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A B S T R A C T

We report on the self-consisted semi-analytical theory of magnetoelastic excitation and electrical detection of
spin waves and spin currents in hypersonic bulk acoustic waves resonator with ZnO-GGG-YIG/Pt layered
structure. Electrical detection of acoustically driven spin waves occurs due to spin pumping from YIG to Pt and
inverse spin Hall (ISHE) effect in Pt as well as due to electrical response of ZnO piezotransducer. The frequency-
field dependences of the resonator frequencies and ISHE voltage UISHE are correlated with experimental ones
observed previously. Their fitting allows to determine some magnetic and magnetoelastic parameters of YIG. The
analysis of the YIG film thickness influence on UISHE gives the possibility to find the optimal thickness for
maximal UISHE value.

1. Introduction

In recent years, acoustically driven spin waves (ADSW) are of great
interest in connection with the key objectives of next-generation spin-
based technologies [1–14]. The piezoelectric generation of ADSW in
composite magnetoelastic structures [8–14] is promising for use in low
power consumption devices free from energy dissipation due to ohmic
losses. In particular, acoustic spin pumping – the generation of spin-
polarized electron currents from ADSW [7–9] – is promising for mi-
crowave spintronics and attracts much attention of the researchers.

The acoustic waves (AW) and spin waves (SW) coupling, caused by
linear magnetostriction, is most significant under the condition of the
phase synchronism, i.e. at magnetoelastic resonance (MER). As far as
MER frequency generally lies in the gigahertz range [15] the generation
of hypersonic AW is required. At present, it is considered that bulk AW
are promising for applications at frequencies above 2.5–3 GHz. One of
the ways to excite bulk AW with the frequencies up to 20 GHz is the use
of a high overtone (n∼ 102 ÷ 103) bulk acoustic wave resonator
(HBAR) [16]. Previously, in [13,14] we demonstrated the piezoelectric
excitation of ADSW at 2 GHz by means of HBAR containing ferrimag-
netic yttrium iron garnet (YIG) and piezoelectric zinc oxide (ZnO) films.
Quite recently, the resonant acoustic spin pumping in HBAR containing
YIG/ Pt system was proposed and implemented in our works [17,18].

This paper presents a theoretical consideration for acoustic spin
pumping in HBAR and detection of the ADSW through the inverse spin
Hall effect (ISHE) in Pt. Accounting for the back action of ADSW in YIG

on the elastic system in all layers of the structure (in non-magnetic
layers through boundary conditions) makes it possible to determine and
compare the frequency and magnetic field dependences of HBAR re-
sonance frequencies, fn, and dc ISHE voltage, UISHE. Comparison of
these theoretical and experimental [18] dependences shows a qualita-
tive agreement and allows us to determine a number of magnetic
parameters of the YIG films. The calculation also shows that there is the
optimal YIG film thickness for acoustic spin pumping efficiency, which
may be an order of magnitude higher than observed previously by
means of HBAR.

2. HBAR structure

In Fig. 1 the HBAR structure is shown. It contains a gadolinium-
gallium garnet (GGG) substrate 4 and two YIG films 3, 5 on both sides of
the substrate [19]. A bulk AW transducer consisting of a piezoelectric
ZnO film 1, sandwiched between thin-film Al electrodes 2, is deposited
on one side of the YIG-GGG-YIG structure. To excite the bulk AW
propagating along the x-axis, the rf voltage Ũ(f) with frequency f is
applied across the transducer. A thin Pt strip 6 is attached to the YIG
film 5 underneath the acoustic resonator aperture. Below we will use
for the layer with the index i = 1…6 the notations l(i) for the thickness
and xi for the coordinate of the lower surface. The external magnetic
field H lies in the plane of the structure along the z-axis and magnetizes
YIG films up to uniform saturation magnetization M0|| H.

It is assumed that ZnO film with an inclination of piezoelectric c-
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axis excites shear bulk AW polarized along the z-axis [20]. In YIG
layers, this wave drives magnetization dynamics due to the magne-
toelastic interaction. The AW and SW interaction results in the shift
Δfn(H) = fn(H) − fn(0) of HBAR resonance frequencies in the magnetic
field [13,14]. The resonance frequencies itself correspond to the ex-
trema in the frequency response of the transducer's electrical im-
pedance. Thus, the SW excitation and detection are performed elec-
trically by the same piezotransducer. These ADSW establish a spin
current (js)x from YIG into the Pt strip [21]. The ISHE converts the spin
current in the Pt film to a conductivity current (short circuit) or an
electrostatic dc field EISHE along the y-axis (idle circuit) [22].

3. Theory

Further, we assume that all the thicknesses of the layers l(i) are much
smaller than transverse dimensions in the plane (y, z). In this case, in
linear approximation, all variables depend on coordinate x and time t as
exp[j(k(i)x − ωt)], where =j 1 , ω= 2πf, k(i) is a wave number.

For each nonmagnetic layers (i= 1,4) Newton equation of motion for
the elastic displacement u=uz along with Hooke’s law lead to the re-
lationships k(i) =ω/V(i). Here =V Ci i i( ) ( ) ( ) is AW velocity, ρ(i) is the
mass density, C(i) is the effective elastic modulus accounting for piezo-
electric stiffening in layer 1 [23]. Using two roots ± k(i), one can obtain
the general solutions for u(i). The normal stress can be represented as
T(i) = T(i)

zx=C(i)(∂u(i)/∂x) + eIδi1/(jωl(1)C0), where second term exists
only in the piezoelectric layer 1. Here e and C0 are the piezoelectric
modulus and capacity of the layer, I is the displacement current flowing
in the layer [24].

For YIG layers (i= 3, 5) from the Newton equation and Landau-
Lifshitz equation for the precession of magnetization vector

= m m MM ( , , )x y 0 together with Maxwell equations, we obtain the se-
cular equation in the form

=k V k V( )( ) 0H M
2 2 2 2

0
2 2 2 (1)

where we omit the upper indices (i). Here,
= +k k k( ) ( )[ ( ) ]H H M0

2
0
2 2 2 2 , =k H k( ) ( )H

2
eff

2 , = M4M eff ,
Heff (k2)=H+Dk2 and Meff ≈M0 are the uniform effective magnetic
field and magnetization, D is the exchange stiffness, is the gyromag-
netic ratio, = b CM(4 )2

eff
2 is the dimensionless coupling parameter,

and b is the magnetoelastic constant [15,25,26]. Hereinafter, the system
of Gaussian-CGS units is used, but for convenience, the layer thick-
nesses are given in the SI system: micro- and nanometers.

As it is known the crossover of two independent solutions (1) in case
of ξ = 0 determines MER frequency and wave number:

ωMER(H) = 2πfMER(H) and kMER(H). In case of ξ ≠ 0 the formation of
coupled waves and the repulsion of the solutions in the vicinity of ωMER

take place. As one can see, for a given real, positive ω, there are three
real roots of the secular equation, k2

p (ω) (p= 1,2,3). Using six
roots ± k1,2,3, one can obtain the general solutions for u, mx,y, and
normal stress component T= Tzx= C(∂u/∂x) + bmx/M0.

The solutions obtained for all layers should satisfy the elastic and
electrodynamic boundary conditions at the interfaces. At the magnetic
layers’ interfaces, the additional magnetization boundary conditions for
ac magnetization should be taken into account. Here the case of free
spins is considered: ∂mx,y/∂x= 0.

Magnetic and acoustic losses are taken into account phenomen-
ologically with the help of the following substitutions:

+C C ii i i( ) ( ) ( ) and + i HH H , where, i( ) and H are visc-
osity factor and ferromagnetic resonance (FMR) line width [23,27].

Further we use the impedance method for calculating the multilayer
resonator structure characteristics [23]. The input electric impedance
of piezo transducer may be represented as [28]

= = +Z U I Z j C(1 ) ( )E AW 0 (2)

where, ZAW is the function of transducer parameters (material and
geometrical) and of the acoustic impedance Z of transducer load (layers
2–6). It follows from the impedance continuity condition that the load
impedance of layer i− 1 is equal to the input impedance of layer i:

= + +z T x l u x l t( ) ( ( ) )i
i

i
i

i
in
( ) ( ) ( ) . Since the influence of 150–200 nm

thickness electrodes on the properties of HBAR is negligible, we can
assume that =Z zin

(3). In the absence of magnetoelastic interaction
(ξ = 0), the load impedance is calculated by the sequential application
of the impedance transformation formula [23]

= + ++ +z z z jz z jz( cos sin ) ( cos sin ),i i i i i i i i i i
in
( ) ( )

in
( 1) ( ) ( ) ( ) ( ) ( )

in
( 1) ( ) (3)

where ϕ(i) = k(i)l(i) and =z Vi i i( ) ( ) ( ) are the phase shift and the material
acoustic impedance.

For magnetic layers with magnetoelastic interaction, the expression
(3) is not applicable, because all three roots k2

1,2,3 of the secular equa-
tion should be taken into account in the general solution. By matching
boundary conditions at YIG surfaces we obtain for input acoustic im-
pedances zin(3,5) the formula analogous to (3) with the corresponding
substitutions:

+ +
z

j z z z z
z z

z z
z z
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s= l(3,5), and p, p are the coefficients determined in [28]. Thus, the
relations (2)–(4) allow us to describe the HBAR spectrum, and de-
termine (f,H) dependences of fn and resonance Qn factors.

Let us now consider the features of acoustic spin pumping in our
structure. The time-averaged spin current polarized along z,

× =g tj m m n( )|s x xr
2

5 , flows from YIG layer 5 into Pt layer 6
[21]. Here gr is the real part of spin mixing conductance,

= m x m x MIm[ ( ) ( ) ]x y5 5 0
2 is the magnetization precession cone angle

at YIG/Pt interface x5, and n is the normal to the interface. The ISHE in
Pt leads to an electrostatic field × ×E j z n z( ) ( )sISHE SH

2 ,
where SH is the spin Hall angle of Pt [22]. For a rectangular Pt strip, the
dc voltage between its ends in the direction a is

= ×U E a n z a( · ) (( )· )ISHE ISHE
2 (5)

In (5), the constants gr and SH are omitted, since their values are
considered to be independent of the field, frequency, and thickness of
YIG and Pt. We also omitted the factor resulting from the current
density averaging across the Pt thickness.

After substitution the general solutions in magnetic layer 5 to
magnetic and elastic boundary conditions we obtain
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Fig. 1. HBAR structure: 1 — ZnO film, 2 —Al electrodes, 3, 5 —YIG films, 4 —
GGG substrate, 6 — thin film Pt strip with direction a perpendicular to the
figure plane. The typical layer thicknesses: l(1) = 3 μm, l(2) = 200 nm,
l(3,5) = s= 30 μm, l(4) = 500 μm, l(6) = 12 nm. The overlapping area of the top
and bottom electrodes 2 has a diameter =a a| | = 170 μm.
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where =N k s k s k s k s[tg ( 2) tg ( 2)] [tg( 2)tg( 2)]pq p q p q p q
2 2 . An ex-

plicit view of the amplitude coefficients p and p is given in [28].
For allowance of the ADSWs back action on all elastic subsystems,

the displacement u(x4) should be expressed via an electrical parameter
of the transducer, for example, the voltage U applied to the electrodes.
The transformation

= + +u x u x z z jz( ) ( ) ( cos sin )i i
i i i i i

1
( ) ( ) ( )

in
( 1) ( ) (7)

is used to express u(x4) in terms of u(x3). For the transformation of u(x3)
to u(x2) via (7) the substitution rules (4) are needed. Finally, from the
equations for the piezoelectric layer 1 [24], we obtain

= + +u x jeU l iz Z Z( ) 2 sin ( 2) [ ( sin cos )(1 )]2
2 (1) (1) (1) (1) (1)

AW (8)

Substituting (4), (6)–(8) in (5) we can get an analytical expression
for UISHE, which is then analyzed numerically.

4. Results and discussions

Fig. 2(a), (b) demonstrate the frequency dependences of Re
[k1,2,3(f)] and Im[k1,2,3(f)] for infinite magnetic media at H= 740 Oe.
We attribute k1, k2 to the continuous magnetoelastic branches, which
for f < fMER are quasi AW and SW, but for f > fMER are quasi SW and
AW. The third root, k3(f), is always imaginary and plays a certain role
for the satisfaction of boundary conditions as well as the root k2(f) in
case f < fFMR =ω0(0)/2π [4,29,30].

Fig. 2(c), (d) show the frequency dependence of normalized UISHE(f)
at H= 740 Oe for two structures, I and II: with two YIG films (II)
(Fig. 2(c)) and with only one film 5 (I) (Fig. 2(d)). The parameters of the
YIG/Pt interface and the Pt itself are not considered in this case and the
voltage was normalized to the maximum for the structure I. As one can
see from Fig. 2(c), (d) the dependences for both structures, I and II are
similar in the form and differs only by the scale. Note that the absolute
maximum of UISHE(f) corresponds not to fMER, but to a lower frequency
near fFMR. The local maxima frequencies, as it was shown in [28], co-
incide with HBAR resonance frequencies.

Next, we consider the frequency dependences in a varying magnetic
field and compare them with the experimental ones observed pre-
viously in [18]. Fig. 3(a) shows for the structure II the calculated de-
pendence UISHE(f,H), which is in a good agreement with the
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Fig. 2. Frequency dependences of: real (a) and imaginary (b) parts of wave
numbers k1 (blue lines 1), k2 (red lines 2), and k3 (green lines 3); normalized
voltages for structures II (c) and I (d) at fixed magnetic field H= 740 Oe. The
elastic and magnetic parameters: (1 1 1) oriented YIG − V(3,5) = 3.9 × 105 cm/
s, ρ(3,5) = 5.17 g/cm3 [15], b= 4 × 106 erg/cm3, D= 4.46 × 10–9 Oe cm2,
4πMeff = 955 G [30], H = 0.7 Oe; GGG − V(4) = 3.57 × 105 cm/s,
ρ(4) = 7.08 g/cm3; ZnO − V(1) = 2.88 × 105 cm/s, ρ(1) = 5.68 g/cm3. The layer
thicknesses are given in caption to Fig. 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. 3D colour plot UISHE(f,H) for the structure II: (a) – calculated, (b) – experimental adopted from [18] (http://creativecommons.org./licenses/by/4.0/). The red
lines (a) and points (b) correspond to positions of HBAR resonant frequency fn positions. The calculated frequencies fMER(H) and fFMR(H) are shown by line 1 and 2 in
(a). For calculation the same parameters as listed in Fig. 2 were used. They correspond to the experimental ones. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

N.I. Polzikova et al. Journal of Magnetism and Magnetic Materials 479 (2019) 38–42

40

http://creativecommons.org./licenses/by/4.0/


experimental results, shown in Fig. 3(b). The voltage magnitudes follow
the change in the position of the resonance frequencies fn(H) – the red
lines in Fig. 3(a) and the red points in Fig. 3(b). Both calculated and
experimental UISHE magnitudes have different behavior above and
below the line fMER(H) (line 1), which is a consequence of excitation of
SW waves with basically different wavenumbers. Higher than fMER(H)
line, the short SWs with wavenumbers more than 5 × 104 cm−1 are
excited, whereas below the line the wavenumbers of excited modes are
essentially smaller (see Fig. 2(a)). Fitting of the theoretical and ex-
perimental dependences allows us to evaluate magnetic parameters b,
4πMeff, and D listed in the Fig. 2(a) caption [31].

Up to this point, the consideration concerned rather thick YIG films of
about 30 μm. But today, much attention is paid to the technology and the
study of submicron and nanometer-sized YIG films. In particular, the
effective magnetoelastic interaction in such films was observed [32]. Let
us consider the effect of YIG thickness l(5) = s on the UISHE for the
structure I. Fig. 4 shows the calculated UISHE(f0 max, s) dependence for a
maximum located at frequency f0 max ≈ fFMR. With the decrease of s from
a few tens microns to a micron, the effect increases by an order of
magnitude, oscillating with the period ∼0.65 µm, which corresponds to
the AW half-length. In this case, the local minima correspond to
s= (p+ 1)V/(2f) and maxima – to s= (p+ 0.5)V/(2f), where p is an
integer. At s∼ 3 ÷ 2 µm other excitation zones appear at higher fre-
quencies ft max, corresponding to the SW resonance conditions for free
spins: k2s ≈ πt, where t= 1, 2, 3, … A detailed description of the
behavior of these high order SW resonance is beyond the scope of this
paper. We just note that at certain s the value UISHE (ft max,s) induced by
ADSW resonances with t≤ 3 becomes larger than the UISHE(f0 max, s)
(as it is shown in the insertion). With the decrease s up to 120 nm the
frequencies ft max become so high that are shifted out of the MER influ-
ence region. Finally, at the s∼ 100 nm only one signal UISHE (f0 max, s)
remains in the spectrum. With a further thickness decrease, the signal
reaches a maximum and then begins to drop.

Since in these calculations we did not take into account the addi-
tional magnetic damping due to the spin pumping, the dependence on
thickness is entirely determined by the method of the SW excitation. It
should be noted that at thicknesses s < 200 nm the additional mag-
netic damping becomes noticeable. Assuming that the FMR linewidth
broadening ΔHsp∼ gr/s [21,33] one can obtain a steeper curve for the
small thicknesses.

5. Conclusion

A semi-analytic theory for ADSW in hypersonic composite HBAR
with ZnO-GGG-YIG/Pt layered structure is developed. The theoretical
and experimental dependences of the electric voltage UISHE(f, H) in Pt

are in good agreement: the significant asymmetry of the UISHE(fn(H))
value in reference to the magnetoelastic resonance line fMER(H) posi-
tion, experimentally observed previously, manifests itself also in the
theoretical calculations. This asymmetry is due to the SW spectrum
governed by nonuniform exchange: near the fFMR the efficiency of
quasiuniform SW excitation is higher than the efficiency for the fre-
quencies exceeding fMER. The theory involved takes into account the
self-consistent mutual influence of the AW and SW and gives the pos-
sibility to evaluate some magnetic parameters of the YIG films including
exchange stiffness. The analysis of YIG film thickness influence on UISHE

at the main frequency f0 max shows that this value reaches a maximum
for thicknesses about 100 nm. Also, UISHE maxima due to the high SW
resonances at higher frequencies can be detected. So we believe that
acoustic spin pumping created by means of HBAR is a sensitive spec-
troscopic technique for the investigation of magnetic films properties.
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