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Abstract—A theory of acoustic spin pumping in a bulk acoustic wave resonator with a ZnO-YIG-GGG-
YIG/Pt structure is presented, with allowance for the exchange contribution to the formation of a coupled
magnetoelastic wave spectrum, and the back action of acoustically excited magnetic dynamics in YIG films
on the elastic subsystem in all layers. Good agreement is achieved between the theoretical and experimental
frequency—field dependences of the resonant frequencies of the resonator and the voltage magnitude of the

inverse spin Hall effect in Pt.
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In magnetoelectric composite structures contain-
ing piezoelectric or ferro(ferri)magnetic (FM) layers,
ferromagnetic resonance (FMR) or acoustically
driven spin waves (ADSWs) can be excited under the
action of an alternating electric field, due to the
piezoeffect or to the magnetostriction in correspond-
ing layers. Since such electroacoustic excitation of
spin dynamics does not require the use of alternating
magnetic fields or the currents that induce them,
ADSW-based devices can operate with low energy
consumption. ADSWs are promising in particular for
use in microwave spintronics to generate acoustic spin
pumping (ASP), i.e., transformation of the spin angu-
lar momentum of ADSWs into direct spin current
(SC) at FM—non-magnetic metal interfaces [1—3].

In [4, 5], we proposed using an magnetoelectric
spintronic resonator of bulk acoustic waves (AWSs) with
the structure of yttrium iron garnet (YIG)/Pt to create
an effective ASP (Fig. 1). In gigahertz frequency range
f, film piezotransducer 2- /-2 generates high resonator
modes f, (n ~ 500) with intermode distance Af, ~ 2—

3 MHz [6]. In magnetic field A corresponding to the
magnetoelastic resonance (MER), the accumulated
elastic energy is effectively transmitted into a magnetic
subsystem, which generates ADSWs in YIG films 3, 5.
As was shown in [7—-9], frequencies f,(H) are shifted
and split by the field change in the vicinity of the
MER, which is a consequence of the ADSW back
action on the elastic subsystem of all layers. The vari-
ation of the frequency dependence of reflection coef-
ficient §; under the action of the magnetic field thus
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allows indirect detection of ADSWs using the
piezotransducer.

Another way of electrical detection of ADSWs is to
measure the direct voltage in a nonmagnetic metal in

S
) - )
K |

o ¥ 5

Fig. 1. Resonator scheme: (/) ZnO film; (2) Al electrodes
0.15—0.2 um thick, with diameters of @ = 170 um in the
overlap region; (3, 5) epitaxial YIG films; () GGG single-
crystal substrate; (6) thin Pt film formed as a stripe
directed normal to the plane of the structure. Direct elec-

tric field E|gygp generates electric voltage Upgyg =
(E1snEd)-
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contact with an FM. At the interface between the YIG
and the nonmagnetic metal (Pt), the spin angular
momentum of an ADSW is transformed into direct SC
]‘s; i.e., spin pumping is generated [10]. The SC is
detected as a result of its transformation into conduc-
tion current, due to the inverse spin Hall effect (ISHE)
[11]. Measuring direct voltage Ujgyg at the Pt stripe
ends thus allows direct detection of ADSWs and the
SCs generated by them.

Using simultaneous frequency—field scanning of
reflection coefficient S}, and voltage Uigyp in [5], we
detected considerable asymmetry in the behavior of
Uisue(f, H) with respect to the MER frequency, which
is not observed in dependence S5,,(f, H). This is a
reflection of the qualitative difference between the
above characteristics of ADSWs. Dependence Sy, (f, H)
is an indirect and integral characteristic that reflects
variations in the phase incursions of AWs over the
thickness of an FM layer as a result of the change in
dispersion characteristics and the corresponding
phase velocity in the MER range. Dependence
Uisue(f, H) contains information about the precession
of magnetization directly at the FM/Pt interface.

In this work, we develop a theoretical model
describing the generation of ADSWs and SC in the
YIG/Pt system using a piezoelectric transducer under
the conditions of double resonance: the MER in the
YIG film and the pure elastic resonance throughout
the multi-layer structure of the AW resonator. This
model considers the contribution from nonuniform
exchange to the forming of the coupled magnetoelastic
wave spectra in the YIG films, the corresponding
boundary conditions, and the characteristics of the
resonator’s piezoelectric excitation. The results of
Usue(f, H) and S}, (f, H) calculation allow us to obtain
qualitative and quantitative agreement with the exper-
imental data. The effect the YIG film thickness on the
above dependences is considered.

We use linear and one-dimensional approxima-
tions, assuming that all variables depend on coordi-

nate x and time 7 as exp[i(k(j 'x — 2mft)], where kY is
the wavenumber in the j-th layer. In nonmagnetic lay-
ers, solving the wave equations for elastic displace-

o +(2nf/ W), where

Z

v = {C (j) / p(j ) is the phase velocity of a shear AW in
a medium with density p? and elastic modulus C?. In
FM layers (superscriptsj = 3, 5 are omitted below), we
consider the magnetoelastic contribution to the energy
density, which results in coupling the equations of
motion for u, and alternating magnetization m =
(m,, my, 0). Solving these equations produces the sec-

ments u.” yields relation k¥ =

ular equation for coupled waves (2 — fi)(f2 — f5) =
&foMf,fB [8, 9, 12—14]. Here, the terms in the left-
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hand side represent the dispersion laws for noninter-

acting AWs and a spin wave (SW); § = 322 / (41tCM02 ) is
the parameter of their interaction, depending on mag-
netoelasticity constant B, [12]; 2#fig =LV,

fow =fullu+ fu)s fu =Y(H + DK*), [y = v4nM,,
M,, D and y= 2.8 MHz/Oe are the saturation magne-
tization, exchange rigidity, and gyromagnetic ratio,
respectively. We find the MER conditions (f, k) = (f\ier,
kyer) from the phase match condition of AWs and
SWs. The general solution for displacement and mag-
netization is written in the form (u, m,))
¥, oy, )Aexp(ikx), where k; = |k, , 4| are the roots
of the bicubic secular equation.

In all layers, the solutions of the equations of
motion must satisfy the boundary conditions of the
continuity of elastic displacements and stresses, along
with additional conditions for magnetization at the
FM layer boundaries (here om, ,/ox = 0). Solving the
obtained equations provides all amplitude coefficients
expressed through the alternating voltage supplied on
electrodes 2 from an external source; we can also
obtain the expression for the complex reflection coef-
ficient from the transducer, S,,(f, H).

Let us now consider the acoustic spin pumping.
The SC density averaged over a wave period is written

as j, o g,Gzﬁ, where 7 is normal to the YIG lower sur-

face; 0 = \/Im[m:(xs)my(xs)/MOQ] is the angle of the
magnetization precession cone (see Fig. 1); and g, is
the characteristic parameter of s—d exchange interac-
tion on the YIG/Pt interface [10]. An SC is detected
because of the ISHE in Pt with characteristic angular
parameter Ogy; [11]. Since Oy and g, are characteristics
of the spin detector (Pt) and YIG/Pt interface and can
be considered as constants independent of the fre-
quency, field, and layer thicknesses, the voltage across

the Pt stripe is determined as Uygyp « (g,0;)0° 6.
The functional dependences of the ASP efficiency are
therefore determined only by the angle of the preces-
sion cone, which is calculated using the results from
the linear theory for components m,, .

Figure 2 shows the frequency dependences of Ujgyg
(a, ¢) and |S}y| (b, d) for constant magnetic field
H, =744 Oe and two irreversible structures (without
YIG film 3) with different thicknesses of film 5. The
material characteristics of the resonator layers corre-
spond to the experiments described in [5]. The differ-
ence between frequencies fygr and fepmr = fow (K= 0)
is a consequence of allowing for nonuniform
exchange; it is 30 MHz, which is comparable to mag-

netoelastic gap value +/&f}, f,, and is one order of mag-
nitude greater than Af,. The considerable asymmetry
of dependence Ugyp(f, Hy) with respect to fyer (Hp)
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Fig. 2. Frequency dependences of (a, c) normalized con-
stant voltage signal Ujgyg and (b, d) magnitude of reflec-
tion coefficient |:S};| under a constant magnetic field with
Hy= 744 Oe and YIG film thicknesses (a, b) s = 31 um and

(c, d) s = 0.4 um. The dashed lines correspond to fre-
quency fyigR; the dashed-and-dotted lines, to frequency

JFMR-

(see Fig. 2a) is similar to the one observed earlier in
our experiment. Frequency f; of the envelope maxi-
mum of Uigue(f, H,) is located slightly below fre-
quency fpmr (by approximately 1 MHz), which coin-
cides with the results from other theoretical works
(see, e.g., [14]). It is characteristic that the behavior of
IS}, (f; Hy)| (Fig. 2b) shows no qualitative difference in
frequency detuning lower or higher than frequency
JSver (Hp). Fitting the calculated and experimental
dependences of Ujsye and |S};| on the frequency and
magnetic field yields the characteristic constants
B,=4 x 10%ergcm—> and D = 4.46 x 10° Oe cm?. For
magnetization, we obtain 4ntM, = 955 G, which is also
typical for the doped YIG used in the experiment [5].

Analysis of the effect of FM film thickness s on the
efficiency of spin pumping shows that reducing s from
an initial value of 31 um to ~0.2 um raises the maxi-
mum of Uigye(fy, s) by more than one order of magni-
tude, and it is then observed to drop sharply. It should
be noted that in the 0.15 um < s < 2—3 um range of
thicknesses, additional frequency regions appear
where the maxima of Uigyg(fy, §) are localized. With a
nonuniform exciting effective magnetic field of an
elastic nature, higher MWR modes (both even and
odd) can be excited with efficiency comparable to that
of the fundamental mode. An example of such exci-
tation for the 0.4 um YIG film is shown in Figs. 2c, 2d.
The efficiency of MWR excitation at frequency f, =
3.22 GHz is even higher than that at frequencies in the
vicinity of f;,.

CONCLUSIONS

A self-consistent theory was developed for calcu-
lating the spectra of a composite magnetoelectric
resonator of bulk AWs, along with the direct voltage
determined by two combined effects: acoustic spin
pumping and ISHE. Qualitative and quantitative cor-
relation between the calculated and experimental data
was obtained.
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