static
energy Eg per surface area can be written as

Eg = Z dZMSZ I:—MOH cos (qﬁ(l) — ¢H)
I=A.B

1
ol cos” () = L) | = darcos 0 ),
(M

where we take the Zeeman energy, in-plane uniaxial mag-
netic anisotropy, and bilinear interlayer exchange coupling
into account. For the calculation of the macrospin equilibrium
orientations M, all the additionally present energy terms have
no impact on the in-plane equilibrium orientation, as they van-
ish for k = 0 or are constant. The thicknesses and saturation
magnetizations of both magnetic layers are d' and M', respec-
tively. Furthermore, H, ¢y, H. ., and ¢! . are the magnitudes
and orientations of the external magnetic field and uniaxial
magnetic anisotropies. Antiparallel alignment of M* and M?
is caused by a negative effective interlayer coupling constant
Jett < 0. To calculate the equilibrium orientation qbé (noH) for
magnetic field up and down sweeps, we use the previous
equilibrium directions ¢} to calculate ¢} of the successive
point of the magnetic field sweep.

The simulated M-H hysteresis loop of the prepared
Pt/Co(2)/Ru(0.85)/Co(2)/Pt SAF with the magnetic field
applied in the xy easy magnetization plane along ¢y = 90° is
depicted in Fig. 1(b). The static magnetization configuration
shows three different magnetic states—namely the ferromag-
netic (FM, ¢f = ¢f), the canted (¢f # {pF, ¢p8 £+ 180°}),
and the antiferromagnetic (¢ = ¢f £ 180°) configuration.
With decreasing external magnetic field magnitude |uoH|,
the magnetic state changes from a ferromagnetic (|uoH| >
600mT) to canted (600 mT > |uoH| > O0mT) to antiferro-
magnetic (upH = 0mT) configuration. Small differences in
the parameters of both magnetic layers can determine the ro-
tational sense of M and the equilibrium orientation at poH =
O mT. The simulation parameters are summarized in Table I.

For the dynamic magnetoacoustic interaction, we assume
that the frequency f and wave vector k of the SAW and
excited SWs are identical. The dispersion of the SAW, f = %
csawlk|, is linear and defined by the propagation velocity
csaw ~ 3500m/s. The SW dispersion of the SAF is
calculated from the coupled linearized Landau-Lifshitz-
Gilbert (LLG) equations of both magnetic layers. For the
effective fields in the LLGs, we consider (i) Zeeman energy,
(i1) in-plane uniaxial magnetic anisotropy, (iii) out-of-plane
surface anisotropy, (iv) intralayer exchange interaction, (v)
intralayer dipolar coupling fields, (vi) iDMI fields, (vii)
interlayer bilinear exchange coupling, (viii) interlayer dipolar
coupling, and (ix) magnetoacoustic driving fields. The
small-amplitude magnetization dynamics of both magnetic
layers [ = A, B are calculated in individual rotated (el1 s elz, el3)
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coordinate systems. Hereby, the el3 directions correspond to
the equilibrium magnetization orientations, the €} directions
are aligned in the plane of the magnetic film, and the e
directions are parallel to the film normal. In addition, we
assume homogeneous magnetization dynamics along the
thickness of both magnetic layers. With the 4 x 4 magnetic
susceptibility tensor, the SW dispersion is obtained by setting
det(¥ ') = 0 and taking the real part of the solution [23].
Only the low-frequency SW mode, which we refer to the
optical SW mode [5], is relevant for our magnetoacoustic
experiments, since the resonance frequency of the high-
frequency SW acoustic mode is much higher (f > 17 GHz)
than the SAW excitation frequency (6.82 GHz). This is caused
by the antiferromagnetic interlayer exchange coupling. In
the limit of identical magnetic layers A and B, antiparallel
orientation of M* and M?, zero external magnetic field, and
no in-plane uniaxial anisotropy, the SW dispersion yields

k) = follk]) + AfRG k), 2
with
A
v o [ 2D4 1 .
AfRC(k) = — o <MO—Mfi + EdAM;‘;A>k sin ¢y,

where y! is the gyromagnetic ratio and D' is the thickness-
averaged effective DMI constant [34,35]. We define the
terms fy(|k|) and ¢! in Appendix A. For small |k| (k] <
(dl)’l,ds’l), ¢!~ 1. The term Afé%lcl(k), which is propor-
tional to k, lifts the degeneracy of counter-propagating SWs.
For D’:ff > (, the nonreciprocal frequency shift caused by
iDMI and IDC adds up. We thus expect a large nonreciproc-
ity Afy = f(k*) — f(k™) for our sample. With increasing
thickness d' the nonreciprocity caused by iDMI decreases but
increases for IDC. In addition, the sign and magnitude of A f
depend crucially on the equilibrium orientations qbé and ¢f =
#¢ + 7 of both magnetic layers. An inversion of the magneti-
zations M# and M? will result in a reversed sign of the non-
reciprocity. The mode profile of the optical SW mode for the
antiparallel alignment of M and M is illustrated in Fig. 1(a).

The propagating SAW modulates the magnetoelastic free
energy of the SAF with its frequency and wave vector. This
results in an effective magnetoacoustic driving field h’, which
can mediate the SW excitation [36]. The effective magnetoe-
lastic driving field in the (e}, €}) plane can be written as a
function of SAW power Psaw [20] as

! i k2 :
1 1 i(kx—wt)
Y S Y L 3
( 12) (hé) RoW saw (x) € ) 3)

where W is the width of the aperture of the IDT and R
is a constant that depends on the material and crystalline
orientation of the substrate. For a Rayleigh SAW on a Y-
cut Z-propagation LiNbO; substrate, we use the numerically
calculated constant R = 1.4 x 10'' J/m? [37]. The x depen-
dence of Psaw takes the attenuation of the SAW due to
SAW-SW interaction into account. The normalized effective
magnetoelastic driving fields of a Rayleigh wave with strain
COMPONENtSs &;j—yy 7 .. 7 0 are

h 2 | 0 ! cos ¢}
= |Da a 0
(il12> B Ho |:b1axx (Sin d)(]) CcosS (b(l)) + bzaxz< 0 )] “)

Here, the magnetoelastic coupling constants for cubic sym-
metry of the ferromagnetic layers [38,39] are bflz] 2, Gij =
&ij,0/(lk|luz0]) are the normalized amplitudes of the strain,
and g;;0 are the complex amplitudes of the strain. More-
over, u, o is the amplitude of the lattice displacement in the
z direction. Because the wavelength of the SAW is much
larger than the thickness d* + d® of both ferromagnetic lay-
ers, we assume homogeneous strain along d' and no change
of the waveform of the SAW under SAW-SW interaction.
We neglect other nonmagnetoelastic interactions, like spin-
rotation coupling [40—42] and gyromagnetic coupling [43].
Magneto-rotation coupling [19,20,44] can phenomenologi-
cally be modeled by substituting b’2 with an effective coupling
constant bl2,eff [23] and is phenomenologically taken into
account by assuming b, # b’ and b, — blzqeff. The driving
field is governed by the equilibrium magnetization orienta-
tions ¢(l). Since the longitudinal strain &, is the dominating
strain component of a Rayleigh SAW, |h!| has a four-fold
symmetry with maxima at ¢ = +45°, £135° [36]. An ap-
proximate estimation of the magnitude of &, in our sample
gives &0 ~ 4 x 107° [45]. With this value we estimate the
maximum driving field magnitude of h’2 ~ 20uT [45] to be
small in comparison to the other effective fields present in our
SAF, such as the external magnetic field uoH < 1T.

Besides the SAW-SW resonance condition (ksw = ksaw,
fsw = fsaw), the driving fields in both magnetic layers de-
termine the total absorbed power Py, of the SAW, caused by
SAW-SW interaction. Following Ref. [28], we write

A
AR
Py =Pl 1 —exp{ —C Im xl - 5
abs 0 p chllg X hlf ( )
arie) \e

with

C‘—l / k2
—2M0f R )

where [ is the length of the magnetic thin film along the x
axis. With respect to the initial power P, the power of the
traveling SAW is exponentially decaying while propagating
through the magnetic thin film. Finally, to directly simulate
the experimentally determined relative change of the SAW
transmission AS;; on the logarithmic scale, we use

Po — Paps .. e,
ASU_lOlg(TO)’ lj_{lZ,

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

for k™
for k= (6)

III. EXPERIMENTAL SETUP

We used magnetron sputter deposition for the prepara-
tion of the Pt(3)/Co(2)/Ru(0.85)/Co(2)/Pt(3)/SizN4(3) SAF
on a piezoelectric Y-cut Z-propagation LiNbOj substrate.
Especially strong antiferromagnetic interlayer exchange cou-
pling has been observed in such multilayers made out of
Co/Ru(d,)/Co for 0.5nm < d; < 1nm [30,46,47]. More-
over, the Pt layers cause iDMI in Co [48-50]. For SAW
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excitation and detection, we use a pair of interdigital transduc-
ers, which have three finger pairs with a periodicity of 3.4 um
and can be operated up to ~7 GHz. The Y-cut Z-propagation
LiNbO; substrate gives rise to Rayleigh-type SAW excitation
[14]. More details about the IDT geometry and preparation of
the SAF are presented in Refs. [20,28].

We measured the M-H hysteresis loop of the prepared SAF
by superconducting quantum interference device-vibrating
sample magnetometry (SQUID-VSM) with the external mag-
netic field aligned in the plane of the thin film along the y axis
and for the magnetic field up and down sweep. The results are
presented in Fig. 1(b) and show the expected linear behavior
M (H) of the canted magnetization state.

An additional Pt(3)/Co(2)/Ru(0.85)/Si3N4(3) reference
sample consisting of a single magnetic Co layer was prepared.
On this sample SQUID-VSM magnetometry and broadband
ferromagnetic-resonance (bbFMR) measurements were per-
formed to further study the magnetic properties.

We use a vector network analyzer to characterize the SAW
transmission at 6.82 GHz, corresponding to the seventh har-
monic operation of our delay line device. A time-domain
gating technique was employed to exclude spurious signals
[51], in particular, electromagnetic crosstalk. We use the rel-
ative change of the background-corrected SAW transmission
signal

AS;j(roH) = S;j(1oH) — S;;(800mT) )

to characterize SAW-SW coupling. Here, AS;; is the mag-
nitude of the complex transmission signal with ij = 21, 12.
In all measurements, we perform either magnetic field up
sweeps (—800mT to +800 mT) or down sweeps (+800 mT
to —800 mT) with maximum field magnitudes high enough to
ensure full magnetic saturation.

IV. EXPERIMENTAL RESULTS

In Fig. 2(a), we show the magnetoacoustic transmission
AS;j(uoH) of the prepared Pt/Co/Ru/Co/Pt SAF for the
magnetic field up sweep and fixed field orientation of ¢y =
32.4°. The SAW-SW resonance fields are clearly shifted by
AlpoHzes|+ = | MOHEZ§1| — ,uoHrSeé2| for counter-propagating
magnetoacoustic waves with wave vectors k™ and k~. In
contrast to previous reports about magnetic films with iDMI
and IDC [20,23,28,29,52], the sign of this nonreciprocal split-
ting A|poHyes|+ is identical for puoH < 0 and poH > 0. If
the magnetic field sweep direction is inverted, the sign of
AlwoHes|+ changes, as shown in Fig. 2(b). For the so far
studied magnetic single layers with iDMI or magnetic bilayers
the magnetic field sweep direction did not have an impact on
the nonreciprocity A|uoHes|+ [20,23,28,29].

Additionally, we present in Figs. 3(a)-3(d) for inverted
wave vectors k* and inverted magnetic field sweep directions
the magnetoacoustic transmission AS;;(uoH, ¢y ) as a func-
tion of the external magnetic field magnitude and orientation.
The dashed lines at ¢y = 32.4° show the scans along the
linecuts displayed in Fig. 2. The nonreciprocal splitting of the
resonance fields | A|uoH;es|+| decreases with increasing |¢y |.
For magnetic single layers with iDMI or asymmetric magnetic
bilayers, increasing |A|uoHres|+| 1s usually observed if |¢g|
is increased with |¢g| < 90° [3,20,23,28,29,49]. Moreover,

(a) B-field up sweep (b) B-field down sweep

0 —ASy, (k)
)
%!
o
< .

2r ; Al ptgHred T :

ol up sweep down sweep * °
1 sesmpessias geocnees I» 1 1 4. ....... preceiey 1
-240 -120 0 120 240  -240 -120 0 120 240
HoH (mT) HoH (mT) By = +32.4°

FIG. 2. (a) Transmission magnitude AS,; and AS), of counter-
propagating SAWs with wave vectors k™ and k~ at 6.82 GHz. The
external magnetic field is aligned at ¢ = 32.4 ° and increased from
—800mT to +800 mT, which is indicated by the gray dashed arrow.
The resonance fields of AS;; and AS), are nonreciprocally shifted
by A|poHes|+. In contrast to previous studies [20,23,28,29,52], the
resonance fields |poHs| of AS,, are for positive and negative mag-
netic fields, lower than for ASj,. (b) The nonreciprocal field shift
AlpoHes|+ gets inverted under an inversion of the magnetic field
sweep direction (+800 mT to —800 mT).

for positive fields uoH > 0 and the magnetic field up sweep,
the SAW-SW resonances in Figs. 3(a) and 3(b) are shifted to
larger |¢y| than for woH > 0 and the magnetic field down
sweep in Figs. 3(c) and 3(d).

In addition to the resonance at uoH ~ +120mT, we ob-
serve a high-field resonance with lower intensity at uoH ~
+560 mT. The nonreciprocal field shift of this resonance
is low (JA|oHres|+| < 7mT, see Appendix C) in compari-
son to the resonances at woH ~ £120mT (|A|poHres|<| <
43 mT).

V. DISCUSSION

The simulations in Figs. 3(e)-3(h) were carried out using
Eq. (6) of the theory section. The simulation and experiment
displayed in Fig. 3 show a rather good quantitative agreement
with respect to all salient features such as resonance fields,
linewidth, nonreciprocity, and transmission magnitude. The
parameters used for all simulations in this study are summa-
rized in Table I. More information about the parameters is
given in Appendix B.

Similar to our results, Matsumoto et al. observed recently
[27] that the amplitude of the SAW transmission magni-
tude of a symmetric CoFeB(20)/Ru(0.46)/CoFeB(20) SAF
at 1.4GHz is for positive and negative fields poH gener-
ally larger for magnetoacoustic waves with positive wave
vectors kT than for negative wave vectors k~. Because the
authors did not observe shifted SAW-SW resonances for
counter-propagating waves, which would clearly indicate a
nonreciprocal SW dispersion, they conclude that a nonuni-
form magnetic structure along the film normal of the relatively
thick layer stack might explain their results. The physics ob-
served here using a Pt/Co(2)/Ru(0.85)/Co(2)/Pt SAF with
relatively low thickness and nonreciprocally shifted resonance
fields are qualitatively different and can be accounted for by a
homogeneous magnetic structure.
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FIG. 3. Change of the SAW transmission AS;;(ioH, ¢y ) as a function of the external magnetic field magnitude and orientation at 6.82 GHz
for (a), (b) magnetic field up sweeps and (c), (d) magnetic field down sweeps. The dashed blue and red lines indicate the position of the linecuts
displayed in Fig. 2. In comparison to the low-field resonances at oH ~ £120 mT, the nonreciprocal field shift of the high-field resonances at
woH ~ £560 mT is low (|A|poHzes|+| < 7mT). Experiments (a)-(d) and simulations (e)—(h) show good overall agreement.

In the next section, we will discuss the unusual nonrecipro-
cal behavior and the symmetry of the magnetoacoustic driving
fields of the symmetric Pt/Co/Ru/Co/Pt SAF.

A. Nonreciprocity of the SW dispersion

Resonant magnetoacoustic interaction is, in principle, pos-
sible where the frequency and wave vector of the SAW and
SW match. Therefore, we first calculated the SW resonance
frequencies f(uoH, ¢y ) for the wave vector k = 13.2 um™!
of the SAW as a function of the external field magnitude
and direction. The frequency of the SAW is constant with
f = 6.82 GHz. The results are presented in Fig. 4 for inverted
wave vectors k* and inverted magnetic field sweep directions.
The resonance positions of the experimental results in Fig. 3
agree well with the SAW-SW resonance condition, which is
indicated by the yellow color in Fig. 4. Therefore, the unusual
nonreciprocal behavior of the magnetoacoustic transmission
AS;; can be traced back to the unusual nonreciprocal behavior
of the SW dispersion and is not caused by the SAW-SW

helicity mismatch effect [19,20,38,55]. The field sweep di-
rection affects the equilibrium magnetization directions @}
and the SW resonance frequency. We will now discuss the
nonreciprocity of the SW resonance frequencies f(uoH, ¢r)
and the impact of the magnetic field sweep direction on the
nonreciprocity of f(uoH, ¢x) in more detail.

1. Impact of iDMI and IDC on the nonreciprocity
of the optical SW mode

We calculated in Fig. 5(a) the SW resonance frequency
f(uoH) for the magnetic field up sweep and fixed mag-
netic field direction of ¢y = 18°. These curves are scans
along the linecuts of Fig. 4, where the positions of the line-
cuts are indicated by the dashed gray lines. Additionally, we
show in Figs. 5(b) and 5(c) the corresponding nonreciproc-
ity Afp(k) = f(kT) — f(k™) of the SW resonance frequency
and the magnetization equilibrium orientations ¢} of both
magnetic layers A and B. The orientations ¢ are uniquely
identifiable because of small differences in the properties of

TABLE I. Summary of the parameters used for all simulations of ASy; (k™). For the simulation of AS, (k™), the sign of the normalized
strain @,, is inverted [20]. Furthermore, the bilinear interlayer exchange coupling constant Jo; = —0.95 mJ/m? is extracted from the M-H
magnetization hysteresis and we assume csaw = 3240 m/s [53] for the SAW propagation velocity in the SAF. The length of the SAF along the

SAW propagation direction is /; = 750 um.

d' g M Hy A Dy RoHyi G @ Ko Do

Layer/  (nm) (kA/m)  (kA/m) (pJ/m) (mJ/m?) (mT) ©) (M (M
Co(2) B 2 2317 1620 1085 31[554]  —0.70 4 0 0071 19 042
Co(2) A 2 2317 1580 1085 31[554]  +0.70 0 0 0071 19 042
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FIG. 4. Spin wave resonance frequencies f(uoH, ¢y ) for SWs
with inverted propagation directions k* and magnetic field up and
down sweeps. Resonant SAW-SW interaction is potentially possible
at 6.82 GHz (yellow color). The SW dispersion was calculated for
the wave vector |k| = 13.2um™! of a 6.82 GHz SAW. The gray
dashed lines indicate the position of the line-cuts which are shown
in Fig. 5(a).

both magnetic layers of the SAF (see Table I for details),
which in turn determine the sign of A fi(k). The SW res-
onance frequency f(uoH) shows minima, where the static
magnetization configuration changes from a ferromagnetic
to a canted configuration at pwoH ~ 600 mT and around
zero field.

The SAW-SW resonance fields in Fig. 5(a) at |poHres| &
120, 560, and 650 mT are labeled as @, @, and @, respec-
tively. In agreement with the experimental results in Fig. 3 we
observe resonances at positions @ and @. But the experiment
does not show a resonance in the ferromagnetic configuration
of the SAF at position ®. This can be attributed to a vanishing
magnetoacoustic SW excitation efficiency, as detailed later.

The SW resonance f(uoH) in Fig. 5(a) shows a large
frequency nonreciprocity A f1 in the canted configuration at
|woH| < 370 mT. For larger fields |uoH |, the nonreciprocity
A fy decreases. This is in agreement with the nonreciprocal
field shift A|pwoHzes|+ in the experiment. Only for the low-field
magnetoacoustic resonance O, we observe in Fig. 3 a large
A|:bLOI'Ires|:t-

The reason for the large frequency nonreciprocity A fi in
the canted configuration is characterized in Fig. 5(b). Since
iDMI and IDC are wellknown to cause frequency nonre-
ciprocity, the impact of both individual contributions on A fi
is calculated by setting the corresponding other effective field
to zero [28]. A constructive superposition of A f, caused by
iDMI and IDC results in a very large frequency nonreciprocity
of more than 2 GHz at resonance ®. Furthermore, the impact
of iDMI of the top and bottom ferromagnetic layer on A fy
is expected to have additive contributions [5] in the almost
antiferromagnetic configuration of the SAF at resonance ®.

)

S 0 N~

=~ -90 :____<L’,_____,_—————”// 1
-180

| &+ ‘i «— =% ]
N g meeeee kel drletetetel Teebetebeie et I-"-' X '
~600 -400 -200 0 _ 200 400 600
UoH (mT) Py = +18°

FIG. 5. (a) The calculated resonance frequency of the optical SW
mode for the magnetic field up sweep shows nondegenerated fre-
quencies for counter-propagating SWs with wave vectors k* and k.
Resonant SAW-SW interaction is potentially possible at |uoH.es| &
120, 560, and 650 mT. These resonances are labeled as @, @, and
®. (b) The large frequency nonreciprocity Afy = f(k*) — f(k™)
of the SAF is caused by iDMI and IDC (iDMI+IDC). This can be
understood as an additive interplay of both individual contributions
of iDMI and IDC [5]. (c) The equilibrium orientations ¢} of the
magnetizations M/, which are schematically depicted by arrows for
the magnetoacoustic resonance fields and zero field govern f(uoH ).
While Af, is large in the canted configuration, A fy is zero in the
ferromagnetic configuration (¢f = ¢¢). All calculations were carried
out for ¢y = 18°.

The nonreciprocity A fy is significantly lowered at |uoH| 2
370 mT due to destructive superposition of A fy caused by
iDMI and IDC. Finally, A fy is zero in the FM configuration
of the symmetric bilayer SAF. For asymmetric bilayer SAFs
in the FM configuration, the nonreciprocity A f does not usu-
ally vanish [3,5,23,28]. A detailed theoretical discussion about
the enhancement of Afy in different antiferromagnetically
coupled magnetic bilayers with iDMI and IDC was recently
presented by A. Franco and P. Landeros [5].

2. Impact of the coherent magnetization reversal
on the SAW transmission

The coherent magnetization reversal of a symmetric bilayer
SAF has a crucial impact on the nonreciprocity of resonance
®. As shown in Fig. 5(c), the main magnetization rotation
of MZ (M%) is clockwise (counterclockwise) and coherent
without an inversion of the antiparallel alignment of both
magnetizations around zero field. In Fig. 6, we additionally
illustrated the coherent reversal and the resonance positions O
of M* and M? for different magnetic field sweep geometries.
For the sake of simplicity, we do not show the alignment
of M! around zero field. At resonance @, the magnetiza-
tions M* and M2 are almost antiferromagnetically aligned
(Ipy — ¢8| ~ 160°) perpendicular to the external magnetic
field direction. The magnetic field orientation ¢y, field sweep
direction, and the assumed dominating small in-plane uniaxial
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(a) ¢ =18
B-field up sweep

(b) pyy = -18°
B-field up sweep

(c) ¢n =18°
B-field down sweep

FIG. 6. Illustration of the coherent macrospin magnetization re-
versal MA8(oH) for different directions of the external magnetic
field ¢y = +£18° and magnetic field up and down sweeps. The ori-
entation of H for positive fields pnoH > 0 is indicated by the tip of
the gray arrow. At the beginning of the magnetization reversal, M*
and M2 are both aligned antiparallel to the gray arrow (saturation for
noH < 0). With increasing poH both magnetizations align canted to
each other. The rotation direction is determined by the dominating
assumed in-plane uniaxial easy axis direction H2, of layer B along
the x axis. For the sake of simplicity we do not show the alignment of
M around zero field [see, e.g., Fig. 5(c)]. The reversal of MA-? (oH )
is indicated by the circular arrows. For the resonances @ at uoH ~
+120mT, the orientation of both macrospins M# (blue arrow) and
M2 (green arrow) are illustrated. Here, MA® are almost antiparallel
to each other and perpendicular to the magnetic field (gray dashed
line).

easy-axis field H2. of layer B along the x axis determine
the rotational sense of M. The assumed difference between
M#% and M5 (see Table I) is too small to have a significant
impact on the rotational sense of M. The nonreciprocity of a
symmetric bilayer SAF in the antiferromagnetic configuration
can be described by Eq. (2) with A f1 o k sin qﬁg.

In Fig. 6(a), we discuss the results for the magnetic field
up sweep at ¢y = 18°. For negative and positive SAW-SW
resonance fields at resonance @, the macrospin M? stays
in the same quadrant (sin qﬁg > 0); therefore, the resonance
frequencies of SWs with k™ are larger than that of SWs with
k™, and the SAW-SW resonance fields are lower for magne-
toacoustic waves with k* than for that with k~, as observed
in Fig. 2(a). Thus, the magnitude and sign of the nonrecip-
rocal field shift A|uwoH;es|+ from the experiment is related to
the orientation of the macrospins M/ including the coherent
magnetization reversal without an inversion of the antiparallel
alignment of both magnetizations around zero field. In con-
trast, for asymmetric bilayer SAFs (magnetic thin films) made
from a soft magnetic material, the equilibrium magnetization
orientation usually gets inverted around zero field because the
magnetization of the thicker magnetic layer (magnetic single
layer) aligns along the external magnetic field direction. Thus,
for these magnetic systems, the sign of the nonreciprocity
A fy and the nonreciprocal field shift A|poHyes|+ are inverted
for woH > 0 and uoH < 0[19,20,28,29].

In the experimental results in Fig. 3 the nonreciprocity
|A|poHyes|+| of resonance @ at ugH ~ 120 mT decreases
with increasing |¢y|. Because of iDMI and IDC, the
nonreciprocity |Afy| of the optical SW mode in the an-
tiferromagnetic configuration of the SAF is large for the
configuration M/ L k and small for M’ || k. Here, since both

M’ are essentially orthogonal to H (see Fig. 6), we have to
apply H along k to get the large nonreciprocity.

While the reversal of M® is clockwise in Fig. 6(a) at ¢y =
18 °, it is because of of the small in-plane anisotropy of layer
B, and according to Eq. (1) counterclockwise in Fig. 6(b) at
¢y = —18°. As a consequence, at the resonance O, the sign
of ¢g in Figs. 6(a) and 6(b) differs (—180° < ¢(’) < 180°).
Thus, the signs of the frequency nonreciprocity A fi and the
nonreciprocal field shift A|ugHs|+ are inverted for magnetic
field sweeps with ¢ > 0 and ¢y < 0. We observe this be-
havior in experiment and theory shown in Figs. 3 and 4.

3. Impact of the magnetic field sweep direction
on the nonreciprocity

The experimental transmission measurements in Figs. 2
and 3 demonstrate that an inversion of the field sweep di-
rection results in an inversion of the nonreciprocal field shift
Al poHes|+. While M5 rotates clockwise in the upper xy half-
plane (sin ¢% > 0) for the magnetic field up sweep in Fig. 6(a),
it rotates clockwise in the lower xy half-plane (sin ¢§ < 0) for
the field down sweep in Fig. 6(c). This hysteretic magneti-
zation rotation is caused by the dominating in-plane uniaxial
easy axis direction Hgﬁ of layer B along the x axis. Therefore,
the frequency nonreciprocity A fy o ksin ¢p and the nonre-
ciprocal field shift A|uoH;es|+ get inverted under an inversion
of the field sweep direction. For the sake of simplicity, we
assume Hzﬁﬁ = 0. We obtain similar good agreement between
experiment and simulation for HA. = 0 if HE. is about 4 mT
larger than H,Qli.

B. Symmetry of the magnetoacoustic driving fields

Besides the nonreciprocal splitting of the resonance fields
Al poHzes |+, the magnetic field sweep direction has also an im-
pact on the intensity of the SAW-SW resonances. For positive
fields (uoH > 0), the SAW-SW resonances in Figs. 3(a)-3(d)
are shifted to larger |¢y| for the magnetic field up sweep in
comparison to the magnetic field down sweep. We attribute
this hysteretic behavior to the symmetry of the effective mag-
netoacoustic driving fields in both magnetic layers of the SAF.
In Figs. 7(a)-7(d) we show the dominating magnetoelastic
driving field 4}, which is caused by the longitudinal strain
&xr Of the Rayleigh type SAW for both magnetic layers of the
SAF. Because the coherent magnetization reversal ¢(I)([,L0H )
is hysteretic, as discussed in the previous section, the sym-
metry of the driving fields differ for the magnetic field up
and down sweep. The coherent magnetization reversal of M#
and M? results in an almost mirror symmetry behavior of h5
and h5. This symmetry gets broken if the strain &;; or the
magnetic properties (d', M!, H! ., ¢! ., b|) of both magnetic
layers differ. Here, we assume that the in-plane uniaxial mag-
netic anisotropies and the saturation magnetizations of both
magnetic layers are slightly different (details in Table I) [56].
Thus, the sum of the driving fields |43 + h5| which was calcu-
lated in Figs. 7(e) and 7(f) shows an asymmetric behavior with
respect to uoH = 0. For the SAW-SW resonance @, M4 and
M? are almost antiferromagnetically aligned. Since the total
magnetoacoustic driving efficiency of the optical SW mode in
the antiferromagnetic configuration of the symmetric bilayer
SAF is approximately given by |5 + h%| [28], the intensity of
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FIG. 7. (a)—(d) The calculated in-plane magnetoacoustic driving
field magnitude uohé(uoH , ¢ ) in the bottom (A) and top magnetic
layer (B) of the SAF is shown for the magnetic field up and down
sweep. For the SAW-SW resonance fields at uoH ~ +120 mT (©),
the magnetizations M* and M? are almost antiparallel aligned to
each other. In this configuration, efficient magnetoacoustic excitation
of the optical SW mode is possible if |uohs + poh3| is large. () and
(f) The sum of the driving fields | uohfz‘ + pohl| shows an asymmet-
ric behavior with respect to uoH = 0 and differs for the magnetic
field up and down sweeps. Thus, the SAW transmission magnitude
of resonance ® depends on the field sweep direction, as observed
in Fig. 3. The magnitude of the driving fields was normalized to
max(pohy + poh3).

the resonances in Fig. 3 follows the asymmetry of |k} + h5|.
This asymmetry only depends on the magnetic field sweep
direction, as observed in Fig. 3. Note that for macrospins M*
and M? with a large canting angle or ferromagnetic alignment,
the sum |h‘§ + h§| does not describe the magnetoacoustic driv-
ing efficiency.

In Fig. 5(a), there are three SW-SAW dispersion crossings
@, @, and ® for any k direction. In the experiment in Fig. 3,
we obtain SAW absorption for only the two crossings © and
®@. The coupling efficiency between the SAW and optical SW
mode of the crossing ® is zero, because the symmetric bilayer
SAF with identical magnetoelastic coupling constants & =
by, and SAW strain @; = &) is in pure FM configuration. The
coupling efficiency is already very weak for the crossing @
because the M* and M2 are almost ferromagnetically aligned
there. The model describes the SAW-SW coupling efficiency
by taking in Eq. (5) the phases of the magnetoacoustic driving
fields h’ and magnetizations precession jh’ in both magnetic
layers into account. Note that for magnetic bilayers made from
different magnetic materials the sign and magnitude of &
and b® determine the coupling efficiency between the SAW
and optical/acoustic SW mode. For instance, the coupling
between the SAW and optical SW mode in the FM config-
uration of a magnetic bilayer is expected to be very large for
sgn (b‘:) # sgn (b?) and has been demonstrated to be large for
b4 ~ 0, b8 # 0 in a NiFe/Au/CoFeB magnetic bilayer [23].

Besides the nonreciprocity of the SW dispersion, another
mechanism, which is based on a helicity mismatch between

the driving fields and magnetizations precession [19,20,38,55]
can cause a nonreciprocal amplitude of the SAW transmission.
For the symmetric bilayer SAF with identical magnetoelastic
coupling constants b5 = b5, we do not observe the SAW-SW
helicity mismatch effect, since the total impact of the out-
of-plane driving fields INzll on the magnetizations precession
cancels for the optical SW mode excitation.

VI. CONCLUSIONS

In summary, we have studied the SAW-SW interaction in
a symmetric Pt/Co(2)/Ru/Co(2)/Pt SAF. Our experiments
are in good agreement with analytical model calculations.
The nonreciprocity caused by IDC and iDMI at the top
and bottom ferromagnetic Co layer adds up for the optical
SW mode in the canted configuration of the SAF around
zero field. The resulting large nonreciprocity of the SW dis-
persion of more than 2 GHz causes nonreciprocally shifted
resonance fields for magnetoacoustic transmission measure-
ments, which were carried out at a constant SAW excitation
frequency of 6.82 GHz. While the nonreciprocal shift of the
resonance fields is large, the maximum nonreciprocity of
the SAW transmission magnitude ASy = |AS;; — ASpp| &
1.5dB is moderate in comparison to magnetic bilayers and
SAFs with low-damping and thicker ferromagnetic layers
(AS+ ~ 30dB) [23,24,27].

In addition, the nonreciprocity of the SW resonance fields
shows a significantly different behavior in comparison to
asymmetric bilayer SAFs or magnetic single layers with
iDMI, because of coherent magnetization reversal and differ-
ent in-plane uniaxial magnetic anisotropies of both ferromag-
netic layers of the SAF. For the prepared SAF, we find that the
sign of the frequency nonreciprocity depends on the external
magnetic field sweep direction and is identical for positive
and negative magnetic fields. Furthermore, for the symmetric
bilayer SAF, the external magnetic field sweep direction has
an impact on the magnitude of the magnetoacoustic SW exci-
tation efficiency. We find that the excitation efficiency of SWs
in the canted configuration around zero field is large and at
maximum for ¢y =~ £45 °. Finally, our experimental observa-
tions of magnetoacoustic coupling in symmetric bilayer SAF
structures constitute a step toward exploring magnetoacoustic
interactions in single-phase antiferromagnets.
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APPENDIX A: SPIN WAVE DISPERSION OF A
SYMMETRIC BILAYER SAF IN THE
ANTIFERROMAGNETIC CONFIGURATION

In Eq. (2) we have calculated the SW dispersion of a
magnetic bilayer SAF in the limit of identical magnetic layers,
antiparallel orientation of M* and M5, zero external magnetic
field, and zero in-plane uniaxial anisotropy.
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Furthermore, we assume Dfﬁ- = —D‘gff because of the sym-
metry of the SAF [57]. The term fj is given by

YU 1
Jo(lkl) = 2—;[<—Hk + DKk + MGy — FAM.L k]

2Jpi
/'L()Myd

) (Dk2 + M,(1 — Gy)sin? ¢y

—%dMsg |k| sin® ¢0)] ’ (A1)

with D = iﬁﬁg’ Gy = %, and ¢ = (Gyp)?e ¥4 Here, all
variables refer to the parameters of layer A. Note, that a
small external magnetic field or in-plane uniaxial anisotropies,
which are of similar magnitude as the terms under the square-

root, will have a large impact on the SW dispersion.

APPENDIX B: SIMULATION PARAMETERS

The parameters used for all simulations in this study are
summarized in Table I. Hereby, the saturation magnetiza-
tion M? = 1580kA/m was taken from the SQUID-VSM
measurement of the Pt(3)/Co(2)/Ru(0.85)/Si3N4(3) refer-
ence sample. M5 of the top layer is assumed to be slightly
larger (2.5%) than M2. The g-factors, surface anisotropy fields
H{, and effective SW damping constants o, which con-
siders Gilbert damping and inhomogeneous line broadening
[20], were determined by bbFMR measurements, performed
on the reference sample. Moreover, the magnetic exchange

AS,,, == AS, mov. avg.

AS,,, == AS,, mov. avg.

-0.4 1 1 'lll 1 1

-600 -500 500 600
#oH ()

FIG. 8. Transmission magnitude AS,; and AS), at 6.82 GHz.
The external magnetic field is aligned at ¢, = 10.8° and increased
from —800 mT to +800 mT.

constants A., and effective DMI-constants D.; are taken from

the literature [5,28,54]. The parameters of the in-plane uniax-
ial easy axis and the driving fields b d,, and b}, are identical
to our previously studied Pt/Co(2)/Ru/Co(4)/Pt asymmetric
SAF [28].

APPENDIX C: SUPPLEMENTAL FIGURE

In Fig. 8 we show scans along the linecuts of Figs. 3(a) and
3(b) at ¢ = 10.8°. The nonreciprocal field shift of the high-
field resonance at puoH ~ £560mT is low (JA|puoHres|+] <
7mT) in comparison to the resonances at uoH =~ =120 mT
(|A|H/0Hres|i| 5 43 mT).
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