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Synthetic antiferromagnets host spin waves that are highly tunable. It is of practical interest to analyze the
symmetry of their coupling to surface acoustic waves with the design of hybrid devices in view. For this we
calculate the layer-resolved susceptibility tensor of a synthetic antiferromagnet, the effective magneto-elastic
and magneto-rotation fields associated to a travelling elastic wave, and the power irreversibly transferred by the
elastic wave to the magnetic layers. We consider Rayleigh-type surface acoustic waves: (a) that travel in an
elastically isotropic, non-piezoelectric substrate, or (b) that propagate along the X direction at the surface of a
Z-cut LiNbO3 substrate, or (c) that are guided in a thin Z-cut LiNbO3 film grown on a sapphire substrate. In
particular, we show that the complementary angular dependencies of the acoustic and optical spin wave modes
in synthetic antiferromagnets makes it possible to excite spin waves for any relative orientation of magnetization
and acoustic wavevector. In addition, we discuss the symmetries of the driving fields and of the energy trans-
ferred to the magnetic degree of freedom. We evidence new interaction channels coupling the magnetization
eigenmodes when elastic anisotropy and piezoelectricity of the substrate are considered.

I. INTRODUCTION

The coupling between surface acoustic waves (SAWs) and
spin waves (SWs) has drawn increasing attention in recent
years due to its potential for the realization of integrated mi-
crowave devices benefiting from the best of both magnon-
ics and microwave acoustics [1-6]. Particularly, the coupling
of SWs in magnetic thin films with SAWs allows excitation,
manipulation and detection of various magneto-elastic waves.
SAWs are excited on piezoelectric substrates, typically bulk
single crystals of LiNbO3. The SAW-SW coupling is medi-
ated by strains [1] and by the rotational motion of the lattice
[7] within the magnetic material. However the SAW-SW cou-
pling is generally effective only for certain relative orienta-
tions between magnetization and SAW wavevectors [8]. The
coupling often vanishes in the high symmetry directions, ex-
cept for specific substrates supporting Rayleigh and shear hor-
izontal SAW modes simultaneously [9]. Finding ways to cou-
ple SWs and SAWs for arbitrary orientations would enable
to design hybrid devices that fully exploit the anisotropic and
non-reciprocal properties of SWs as well as the high energy-
efficiency of SAWs excitation and manipulation. In this paper,
we considered an alternative magnetic material platform: the
synthetic antiferromagnets (SAFs). For the analysis, we de-
veloped an extensive modeling of SAWs propagation and its
interaction with SAF SWs.

The SAW-SW coupling mechanism is intrinsically non-
reciprocal, because of an helicity mismatch [5, 6, 10-12].
In addition, non-reciprocal SAW transmission can also arise
from an asymmetric SW dispersion relation [13-16]. Hy-
brid SW/SAW systems made from SAF may thus find appli-
cations, such that the SAW to SW coupling deserves to be
studied. SAFs have two families of precession eigenmodes
[17]: In-phase and out-of-phase precessions of the magneti-

zation in each layer are associated with acoustic and optical
SW modes, respectively. As we will show, the SAW to SW
coupling displays different angular dependencies for each of
the SAF eigenmodes.

To ease the modelling of SAW propagation, the substrate is
usually assumed to be uncapped, elastically isotropic and its
piezoelectric character is ignored. It, therefore, hosts an (ide-
alized) Rayleigh SAW [1, 3, 6, 11, 18-20]. One often pos-
tulates that the magnetic layer has the same elastic properties
as that of the substrate or, that the back action of the magnetic
films on the substrate elastodynamics can be neglected. The fi-
nite thickness of the magnetic system is then only translated as
a "filling factor” in the SAW-SW coupling, save for rare occa-
sions implementing the more complex “thin film on substrate
approach” [21, 22]. In this article, we reconsider this first as-
sumption, and consider the impact of the substrate’s elastic
anisotropy and piezoelectricity onto the coupling of SWs to
SAWs.

This paper presents a comprehensive symmetry analy-
sis of the coupling between Rayleigh-type elastic waves
traveling in various substrates with the SWs of a capping
CoFeB/Ru/CoFeB SAF film. In particular we compare the
case of a conventional Rayleigh wave in a semi-infinite elas-
tically isotropic substrate (iso” model), to the ones of a wave
travelling in a real material (Z-cut LiNbO3: “Z-cut” model)
and of a wave guided in a Z-cut LiNbO3 film grown on an
AlpO3 C-sapphire substrate ("guided” model), see Fig. 1(a).
We clarify the respective roles of the magneto-elastic tickle
fields, the magneto-rotation “rolling” fields and the two SW
resonance modes of a SAF when set in the scissors state by an
external magnetic field. Finally, we discuss interaction chan-
nels allowing SAW-SW coupling for all applied field orienta-
tions.

The paper is organized as follows. We first assess the mag-



netics of SAF and its SW modes (section IIT). We then com-
pare the strain tensors and the rotation tensors of Rayleigh sur-
face acoustic waves in the ’iso0”, ”Z-cut” and ”guided” models
in section IV. The power transmitted to the spin waves excited
by the elastic waves is studied in section V. The amplitude of
the different coupling channels are compared. Section VI fo-
cuses then on a model system, the SAW to SW coupling in
the fully isotropic case. The differences with more realistic
materials represented by the other substrate models are finally
discussed in section VII.

II. GEOMETRY

We consider the geometry described in Fig. 1. It consists
in a synthetic antiferromagnetic film grown on substrate end-
ing at z = 0 that hosts surface acoustic waves within its depth
(z < 0). Two coordinate systems are defined. The coordi-
nate system {XYZ} is defined with respect to the wavevector
ksaw || X of the surface acoustic wave and the out-of-plane di-
rection Z. This coordinate system will be used to describe the
elastic properties and the surface acoustic waves. Three differ-
ent substrates will be used: a semi-infinite elastically isotropic
substrate (’iso” model), a semi-infinite Z-cut LiNbO;3 single
crystal ("Z-cut” model) and, a 150-nm thick Z-cut LiNbO3
film grown on a semi-infinite C-sapphire substrate ("guided”
model). It is noteworthy that ¥;yo L (0110)sapphire- For the
two anisotropic substrates, the X direction matches with the X
crystalline direction of LiNbO3. The full system is invariant in
the direction transverse to the SAW wavevector (i.e. a% =0).

The other coordinate system, i.e. {xyz} is defined with re-
spect to the growth direction z = Z and a uniform static applied
field H, oriented in the film plane at an angle ¢ away from the
SAW direction. This coordinate system will be convenient
when describing the magnetics of the synthetic antiferromag-
net. We shall consider that the SAF is thin enough and elastic
enough to replicate perfectly to the strain present at the sur-
face of the (much thicker) substrate, and not to have a back
action on the substrate. To pass from one coordinate system
to the other, it is useful to define the rotation matrix R :

~ cos¢ sing 0O
R=| —sing cosg 0 (1)
0 0 1

III. MODELING OF THE SYNTHETIC
ANTIFERROMAGNET UNDER STRAIN

A. Magnetic energies

We model the SAF as two layers ¢ = 1,2 of thick-
ness 7 and magnetizations (my,mys,my)M;, the mag-
netizations being uniform across the thickness of each
layer. The in-plane applied field H, leads to a Zee-
man energy per unit surface that is written as Ezeeman =
—HoMH, Y —; o my ;. The areal shape anisotropy of the sys-

tem [23] is Eghape = +% UoM? Y12 mfe ty, and the areal en-
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FIG. 1. Schematics of the investigated systems. (a) Studied elas-
tic media. (b) The SAF is one of the two degenerate scissors state.
The coordinate system {xyz} is defined with respect to the growth
direction z = Z and the static applied field H, oriented in the film
plane. The coordinate system {XYZ} is defined with respect to the
wavevector of the surface acoustic wave ksaw || X and the out-of-
plane direction Z.

ergy due to the interlayer coupling can be written as Ej =
—J (myymyo +myimyy +mzimy). In the presence of mechan-
ical deformations, there is also a magneto-elastic contribution
written as [8]

2 2 2
Eme =B1 Y 17 (mgec+ My Eyy + MZE:;)
=12

2
+2B; Z Iy (mxémyégw + MMy €y + myémzégyz)
=12
and a magneto-rotation contribution [6]:
B — 2
roll = +HoM; Z tymgyp (mx€ Wy + myéa)yz)a 3

=12

where £(X,Z,t) is the strain tensor and ®(X,Z,t) is the lat-
tice rotation tensor within the SAF. Note that since we assume
easy plane with isotropic magnetic properties, the directions
within the xy = XY planes are magnetically equivalent. The
rotation @y, (i.e. rotation about the z axis) thus does not con-
tribute to the magnetic energy. The lattice deformations lead
to the effective “tickle” hg{k and rolling” h:({u driving fields,
as we will discuss further below.

In the absence of data in the literature, we shall follow
the usual speculation and assume an isotropic magnetic sys-
tem which leads to B; = B;. Typical values for CosgFe40B2g
include a magnetization [24] M; = 1.35 MA/m, an inter-
layer exchange coupling [25] J = —1.1 mJ/m? for a 0.7 nm
thick Ru spacer, a first magneto-elastic constant [26] By =
—7.6 MJ/m>, which for layer thicknesses #; = t, = 13 nm

lead to characteristics fields of toM; = 1.7 T, toHme) = 2}‘% =

11.2 T and interlayer exchange field ugHy = — 1137{:/ =125 mT.



B. Ground state of the synthetic antiferromagnet

In order to allow for analytical calculations we shall sim-
plify the micromagnetic problem. We consider that the ground
state of the SAF is equal to that of a two-macrospin system.
In other words, we neglect any gradient of the magnetization
within the thickness of the magnetic layers [24]. This assump-
tion will be lifted temporarily in Fig. 2(c) and in the related
discussion (section III D 2).

We consider that the applied field follows 0 < H, < H;, and
that the rf elastic deformations have vanishing time-averages
such that at rest the SAF is in one of the two degenerate scis-
sors states. We choose the one for which the layers are mag-
netized as:

Hy
My H; 5
my | =168, /1-% @)
mze !

0

where 8 = 1 for the layer £ = 1 and 6 = —1 for layer £ = 2.

C. Tickle fields and rolling fields

The description of magnetization dynamics requires to de-
pict the effective fields acting on the magnetization in the
frame of the applied field, i.e., xyz [Fig. 1(b)]. The SAW
induced lattice deformations lead to the so-called magneto-
elastic “’tickle” fields [27]:

H2
Blg—;sxx+B26,/1—H—?exy
2 2
rfo_ Hy _ Hg
hiek = oM, Bag; &y +B16y /1 a2 &y ®)
Hy [1_ H}
BZE£x1+325 I*Hszb‘yz

as well as to the magneto-rotation “rolling” fields:

0
rf 0
hroll = M; H 2 (6)
WOt + 056 1—H—-;2

Note that owing to the § terms in Eq. 5 and 6, these ef-
fective fields are layer-dependent in a SAF. When a SAW
is present, these effective fields are also space and time de-
pendent and their values can be found by the substitution
W — Re(W'T (@ —ksawX)),

D. Spin waves of the synthetic antiferromagnet
1. Uniform resonances

To get the uniform resonances of the SAF, we consider the
total energy of the system and linearize the Landau-Lifschitz-
Gilbert equation around the chosen ground state. We follow

the standard procedure and write the dynamical matrix of the
system, whose eigenvalues are the two uniform resonance fre-
quencies of a SAF [Fig. 2(a,b)]. For H, < Hj, their real parts
read [28]:

[0) M;+H , M,
= _H, ’Landﬂz | =\ /H?—H2, ()
% Hy % Hy

where the labels recall the acoustic (in-phase) or optical (out-
of-phase) nature of the spin wave mode. The imaginary parts
of the eigenvalues lead to the mode linewidths (full widths at
half maximum):

22
Hj —Hy
H;

2, g2
A _ M+ HitHy g A%

M+
oy Hy oY *

®)

where 7y is the gyromagnetic ratio and « is the damping.

2. Working assumption: spinwaves with vanishing group velocity

We now discuss an important simplifying assumption. We
consider that the spin waves have vanishing group velocities,
i.e. we use the definition:

wac,op(ky(p) £ wac,op(k:07(P) 9

The crude [29-31] assumption of Eq. 9 is done at the sake
of pedagogy but it has an important consequence [Fig. 2(c)]
that deserves a discussion. In reality the SW mode frequen-
cies Wpoge for kK = 0 and k #£ 0 and their angular dependencies
with ¢ differ. This is shown in Fig. 2(c), in which @(k =0, ¢)
from Eq. 7 is compared with w(k # 0,¢) when calculated
in the full micromagnetic framework, as conducted in Ref.
[31]. The non-circular character of @(@,k # 0) reflects the
anisotropic character of the SWs of a SAF. The non-centro-
symetric character of @(¢,k # 0) recalls their non-reciprocal
nature [12, 29-31].

In a real experiment, there would be a defined SAW
wavevector ksaw and a defined magnetic field orientation ¢.
Within our working assumption (Eq. 9), if the field ampli-
tude H, is set to have a given SW mode be at resonance with
the SAW, the field can be rotated while maintaining the reso-
nant character. The angular dependence of the SAW-SW cou-
pling then only reflects the angular dependence of the driving
torque.

In contrast with our working assumption, if the true disper-
sion of the spin wave was taken into account, rotating the field
would automatically detune the SW resonances away from
the SAW resonance. As a result, the angular dependence of
the SAW-SW coupling would reflect both the angular depen-
dence of the driving torque (so-called helicity mismatch [12])
and the angular dependence of the SW frequencies (mismatch
between the SAW resonance and the SW resonance).

We aim to unravel the respective effects of angle-dependent
resonance mismatch on the one hand, and, on the other hand,
angle-dependent helicity mismatch. For that purpose our
study will be conducted by assuming spin waves with van-
ishing group velocities (Eq. 9) to highlight only the SAW-SW
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FIG. 2. (a) Acoustic and optical SW frequencies in a SAF from
Eq. 7 for H, < Hj and extracted from Ref. [28] for Hy > H;. (b)
sketch of their respective magnetization precessional motions in the
scissors state. (c) Angle-resolved dispersion relations @poqe (@) for
HoHy =50 mT, k = 0 and 7.5 rad/pum within the full micromagnetics
framework.

coupling symmetry from the driving field standpoint. Fully
taking into account that @ac op(k, Q) # Wac, op(k # 0, @) is an
interesting subject that will be explored in future investiga-
tions.

E. Susceptibility tensor of a SAF in the reference frame of the
applied field

From the dynamical matrix, a cumbersome algebra leads to
the susceptibility of each layer of the SAF for a zero wavevec-
tor. The SAF susceptibility can be separated into two indepen-
dent contributions corresponding to the acoustic and optical
eigenmodes, and it is expressed as:

0 A8 N5 1 00
=210 1 in2 |4 S 00
. ac -V
0 —inZ n° 5wy 00
(10)

where the dimensionless terms 1), A and v describing the

. . \/H?—H?
precession ellipticity are: 11 = \/ﬁ, A= # and

Hy

vV = /3. Note the non-hermitian character of the layer-

resolved ¥. The Hermitian character (reflecting the gyrotropy)
is recovered when summing the susceptibilities of the two lay-
ers.

The resonant nature of the response of each mode is ex-
pressed by the Lorentzian function:

i mode Aa)rnode
— ©%) +i O A®moge

mode mode
27 ()

= max Y (1])
Kmax

2
a)mode
The partial responses .2 and .Z°P peak at their resonance
frequencies (Eq. 7). The £ and .Z°P are purely imaginary
at their resonances and can be expressed as the dimensionless
numbers:

MS wllC

_is M Wop
H;j Aa)ac

—l— .
H; A(J)op

and yob = (12)

ac  __
Xmax -

Several points are worth noticing in Eq. 10.

(1) As is well known, the optical mode responds to paral-
lel pumping only, H, || 4’/ (the non-vanishing susceptibility
terms are in the first column), while the acoustic mode re-
sponds only to transverse rf fields, H, L 4’/ (second and third
columns).

(i) Near resonance, all susceptibility terms are essentially
Lorentzian-like (Eq. 11). However the additional ®/®mode
factors in some of the non-diagonal susceptibility terms
(Eq. 10) make them non-Lorentzian and let them vanish in
the static limit.

(iii)) The magnitudes of the layer-resolved susceptibilities
of the two modes are very different. At low fields when

H, < H; < My, we have x% (Hy — 0) = —ii,/% and

o Hy

i /M
a\/ H"
is much larger for the optical mode at resonance than for the
acoustic mode at resonance. Conversely, the response of the
optical mode progressively dies as one approaches saturation
at Hy while the resonant susceptibility of the acoustic mode at-

tains it maximum with essentially Y2 (H, = H;) ~ — L , /s

o\ H"

Xoox (Hy — 0) = — The susceptibility at low fields

We highlight that since )zgach:({” # 0, the lattice rotations are
expected to excite the acoustic SW mode. It is the case when
the strain is considered to be uniform within the SAF, which is
a good approximation when it is much thinner than the SAW
wavelength. In contrast, )?Ophgn = 6, meaning that the lattice
rotations do not excite the optical SW mode directly. This
does not mean that the rolling fields could be disregarded for
the optical mode, it would only be the case if Fophlly L hl,
which is in general not true.

IV. STRAIN AND ROTATION TENSORS OF SURFACE
ACOUSTIC WAVES IN LITHIUM NIOBATE SYSTEMS

The objective of this section is to describe the strain tensor
and the lattice rotation tensor of Rayleigh SAWs travelling in
LiNbO3 systems. Targeting SAWs to operate at higher fre-
quencies, one indeed replaces the traditional bulk piezoelec-
tric substrate [32, 33] by a piezoelectric thin film, see Fig. 1(a).
In particular, thin films are grown on higher-acoustic-velocity
substrates, typically forming an LiNbOs/sapphire [34] stack
[Fig. 1(a)]. In such structure, the SAW is guided in the



thin piezoelectric film, and the clamping effectively acceler-
ates the acoustic waves while modifying their polarizations.
As a bonus, the high confinement of the acoustic energy is
expected to boost the SAW-SW interaction, with direct ap-
plication interest. Therefore, it is of great interest to analyze
the symmetry of this coupling in order to understand to what
extent SWs can couple to the guided and non-guided SAWs.
Here we consider the specific case of a SAF with the magneto-
rotation and the magneto-elastic interactions being included
on an equal footing.

We first study the case of an elastically isotropic non-
piezoelectric medium mimicking LiNbO3 (’iso” model). We
then compare it to the Rayleigh wave propagating along X1 no
crystalline direction of a semi-infinite LiNbO3 substrate with
a Zyno-oriented surface ("Z-cut” model). Finally, we will
discuss the additional features that appear when the SAWs
are guided in a thin film of Z-LNO grown on C-sapphire
(’guided” model).

A. Rayleigh wave for an elastically isotropic substrate

Following Ref. [35], the velocity V of Rayleigh-type sur-
face acoustic wave in an elastically isotropic medium obeys:

2
(121G pv2)2+ -8
Cua C121 Ci C121
(13)
where p is the mass density, C'SO the modulus of axial com-
pression , ﬂ’ is the shear modulus , and 11“20 is the ratio of
longitudinal stress ©7; to transverse compression &), which
reduces to C 50 = Cis° —2C5 in case of isotropic elastic prop-
erties. The '° superscripts were omitted in the previous equa-
tion. The wave velocity is the smallest root of Eq. 13. [35]
The strict application of Eq. 13 with the material parame-
ters of bulk [36] LiNbO3; would yield a SAW velocity of 3.37
km/s. This poorly accounts for that of a Z-cut orientation for
which the reported experimental values are 3.798-3.903 km/s
[37, 38]. By definition a Rayleigh wave has finite strains only
in the X and Z directions for an X-propagating wave on a Z-
cut substrate. The strains €yx and €7z have comparable am-
plitudes so that the best approximation for the modulus of ax-
ial compression is to take Ci$® = (CLNO LNO) /2. Besides,
since the active shear component of a Rayleigh wave is &xz,
the natural choice for the shear modulus is Ci? = CENO, and
11520 = CLNO Making this substitution and applymg Eq. 13,
one gets a Rayleigh mode velocity of 3.629 km/s, now in bet-
ter agreement with experimental reports for the case of Z-cut
LNO. The thickness profile of the Rayleigh wave is defined
by dimensionless penetration coefficients ¢; and ¢, [2]:

pV? pV?
= —y[1- d -2 14
q1 Ci and g = Cas (14)

The thickness profile of the lattice displacement (X, Z,) is
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FIG. 3. Depth profile of the main strain components and lattice ro-
tation component for a Rayleigh surface acoustic wave traveling on
semi-infinite substrate, elastically isotropic (plain and dashed lines)
or along the X crystalline direction of a Z-LNO substrate (dotted
lines). (a) Terms that are real used as phase reference. (b) Terms that
are imaginary (phase in quadrature). The inset shows the strain ten-
sor in the elastically isotropic case. Additional non-vanishing terms
arise for the Z-LNO case, as plotted in Fig. 4.

the sum of two partial waves:

ﬂX — e*k(]]Z 2(11‘12 7quz
2+1 )
ﬁY — () el(a)tka) (15)
=gy [ =2—e K2z _ *k‘IlZ)
=1 e
(2

The lattice rotation tensor @ = % (vﬁ — ?ﬁT) and the strain

tensor € = J (?ﬂ +Vii') can be straightforwardly obtained
as the anti-symmetric part and the symmetric part of the dis-
placement gradient [39].

The strain and the lattice rotation tensors are plotted in
Fig. 3 for material parameters meant to best mimic an
isotropic equivalent of the Z-cut LiNbOj3 substrate. The mate-
rial parameters of bulk [36] LiNbOj3 transform in ‘SO =213
GPa, C? =72 GPa and C% = 65 GPa, with p = 4628 kg/m?.
Since the displacements are strictly restricted to the XZ plane
and since for an X-propagating wave we have a% =0, all terms

involving ¥ cancel within £ and @.

The non-vanishing terms and their phase relations are exy €
R, 77 € R, exz € iR~ and wyz € iR™. The shear strain €xz
exactly vanishes at the free surface. Note also that the lattice
rotation @y at the surface is greater than all the strain com-
ponents, with foreseen implications for the amplitude of the
rolling fields (Eq. 6) and the tickle fields (Eq. 5).

B. Rayleigh wave for X-propagation and Z-cut LNO

It is interesting to analyze to what extent the above-studied
Rayleigh SAW of an hypothetically isotropic substrate differs
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FIG. 4. Depth profile of the strain components and lattice rotation
components that become non-vanishing when passing from an elas-
tically isotropic substrate to a Z-LNO substrate for a SAW traveling
along the X crystalline direction.

from that of the real (anisotropic and piezoelectric) material.
The latter can be numerically calculated using the method de-
scribed in ref. [34], derived from the model of ref. [40]. This
method solves for the resonant lattice displacements and the
electrical potential across the depth of a multilayer, taking into
account the elastodynamic equation, the Poisson equation and
the constitutive relations of piezoelectricity (see [34]), all us-
ing the material properties [36] of bulk LNO.

For X-propagating SAWs on Z-LNO, the lowest frequency
mode is calculated to have a velocity of 3.787 km/s, in agree-
ment with experimental findings [37, 38]. A finite displace-
ment uy appears as a consequence of the anisotropy of the
rigidity tensor of LNO. However the wave polarization still
lies essentially in the XZ plane, and therefore it will be re-
ferred to as a Rayleigh mode. The depth profiles of its strain
tensor and its lattice rotation tensor are displayed in Figs. 3
(pure Rayleigh terms) and 4 (other terms). A comparison with
the elastically isotropic case (also plotted in Fig. 3) indicates
that the large elastic deformations are still the pure Rayleigh
terms €xx, £z and €xz, and that they are still smaller than
the lattice rotation main term myxz. Actually, if looking at
these sole four terms (Fig. 3), it would be difficult to find ma-
jor differences between the Rayleigh waves in real Z-LNO
and in its elastically isotropic imitation. In the real materials
€yz, €&y, Oxy and @yz become finite although still remaining
small [41] compared to that of the canonical Rayleigh wave
[see the vertical scale in Fig. 4]. We will discuss further be-
low that these non-vanishing characters actually change the
angular dependence of the rolling fields (Eq. 6) and of the
tickle fields (Eq. 5), with consequences for the energy transfer
between the SAW and the SWs.

C. Rayleigh SAW guided in Z-LNO/sapphire system

Additional features emerge when considering guided piezo-
electric thin films. We consider a 150-nm thick Z-LiNbOj3
film grown on a C-sapphire (Al,O3) substrate. The disper-
sion and elastic tensors of the Rayleigh SAW can again be
numerically calculated using the model of [34, 40] and the
elastic properties of sapphire [42]. For a SAW frequency of
5.88 GHz, with corresponding wavelength of 833 nm, the
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FIG. 5. Depth profile of the non-vanishing strain components and lat-
tice rotation components for the lowest order surface acoustic wave
traveling in a Z-LNO film (150 nm) on a C-sapphire substrate for
k="7.5rad/um (equivalently 5.88 GHz). (a-b) Terms that would al-
ready exist in an elastically isotropic, non-piezoelectric semi-infinite
system like that of Fig. 3. (c¢) General form of the strain and lattice
rotation tensors, and depth profile of the components that are specific
to this guided SAW.

guidance within the 150-nm thick LNO increases the wave
phase velocity to 4.899 km/s. In addition to the accelera-
tion effect, the guidance distorts the depth profiles (Fig. 5)
of the elastic deformations and steers it towards net local-
ization within the LiNbQOj3 film. In addition, the mismatch
of acoustic impedance between Al,O3 and LiNbOj3 induces
some waviness within the depth profile of the elastic defor-
mations at their interface (at z = 0 in Fig. 5), in a manner
recalling Sezawa waves.

Just as in the pure Z-LNO case (§IV B), there are non-
zero strain/rotation coefficients related to the finite displace-
ments in the Y direction. These terms can originate from the
anisotropic character of Z-LNO. However a comparison be-
tween Fig. 4 and 5(c) shows that shear strains and lattice rota-
tions involving the transverse direction (i.e. Y) are further in-
creased by the guidance of the wave, with a strongly enhanced
gyz recalling Love waves.



TABLE 1. Elastic strain tensors and lattice rotation tensors ({XYZ}
coordinate system) at the surface of the elastically isotropic LiNbO3
(is0” model §IV A), of X-prop-Z-cut LNO (”Z-cut” model §IV B)
and, of X-prop-Z-LNO(150nm)/C-sapphire ”guided” model (§1V C),
for a Rayleigh surface acoustic wave.

Surface strain Surface rotation
g @
069 0 0f 0 0 i
iso 0O 0 O 000
—-0i 0 —0.23 —-i 00
0.76 —0.17i 0.04i 0 0.17i i
Z-cut —0.17i 0 —0.05 -0.17i 0 —0.05
0.04i —0.05 —0.18 —i  0.05 0
0.85 —0.22i 0.04i 0 0.22i i
guided —0.22i 0 —0.06 -0.22i 0 —0.06
0.04i —0.06 —0.24 —i  0.06 0

D. Comparison of elastic tensors at the surface

For magnetic films much thinner than the wavelength of the
SAWSs, the magneto-elastic tickle fields and magneto-rotation
fields can be anticipated from the surface strain and surface ro-
tation. The magnetic film can also be assumed not to exert any
back-action on the SAW. These surface deformations are com-
pared in Table I for the iso”, ”Z-cut” and guided” models.
It is noticeable that the piezo-electricity, the elastic anisotropy
and the guidance do not alter significantly the deformations
at the surface for the pure Rayleigh terms. The signs, ampli-
tude and phase relations between €xx, €2z, €xz and wyz are
very similar for the 3 material systems. This similarity leads
to conclude that Eq. 15 is a satisfactory description of €yy,
&zz and wyz of the acoustic waves of Rayleigh-type for the
surface of our 3 material systems. While €y stays negligible
in all configurations at the surface, the additional terms &xy,
&yz and wyz should be considered for bulk Z-LNO and, even
more, for guided configurations [43].

E. Amplitudes of the deformations

So far we described the polarization of the acoustical waves
(Table I). It is also worth discussing the amplitudes of the elas-
tic deformations that can be effectively achieved. In practice
the SAW is almost always generated/collected by interdigital
transducers (IDTs) forming a delay line. Assuming that the
IDTs are connected to an rf source by lossless cables, at most
half of the electrical power P can be transmitted to elasto-
dynamic power Psaw in the form of a SAW travelling in the
propagation direction imposed by the delay line. Neglecting
resistive losses, the microwave acoustic power below the input
IDT reads:

1
Psaw = 5 P (1= ISl [%), (16)
where S is the reflection coefficient of the input IDT.
For a Rayleigh wave propagating in an isotropic medium, if
the acoustical power P, is spread over a wavefront of acoustic

aperture wyp (for width), the so-called total displacement [44]
is

||un|| = \/Q'PSAW/(WappCOVrZ). (17)

The typical strain is k.||uy|| where k = @/V, is the SAW
wavevector.

Experiments typically use an electrical power of P = 1
mW, IDTs of reflection coefficients ||S;;|| = 0.95 at a fre-
quency of 600 MHz and an acoustical aperture of wyy, =
35 um. These numbers lead to a typical strain of 2.3 x 107>,
Better electrical matching can lead to a reduced ||S;|| and
therefore much larger elastic deformation. From now on, we
arbitrarily choose @y, = 107> and scale the strain components
accordingly.

V. SURFACE ACOUSTIC WAVES DISSIPATION TO THE
SAF

A. Power supplied to the magnetic material

The lattice deformations create space-time-varying effec-
tive fields Ze (( o el ksanX )> that in turn excite

magnetization precession. The SAW power absorbed by the
magnetic damping is usually calculated using the effective
field approach [8]. The time-averaged power transmitted to
the magnetic layers at position X (per unit surface where the
SAW is present) is:

AP(X) = —Im< Yt g0 | in Wm?

layers

(18)
where the dagger means transpose-conjugate, and h'/ =
(htlck + hm“) is the (complex-valued) total effective rf field.
Being a power, AP(X) is a positive scalar that is independent
from the chosen reference frame. Under the assumption of
Eq. 9 the time-averaged power transmitted to the magnetic
layers is spatially uniform: AP(X) = AP [45]. We shall cal-
culate it in the reference frame xyz of the magnetic field. For
this, we need to express the tickle field and the rolling field
associated to each of the SAWSs of our 3 material systems (Ta-
ble I) in the reference frame of the magnetic field. This is
done by usmg Eq. 5 and 6 and expressmg the elastic tensors
as: &y, = R-Exyz-R" and @y, = R- Oyyz-R" where T is the
transposition operation.

B. Magnitudes of the different channels of SAW to SW energy
transfer

The time-averaged power transmitted to the magnetic lay-
ers AP is a function of the experimental conditions H,, @,
¢ and of the magnetic material properties Yy, My, Hy, By
and o. The two SAF SW eigenmodes (acoustic and optical)
are independent, such that the power supplied to the magnetic
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field is 25 mT. Panel (a) and (b) are respectively for applied frequen-

cies that are resonant with the SW acoustic or optical modes.

material (Eq. 18) can be expressed as the sum of the contri-
bution of each SW mode as AP = AP,¢ + APy, The contribu-
tion of each SW mode scales with the corresponding suscep-
tibilities, which strongly depend on the applied field H,/H;
through Eq. 12 as was discussed in point (iii) of section III E.

In contrast, the contributions of the tickle field and of the
rolling field are coupled. Indeed, in addition to the pure

magneto-elastic term (hl/, )T - (h7, ) and the pure magneto-

rotation term (hr(fu) X (hr({u) that are unconditionally posi-

tive, one should also consider the "mixed” terms (h_; o/ )i

roll
(hti];k) and (hy;. k)Jr X (hrbu) that can have arbitrary signs. Ex-

amples of the expected contributions of these terms in the
”is0” model are plotted in Fig. 6 and 7 for applied fields
H,=0.2H; and H, = 0.8H;.

C. Reciprocity of the different channels of SAW to SW energy
transfer

It is also interesting to identify which terms lead to recipro-
cal or non-reciprocal transduction, as illustrated for the “’iso”
model in Fig. 6 and 7. Thanks to the assumption of Eq. 9, the
non-reciprocity discussed here only originates from an helic-
ity mismatch. The properties of the rotation operator ensure

that:
gxx,yy,zz‘,xy(q)) = 8xx,yy,zz.,xy((l) +7 )
Exzyz (@) = —Exy(Q+T) (19)
wxz,)'z((l)) = _wXZ-,yz((P + 75)

In the ”iso” model, we have in addition &, = 0 at the surface.
Besides, in in-plane magnetized isotropic SAF &, and oy, do
not provide any magnetic torque.

As long as the magnetic layer is much thinner than the
SAW peneration depth, it will be reasonable to neglect the
&, torque. In the ”iso” model the tickle field (Eq 5) lies in
the sample plane (no z component) and obeys htlck(q) +7) =
nl

nck
roll((,o +7m) = —hrrgn((p). As a result, the pure magneto-elastic

(p), while the rolling field (Eq. 6) is along z and obeys

term (h;ﬁk)T X (hti{k) and the pure magneto-rotation term

(R )T 7 - (W) are both reciprocal [if taken independently

11
they would yield AP(¢) = AP(¢ + ).

When the material is both subject to magneto-elastic inter-
actions and magneto-rotation interactions, the “"mixed” terms
have to be taken into account. Indeed the interplay between
the tickle field and the rolling field leads to helicity mis-
matches that differ for ¢ and ¢ + 7. This induces a non-
reciprocity of the excitation of spin waves, we have AP(@) #
AP(¢ + ) even in the simplest ”iso” case. This mechanism
is analogous to that invoked in single layer ferromagnets: the
constructive/destructive interplay between on the one hand the
magneto-elastic torques arising from the longitudinal strain,
and on the other hand, the shear strain components €xz [5]
and the magneto-rotation torque related to the lattice rotation
tensor wyz [6, 11].

The additional strain components present in the realistic
elastic models will understandably complicate the analysis
of non-reciprocity. Let us thus first discuss the dependence
of the SAW to SW coupling on the angle between the SAW
wavevector and the applied magnetic field, first in the ”iso”
case. Note that in these examples, but also for the ”Z-cut” and
”guided” models (not shown), the response due to the tickle
field is by far the largest contribution. This is related to the
fact that we have chosen a strongly magnetostrictive material,
therefore M‘ > UoM; while the elastic rotations ®,; and the
clastic strain components (&, etc.) are of the same order.

VI. SAW-SW COUPLING IN THE ELASTICALLY
ISOTROPIC CASE

Fig. 6 and 7 evidenced that the ¢-dependence of AP at the
acoustic and optical SW resonances depends strikingly on the
applied field strength. It can feature 2-fold or 4-fold behav-
iors, with in addition a variable non-reciprocity amplitude, as
shown in Fig. 8 for a few representative frequencies and for
all values of the applied field leading to non-collinear (”scis-
sors”) states. The behavior can be cast in three regimes.
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(black). A Rayleigh wave is assumed in an elastically isotropic, non-
piezoelectric semi-infinite system like that of Fig. 3. The applied dc
field is 100 mT. Panel (a) and (b) are respectively for applied fre-

quencies that are resonant with the SW acoustic or optical modes.

A. Low applied frequencies: weak coupling

At low SAW frequency [Fig. 8(b)], AP is bound to be very
low because of the w prefactor in Eq. 18. It is therefore a sit-
uation of little practical interest. The resonant condition for
the SW acoustic (or optical) mode requires a low (or high)
applied field, and the SAF is in a quasi-antiparallel (q-AP)
(or quasi-parallel [g-P]) state with magnetizations almost per-
pendicular (or parallel) to the applied field. The angular de-
pendence of APy, (¢) recalls that of a single layer [1]. The
coupling vanishes for ¢ = nz/2, n € Z and is maximal for
¢ =n/44+nn/2, n € Z. In contrast, AP,.(¢) vanishes only
for ¢ = nm, n € Z, though it remains also very weak.

B. Intermediate frequencies with resonances in scissors
configurations: inductive-like behavior

Increasing the frequency yields a much higher coupling
[Fig. 8(c-e)], and the resonances are met for "archetypal” scis-
sors states (i.e. very distinct from the collinear states). A cou-
pling to the SW acoustic mode happens whenever ¢ £ nm, n €
Z. A coupling to the SW optical mode occurs whenever
@ # /2+nn, n € Z. In this frequency range, the magneto-
elastic interaction acts very much as if the SAF excitation was
done using a linearly polarized induction field parallel to the
SAW wavevector. Indeed the parallel (perpendicular) pump-

ing of a SAF using an rf magnetic field excites only the optical
(acoustic) SW mode [17].

Interestingly, there exists a peculiar combination of field
(87 mT) and frequency (9.3 GHz) for which the SW modes
are both resonant [Figs. 2(a) and 8(d)], leading to no extinc-
tion of the SAW-SW coupling. Fig. 8(g) shows a cut at 87
mT that illustrates this behavior. At this specific applied field,
the efficiencies of the excitation of the two eigenmodes have
complementary angular variations, which prohibits absorption
vanishing. In addition, this AP angular dependence is inde-
pendent of the symmetry of the tickle field associated to the
magneto-elastic interaction, and of the rolling field associated
with the magneto-rotation interaction.

C. High frequencies with resonances for quasi-collinear states:
single-layer-like behavior

Finally at very high SAW frequency [Fig. 8(f)], the reso-
nant condition for the acoustic mode requires a high applied
field, so that the SAF is in a quasi parallel state. As a result,
the acoustic mode now responds in a manner recalling that
of a single layer, i.e., maximal for ¢ = /4 +nn/2, n € Z
and vanishing for ¢ = 0+ nn/2. Note that some amplitude
non-reciprocity at the acoustic SW frequency is still visible as
resulting from the mixed terms. See, for example, Fig. 8(f)
where the power absorption is weaker in the [0, 7] interval
than in the [r,27], as in the single layer case.

Conversely, the resonance with the optical SW mode re-
quires now a low field, hence a quasi antiparallel state.
The maximum couplings are also obtained for ¢ = /4 +
nw/2, n € Z and the efficiency map resembles the four-leaf
clover pattern that is classically [8] encountered in single lay-
ers subject to a pure longitudinal strain (&y).

VII. COMPARISON OF THE THREE SUBSTRATE
MODELS

We now study to what extent the anisotropy of the elastic
properties and the piezoelectric character of the substrate may
change the angular dependence of power absorption by the
spin waves, and also whether this is more prominent in the
guided configuration. The angular dependence of the absorp-
tion within the 3 models of substrates are compared in Fig. 9
and 10 for two different magnitudes of the applied field. The
data were normalized to ease the comparison.

In the case of the elastically isotropic substrate (’iso”
model, black curves in Fig. 9 and 10), the absorption by the
acoustic SW mode strictly extinguishes at ¢ = 0. That of the
optical SW mode strictly extinguishes at @ = /2. As aresult,
the total absorptions at both resonances were always almost
[46] vanishing at some angles during angular scans of the ap-
plied field, except for the very specific applied field leading to
a doubly resonant situation with @, ~ @, like in Fig. 8(d).

In stark contrast, this extinction of the absorption at some
angles no longer occurs when taking into account the elas-
tic anisotropy and the piezolectricity of the substrate ("Z-cut”
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when @,c = @op that highlights the omnidirectional coupling in a SAF.

and ”guided” models), indicated by the blue and red curves in
Fig. 9 and 10. The resulting new interaction channels couple
the magnetization eigenmodes to the elastic waves for all ap-
plied field directions. This suppression of the extinction can
be understood from the single layer case where the field ori-
entation dependence of the magneto-elastic coupling is well-
known [8]. Indeed in single layer films the (here dominating)
longitudinal strain &, leads to a 4-fold coupling that extin-
guishes at @ = 0+ nm/2, n € Z. However the anisotropic
character of the substrates results in a finite in-plane shear

strain &, (see Table I) known to lead to a 4-fold efficiency that
is maximum at n7/2, precisely when the longitudinal strain
looses efficiency, thereby suppressing any possibility of angu-
lar extinction, as discussed in Ref. [9]. Besides, the piezoelec-
tricity present in the ”Z-cut” and the ”guided” models allows
for finite out-of plane shear strains &, and &, at the free sur-
face. In single layer films, these out-of-plane shear strains
lead to 2-fold maximum efficiencies at n and 7/2 + n7, re-
spectively.
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FIG. 9. Dependence of the power absorbed with the angle be-
tween the magnetic field and SAW wavevector for the three stud-
ied substrates (elastically isotropic equivalent of Z-LiNbO3 [’iso”
model], X-propagating Z-cut LiNbO3 [”Z-cut” model] and guided
LiNbOs/sapphire ["guided” model]. The CoFeB-based SAF is in the
scissors state. The applied dc field is 25 mT. Panel (a) and (b) are
respectively for applied frequencies that are resonant with the SW
acoustic or optical mode. The data have been normalized by the
maximal absorption.

VIII. SUMMARY AND CONCLUSION

We have analysed how surface acoustic waves travelling
in a substrate transfer energy irreversibly to a SAF cap. Our
study was conducted under several simplifying assumptions.
(1) We considered that the SAF cap does not perturb the elastic
wave traveling in the underlying material. In other words, we
disregarded any elastic back-action and any magneto-elastic
back-action. (ii) In addition, we have considered that the spin
waves have a vanishing group velocity and that their suscep-
tibility at finite wavevector does not differ from the uniform
one.

We obtained a compact form for the layer-resolved sus-
ceptibility tensor. The expression separates the contributions
of the SW acoustic eigenmode and of the SW optical eigen-
mode. The eigenmodes react to the tickle field associated to
the magneto-elastic interaction, and to the rolling field associ-
ated with the magneto-rotation interaction.

The model of a Rayleigh surface acoustic wave traveling in
a elastically isotropic substrate is first recalled. Under these
assumptions, the surface strain has only two non-vanishing
components, the longitudinal strain and the (here magneti-
cally inactive) out-of-plane strain. They are smaller but of the
same order as the lattice rotations at the surface. We then anal-
ysed the Rayleigh surface acoustic wave traveling in a realistic
material (X-propagating, Z-cut LiNbO3) as well as in a sim-
ilar material but in the form of a film clamped by a sapphire
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FIG. 10. Dependence of the power absorbed with the angle be-
tween the magnetic field and SAW wavevector for the three stud-
ied substrates (elastically isotropic equivalent of Z-LiNbO3 [’is0”
model], X-propagating Z-cut LiNbO3 [”Z-cut” model] and guided
LiNbOs/sapphire ["guided” model]. The CoFeB-based SAF is in the
scissors state. The applied dc field is 100 mT. Panel (a) and (b) are
respectively for applied frequencies that are resonant with the SW
acoustic or optical mode. The data have been normalized by the
maximal absorption.

substrate (guided geometry). Additional strain components
(in-plane and out-of-plane shear strains) emerge, allowing for
additional SAW-SW coupling channels. Besides, we confirm
that the clamping of the guided wave substantially accelerates
the elastic wave, and changes the thickness profile of the elas-
tic deformations though it marginally affects the largest strain
components at the surface.

The SAW-SW coupling were evaluated by the energy sup-
plied by the elastic waves to the magnetic degree of free-
dom. The magneto-elastic effects, especially the longitudinal
compression term, dominate for our strongly magnetostrictive
CoFeB-based SAF. However the rolling fields must still be
considered to correctly account for the energy transfer and
the non-reciprocity thereof. Indeed the interplay between the
rolling field and the tickle field induces a substantial “mixed”
term in the energy supplied by the SAW to the SW, and this
term can be the main source of the amplitude non-reciprocity
of the SAW-SW transduction. We also emphasize that the
non-reciprocity originated from the SAF SW dispersion re-
lation, as discussed in Ref. [31], is not taken into account in
the present work.

The dependence of the energy transfer versus the angle be-
tween the applied magnetic field and the wavevector of the
SAW was finally studied for an elastically isotropic substrate.
It appears that at low and high applied fields, when the SAF is
in close-to-collinear magnetic configurations, the angular de-
pendence of the energy transfer can be understood by analogy



with the Dreher-Weiler model [8] of a single magnetic layer
subjected to a purely longitudinal strain. Conversely in scis-
sors state, the behavior bears some similarity with the one that
would be induced by an rf magnetic field oriented along the
propagation direction of the SAW.

An important outcome of this study is the symmetry anal-
ysis of the SAW-SW coupling. The symmetries of the two
SW modes of SAF are complementary, giving rise to a large
coupling whatever the field direction. This is specially in-
teresting for applications as it lifts geometry limitations. In
addition, a slightly more complex behavior is obtained when
allowing for elastic anisotropy and by taking into account the
piezoelectricity of the substrate, in contrast to the isotropic
case. It results in additional tensor components. The main
feature is that the resulting symmetry of the magneto-elastic
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and magneto-rotation driving fields leads to new interaction
channels allowing omnidirectional coupling.
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