PHYSICAL REVIEW B 94, 014436 (2016)

Mechanical back-action of a spin-wave resonance in a magnetoelastic thin
film on a surface acoustic wave
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Surface acoustic waves (SAWs) traveling on the surface of a piezoelectric crystal can, through the
magnetoelastic interaction, excite traveling spin-wave resonance in a magnetic film deposited on the substrate.
This spin-wave resonance in the magnetic film creates a time-dynamic surface stress of magnetoelastic origin that
acts back on the surface of the piezoelectric and modifies the SAW propagation. Unlike previous analyses that treat
the excitation as a magnon-phonon polariton, here the magnetoelastic film is treated as a perturbation modifying
boundary conditions on the SAW. We use acoustical perturbation theory to find closed-form expressions for the
back-action surface stress and strain fields and the resultant SAW velocity shifts and attenuation. We demonstrate
that the shear stress fields associated with this spin-wave back-action also generate effective surface currents on

the piezoelectric both in phase and out of phase with the driving SAW potential. Characterization of these surface
currents and their applications in determination of the magnetoelastic coupling are discussed. The perturbative
calculation is carried out explicitly to first order (a regime corresponding to many experimental situations of
current interest) and we provide a sketch of the implications of the theory at higher order.
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A considerable amount of interest has developed in harness-
ing the interaction between gigahertz-frequency ultrasound
and thin film magnets with appreciable magnetoelastic cou-
pling for various technological applications. Among these
applications are the acoustic manipulation and readout of
magnetic memory elements [1-4], acoustic driving of mag-
netic domain walls [5], the acoustic generation of resonant
spin-wave excitations [6—14], and magnetic field detectors
[15,16]. Some of the interest rests on the point that acoustical
wavelengths range in the submicron to micron scale at the
gigahertz frequencies typical of spin-wave resonance. The
coupling of magnetic systems to various classes of lateral mode
acoustical resonators [e.g., surface acoustic waves (SAWs) or
contour mode resonators [17,18]) might prove useful in gen-
erating various two-dimensional magnetic excitation patterns
with submicron features. For many of these applications, a
clear physical picture and theoretical framework detailing how
a magnetic thin film undergoing spin-wave resonance affects
the acoustical fields pumping the spin-wave resonance might
be important.

In this paper, we calculate this magnetic back-action on
the acoustical fields using acoustical perturbation theory.
We specifically focus on traveling spin-wave resonance in a
magnetoelastic thin film on a piezoelectric substrate excited
by surface acoustic waves. The acoustical perturbation theory
technique and the basic physical picture developed here,
however, are applicable to thin magnetic films excited by bulk
acoustic waves (BAWSs), contour mode resonators, acoustical
waveguides, etc. We treat the case of a magnetic thin film of
thickness & strained by a SAW of wavelength Agaw traveling
on the piezoelectric substrate as shown in Fig. 1. We restrict
ourselves to situations where 7 << Asaw Where the penetration
depth of the SAW into the piezoelectric solid is ~Agaw. To
the lowest order in the perturbation theory, the strain fields
are uniform through the thickness of the film and equal to the
SAW strain fields at the surface of the piezoelectric. These
strain fields then drive spin-wave resonance in the film. The
leading effect that this spin-wave resonance has on the driving
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elastic field is to generate time-dynamic, thickness-dependent
shear and normal stresses of magnetoelastic origin within
the film that exert mechanical forces on the top boundary
of the piezoelectric. These forces are directly responsible for
measured velocity shifts and attenuation of the SAW elastic
field.

The physical picture developed here differs from previ-
ous analyses of acoustically driven resonance back-action
[9,19,20] which treat the spin-wave excitation and SAW as
a magnon-phonon polariton propagating in a magnetoelas-
tic semi-infinite solid with magnoelastic coupling Beg. An
ad hoc filling factor F = h/Asaw is used to modify the
effective coupling of the magnetic to elastic degrees of freedom
in the polariton excitation. This is meant to account for the fact
that approximately a fraction F of the entire film/substrate
volume excited by the SAW is occupied by the magnetoelastic
film. It is only this volume fraction that is responsible for
SAW attenuation and velocity shifts induced by spin-wave
resonance. This method essentially averages over the excited
volume of the film/substrate and is reasonable for an estimation
of the SAW wave-vector shifts caused by the elastically driven
spin-wave resonance. However, it can be shown that the
procedure maps to the propagation of a magnon-SAW phonon
polariton on the surface of a magnetoelastic semi-infinite
solid with weakened magnetoelastic coupling ~/F By and
thus neglects the details of the mechanics at the film/substrate
interface. We argue that it is precisely the back-action stress
and strain fields at the film-substrate interface responsible
for SAW attenuation and velocity shifts. These fields and
their effect on SAW propagation can be calculated using the
perturbation formalism without manually inserting a filling
factor F or additional fitting parameters (e.g., the ratio of shear
to longitudinal strain in the film that might become relevant in
thicker films) into the theory.

The formalism for acoustical perturbation theory is devel-
oped within the well-established treatises on physical acoustics
[21]. Here we go through only the relevant parts of the theory.
The starting point is the complex reciprocity relationship for
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FIG. 1. Coordinate system for SAW propagation and schematic
of magnetic film with thickness /4 on top of piezoelectric substrate.
The film is elastically strained by a SAW traveling in the substrate
with wavelength Asaw and with a penetration depth of order Asaw
into the piezoelectric.

an acoustical wave within a piezoelectric solid

where all free charges and external forces on the piezoelectric
solid are zero and where the electromagnetic quasi-static
approximation applies. The quasi-static approximation is
justified in SAW experiments as c/f > Asaw Where c is
the speed of light. We then define vi — v, T; — T as the
particle velocity field, stress tensor, etc. arising from solid
deformations of the unperturbed SAW propagating on the

J
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surface of the piezoelectric substrate (i.e., the velocity field
of the SAW substrate without the magnetic film on top).
The fields v, — v/, T, — T, etc. are the perturbed fields
within the piezoelectric substrate due to the presence of the
magnetoelastic film at the surface. The complex reciprocity
theorem holds between the two field solutions and their source
terms (in this case source terms are zero) provided that the
piezoelectric substrate is considered lossless. The reciprocity
is correct even in the presence of a lossy perturbation at the
surface. The perturbed and unperturbed velocity field, stress
fields, etc of a SAW traveling in the z direction are

v = V(y)efiﬂz+iwt

v/ — V/(y)efiﬂlkﬂ'wt (2)

In order to find the shift in the wave number 8, Eq. (1) is
integrated over the thickness of the piezoelectric substrate and
we have assumed that there is no x dependence in the fields as
appropriate for plane-wave SAW propagation. It follows from
Egs. (1) and (2) that the wave-vector shift can be expressed as

Given that the perturbed solutions are assumed to be close to
the unperturbed solutions, it is reasonable to set the perturbed
field equal to the unperturbed fields in the denominator. The de-
nominator then becomes 2f0b {—=v*- T + O>iwD)*} - Zdy =
4 Psaw where Psaw is the power flow of the SAW. The
numerator is additive in the contributions from mechanical and
electrical components. We are considering only contributions
from the elastic and magnetoelastic part of the dynamics and
thus exclude the wave-number shifts in Eq. (3) arising from the
electric displacement field and charge dynamics on the surface
of the ferromagnetic film that would be present if the magnetic
film were conductive. For SAW propagation, we need only
concern ourselves with the top surface at y = 0 where the
perturbing film is situated. Equation (3) then reduces to

*

veT - ¥l

Ap=p—p=—i 4 Psaw

“

The shift in the wave number of the SAW is thus directly
related to stress at the surface of the piezoelectric caused by the
perturbing magnetoelastic thin film (the unperturbed traction
force T - §|y=0 = 0 due to stress-free boundary conditions at
the substrate surface).

A calculation of the traction force acting at the interface
requires a solution to the stress fields within the magnetoelastic
film. We express these stress fields in terms of the unperturbed
particle velocities of the SAW at y = 0 and solve for AS to
lowest order. The first field equation governing dynamics in
the magnetoelastic thin film is p% = V - T". Componentwise

i (3)
[P =V T =V - T* + O*(iwD) + &' (iwD)*} - 2dy

[

this yields
. / a / . !
lwpv, = 57‘” —ipT,,
. / 8 / . /
iwpv, = ETY’V —ipT,, &)

. ’ 8 ’ . /

iwpv, = 57}@ —iBT,

The second set of field equations define the stress tensor

Ti’j = (%)T in the magnetoelastic thin film, where ¢;; is

ij

the mechanical strain tensor and F' is the free energy of the

magnetoelastic solid, given by
F=FE—TS=0]¢ 4+ Bjmme}; + K,m’

— M;m;H™" + (2r M} — K. )m}, (6)

The stress Gi“.‘”h = ciji€x 18 the mechanical stress gener-

ated by linear elasticity, B;; is the magnetoelastic coupling, K,

is the in-plane anisotropy energy density, M is the saturation

magnetization, m; and Hiap P are the components of the applied

field and components of the magnetization normalized to

the unit sphere, respectively, and K, is the perpendicular

anisotropy energy density. We assume for the remainder of the

paper that the film is in-plane magnetized with K| < 27 M?

and H,p, in the film plane, and that K, > 0, implying that

x is the film’s magnetic easy axis. The total stress tensor is

T}, = ¢}jy€y + Bj;mim;. An inversion of this equation to

de

solve for g and using the relation 57 = Vv between the

strain and particle velocity fields yields the second set of field
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equations

1 aVl
—(—) = swij Tij — Swij Bijmim j, N

iw\ dxy

where sy;;; are elements of the elastic compliance tensor. If the
magnetoelastic part of the free energy Fyr has symmetry in
the xz plane and the shear terms are all governed by the same
coupling term B,, then F),g reduces to

2 2 2
Fyg = Bumiéx, + BumZ;ezz + Biomyeyy + Bomym ¢y,

+ Bom,ymye,, + Bom,m g;,. ®)

Since none of the field quantities can have a dependence

on x, we use &,, =0 to eliminate T, — B”mﬁ from the

remaining equations. The resulting componentwise expression
for the second set of field equations is

’3/ S,/25/1 _ S/22 )
_ L v/ — 12°1 - 1 (T/yy _ B]Zmy)
w S“

2

v, = sy (T, — Bomym,)

5)
_ ﬂ_/ I o / _
v, = $s44(T;, — Bomym)
d

sl 2—s?
_[Su —Si2 r 2
=|— (Tyy BIZmy)

!
S11

sl — 2
+( 12511 12 )(TZ/Z—Bllmf)

7
S11

1 av,
(.—)ﬁ — 534(T}, — Bam,m,)
iw) dy
1\ dv] Lo
(E) 3_; = 544(Tyz - B2mymz) C))

We now use Eqs. (5) and (9) to solve for the stress fields to
first order and expand the velocity and stress tensor fields in a
power series in film thickness:

V=vOtvDy+n+vOy+n+---
T/ — T/(O) + T/(l)(y + ]’l) + T/(Z)(y + h)2 4. (10)

The stress tensor at y = —h (the top surface of the
film) is such that T’ - §|,—_, = O due to stress-free boundary
conditions implying that the zeroth-order contribution to the
traction force at the film/substrate interface T’ - §|,—o = 0.
We thus solve for the stress tensor T'V . § at first order.
Equation (5) and the first two formulas in Eq. (10) provide
the sufficient equations that can be used to solve for the three
components of T'D . §. We drop the term of the magnetoe-
lastic stress going as Blgmi given that we are restricting
ourselves to in-plane magnetized films. The equations then
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become

B\ o )
’ / / ’
- <_a) )vx =5y T, — syuBomymy,
’ ;7 2 ;7 2 ;2 ;2
st —s siT—8

_</3 )U/Z(O) — (21 i 12 T/ZZ(O) _ (21 i 12 Bllmg
« S11 St
. 70 4 (D .1 (0)
iwpv, = Tyx —ip'T,, (11)
. r© _ 4 (D
lwpvy, " = Tyy

. 1) g () sy (0)
iwpv, " =T, """ — iBT,,
The term T/zy(o) = 0 vanishes as T - §|,_o =0 (i.e., at
lowest order surface shear stress vanishes) and the stress
tensor is symmetric. The components of the magnetoelastic

S22
stresses s, Bym,m, and (—-=)B;;m? of Eq. (11) caus-
211

ing back-action traction forces on the SAW at order TV
are 4, By(m®dm, +m®dm.) and (2B mOsm.,
respectively. We define m? and 8m,(m® and ém.) as the
x(z) component of the in-plane equilibrium magnetization
and the excited spin-wave amplitude, respectively. The xz
magnetoelastic shear back-action stresses are present at lowest
order for shear horizontal SAWs (SH-SAWs) and Love waves.
Here we focus on the Rayleigh SAW for the sake of comparison
with previous studies. The Rayleigh SAW contains particle
velocity components in the y and z directions only (v = 0).
Rearranging of terms in Eq. (11) yields expressions for the
first-order stress tensor causing the perturbing surface traction
on the SAW:

s 1

T/yz(l)=iw P == . 2 Y2 U2(0)+i2/3/311m20)5mz
st =57 Vaaw
T/yy(l) — iwp’v;,(o)
1 1 0
7' O e — — . o ©
- g S Voawl "

+iB'By(mPm, +mPsm.) =0 (12)

The magnetoelastic terms in the expression for T/yx(l) are
ignored as they can be shown to be proportional to v'?. The
spin-wave amplitude §m, is excited by an internal RF field
arising from the dynamic strain in the film caused by the
Rayleigh SAW propagating on the piezoelectric substrate. To
lowest order in the perturbation theory, this internal effective
magnetoelastic pump field can be expressed in terms of the
unperturbed particle velocity field present at the surface of
the piezoelectric substrate. The driven spin-wave amplitude
can then be solved for in terms of these unperturbed SAW
velocity fields. This is accomplished by a linearization of
the Landau-Lifshitz-Gilbert (LLG) equations for spin-wave
dynamics about the equilibrium magnetization my,
dém(r)

dt

dém(r)
dr
(13)

= —ydm(r) x Heg(r) + I'(8,mp)ém(r) x

where y is the effective gyromagetic ratio (for the remainder
of the paper taken to be the free-electron value appropriate to
metallic transition ferromagnets), ['(,my) is the spin-wave
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FIG. 2. The n¢& coordinate system used in LLG linearization
with +£ defined to be along the equilibrium my direction. The angles
¢o and ¢y that the equilibrium magnetization and applied field make
with respect to +z (the SAW propagation direction) have also been
defined.

damping at propagation vector 8 at equilibrium magnetization
orientation mg, and Heg(r) is the spatially varying effective
magnetic field acting on the magnetization. The effective
magnetic field contains terms arising from the applied field,
internal anisotropy fields, the magnetoelastic interaction, and
leading order spin-spin interactions (i.e., dipolar field and
exchange contributions). We define a new coordinate system
n¢ & specified in Fig. 2 where my lies along & making an angle
@o with respect to the z axis. The ¢ axis is out of the film plane
and 7 defines the axis orthogonal to my in the film-plane.
The Rayleigh SAW creates a time-varying effective magnetic
pump field

h,;(r,t) = —(0 Fyg/0m)/ M

2B .
_ <g> < Mll ) U;O) sin ¢0 cos ¢Oe—lﬁz+la)tﬁ’

(14)
where the only term in F)g that is nonzero in the in-plane
magnetized case goes as B lmﬁszz. The final form of Eq. (14)
has been derived in other work [6,19] and the only difference
is that we have substituted the unperturbed strain field 82)
for the unperturbed particle velocity field vgo) at the substrate
surface. The pump field then drives a spin-wave resonance
sm(z,t) = Sme P+ where Sm = 8m,f) + Sm . A solu-
tion of the components of the spin-wave amplitude requires
a self-consistent solution of the LLG equation along with the
magnetostatic equations for long-range dipolar fields. We point
out that the amplitude dm is a thickness-averaged spin-wave
amplitude. Even under the influence of a magnetoelastic pump
field h,¢(r,t) that is uniform in y, boundary conditions on
magnetostatic potentials and considerations of surface spin
pinning will create a spin-wave amplitude profile in the y
direction going as fh < 1 [22]. Effects of this y magnetization
profile will show up directly in the stress tensor at second order.

J

viT - §l,5 _ wh

AB = —i
4 Psaw

2 s’ 2
POy + (0 — i ) O,

= 2
4PSAW _ﬁ .
Mx
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The relationship between these thickness-averaged spin-wave
amplitudes and the driving magnetoelastic pump field is given
by the Polder susceptibility x:

<8m,7) — {(X;W X;M) _’_i(xln/n XZC) } (hRF> (15)
Smé‘ X/ X/ X// X// O
] &L ] &¢

The susceptibility components x’ and x” are the relevant
real and imaginary components of the traveling spin-wave
susceptibility excited about equilibrium mg with propagation
vector 8. We emphasize that the y dependence of the spin-
wave amplitudes, while not directly affecting stress fields at
first order, will create appreciable modifications to x and thus
impact TV through x. The only component of the traveling
spin-wave that contributes to T'V - § in Eq. (12) is dm, =
—d&my, sin ¢ in the stress tensor component T;Z(l). It can be
shown that Eqgs. (12), (14), and (15) yield an expression for
T’yz(l) in terms of the unperturbed SAW particle velocity field:

I
y () _ . ’ S11 1
Ty, _lw{[p— 2 2 32 ]

st =81 Veaw
4B7, . 2 2
— . sin“gpcos~ ¢y
M; Vi
X [x}, + ix;;,,]}vg‘o) (16)

where Vsaw = B/ and m” = cos ¢. The real part x|, and
imaginary part x, can be shown to be

[0, — @] + (D(B, mo)w) (W + )

[0l — w2]2 + [[(B.mp)wy (¥ + T)]?
wl'(B,mo)(y*Y? + w?)

[w2s — w2]2 + (B, mo)wy (¥ + T)I?

The traveling spin-wave resonance frequency w5 =
y+/ WY and the quantities W and Y are

W = —H cos(2¢0) + Hypp cos(¢o — ¢r)

Xy =V

a7

"
X =

2Aex 2 .2
+7ﬂ + 27w M Bhsin“ ¢y

s

Y = Hysin’go + Hupp cOS(¢0 — Pir)
2A,x 2K h
L) — 4 m, BhY. (18)
M; 2

2

+ M B+ <4JTMS

where A., is the magnetic exchange stiffness, and H; =
2K, /M; is the in-plane anisotropy field with the in-plane
anisotropy along the x axis. The quantities 2 M, Bhsin’¢y
and 471MS(%) in W and Y are terms of long-range dipolar
origin and arise due to the y dependence of the spin-wave
profile. In the mid submicron (500 nm) to micron regime,
these quantities create appreciable corrections to x [11].

The wave-number shift AS in Eq. (4) is then

1 (19)

2
VS AW

o

. 2 2 . 2
sin” gocos ol x;y, + i x 07|
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TABLE 1. Propagation characteristics for a few SAW substrates/cuts and propagation directions. Adapted from Auld [21].

SAW substrate and cut

(propagation direction) Vsaw (10° cm/s) lce? (1072 cm/g) ey > (107 cm/g) lc.1? (10713 cm/g)
Y Z-Cut LiNbO;, Z-prop. 3.488 0 6.891 3.158
[001]-cut Bi;;GeOy, [110]-prop. 1.680 0 17.331 6.436
Y -cut quartz, X-prop. 3.158 2.062 18.809 8.422

The quantities [v{”[3_,/Psaw, and [v{?[3_;/Psaw can be
expressed analytically as |cy|2a) and |c.|?w where |cy|2 and
|c.|? have units of [g/cm] ! and depend on the electromechan-
ical properties of the substrate. Values for Vsaw, |c.|%, lcy|?,
and |c,|? for some SAW substrates are provided in Table 1.

The first two terms in Eq. (19) are shifts due to the standard
mass loading of the SAW by a lossless isotropic thin film of
thickness A given a certain mass density o’ and compliance
tensor s'. The last term is due to the mechanical back-action
of the elastically driven traveling spin-wave resonance on the
Rayleigh SAW and we isolate it from the rest of Eq. (19):

B 1
Ay = —w?h—1L . —— sin® ¢y
M Viaw
2 . 2
x cos ol x,, +ixm,llc:|
Rayleigh, 12
— ZRueish 2, (20)
Rayleigh _ 3121 2 2
. ! . "
ZyE & M, V2 sin” ¢ocos ™ Pol x5, + i X 7y
SAW
(21
where ZRaylelgh is the SAW electromechanical transmission

line 1mpedance due to spin-wave back-action. The wave-

number shift ABLY®" is complex and thus the elastic
excitation of the traveling spin-wave resonance modifies the
velocity of the SAW and cause an exponential attenuation.
The attenuation of the SAW has a rather simple physical
interpretation. The SAW, under the right external field con-
ditions, drives a spin-wave resonance via the magnetoelastic
interaction in the magnetic film. Part of this response will
be out of phase with the SAW elastic drive field due to the
spin-wave damping. Thus a thickness-dependent and time-
varying yz magnetoelastic shear stress develops in the film
and generates a back-action traction force at the surface of the
piezoelectric out of phase with the driving Rayleigh SAW field.
This out-of-phase traction force dampens the SAW. This also
implies, through Eq. (20), an electromechanical transmission
line current that is generated out of phase with the SAW surface
potential ® due to the spin-wave back-action. The power of the
Rayleigh SAW per unit width attenuates under the magnetic
film due to magnetoelastic back-action as

P(z) = Psaw exp [2Tm (ABRYE") ]
B ( 20°hBY 1,
= Isawexp| ————— - X
M; Voaw "
X sin® ¢Ocosz¢o|cz|zz) (22)

and the power attenuation of the SAW per unit width and unit
length, as calculated by back-action, is given by

dPSAV _ 2a)2hB121 . 1
abs Ms

.2 2 2
Xy SIN” @ocos”dolc: |~ Psaw
Vsaw

(23)

The magnetic oscillation power absorbed by the magnetic
damping during spin-wave resonance per unit volume, is
e = %Msh}F - x" - hgp [19,23]. By energy conservation,
the power absorbed by the magnet should equal the SAW
power dissipation. The SAW power dissipation is often
calculated using this so-called effective field approach. Using

Eq. (14), we express the absorbed magnetic power explicitly as

2 2
2B
mag __ " ﬁ 11 0) 2.2 2
P = wy — — ||V SIN~@oCOS~ Yo
abs ﬂﬂ(w) < Ms >| z |

" 1 2 2
= {aﬁxm](%)( M, )Iczl sin’ggcos wo}PSAw

(24)

The spin-wave power dissipated by the magnetic damping
per unit width and per unit length is d Py." = pop.°h and thus
equals

21 B2
JPE 20°h B 1

s = 7 X sin®@ocos’gole:|* Psaw  (25)
N

Vaw
Thus d P3AY + d Pjpe® = 0 as required by energy conver-
sation (which must be satlsﬁed at all orders of the perturbation
theory). The effective field approach and the back-action
approach are, in fact, one and the same. The velocity shifts
arising from the spin-wave back-action are given by the real
partof A ,BRaylelgh and are the Hilbert transform of the imaginary

part of AﬁRaylelgh This must be the case or else causality
is violated. There are, however, other field-dependent effects
that can become convolved with measured wave-number shifts
due to spin-wave back-action. These effects will be relevant
at lower SAW pump frequencies and at low fields below the
in-plane anisotropy field. In this regime there can be domain
wall motion and magnetization rotation as a function of Hypp.
As a result, A E-effect-induced changes to the velocity [24]
and anisotropic-magnetoresistance- (AMR-) induced changes
to the attenuation [25] will not be negligible. At higher pump
frequencies and in films with low in-plane anisotropy, the
magnetization will be saturated along the field direction across
the spin-wave resonance field. In such cases, we expect that

field-dependent contributions to Ap are due to Aﬂkay]e]gh

014436-5



P. G. GOWTHAM, D. LABANOWSKI, AND S. SALAHUDDIN

10F _~
0_ ...............................

|E :
KR
Q_10-

—20F

Re[AB,]

0 500 1000 1500 2000
Happ [O€]

FIG. 3. Calculated shifts in the wave number Aﬁf;gleigh ofa Z-
propagating Rayleigh SAW on Y Z-cut LiNbO3 vs Hy,, due to the
magnetoelastic back-action of a spin-wave resonance in a 10-nm-
thick Ni film. The field is swept at ¢, = 45° with respect to the
Z axis.

and that the relation between the field-dependent part of the
velocity shift and attenuation is given by Eq. (20) at first order.

In order to get an estimate of the magnitude of these
back-action effects, we calculate both real and imaginary parts
of Aﬁff%lelgh vs H,pp for a Rayleigh SAW propagating in the Z
direction on a Y Z-cut LiNbO; substrate with Vgaw = 3.488 x
103cm/s and 3> = 4.5GHz (implying B = 8.1 x 10*ecm™1).
This is a regime where B4 = 0.08 and perturbation solutions
to first order are often reasonable. The applied field is swept at
an angle ¢ = 45° with respect to the SAW propagation axis.
The magnetoelastic perturbation is a Ni film with 2 = 10 nm.
We have assumed that the properties of the Ni film are H;, = 0,
K| =5.5x 10 ergs/cm?, M, = 485emu/cm?, an isotropic
and wave-vector-independent spin-wave damping I' = 0.1,
Bi; = +5 x 107 ergs/cm?, and A,, = 8 x 1077 erg/cm. The
results of the calculation are shown in Fig. 3. The maximum
relative shifts due to spin-wave magnetoelastic back-action

are |Re88) = |AVsaw | ~ 015% and 26~0.03%. In a 300-
B Vsaw B

pm-long Ni film, this implies a phase shift from one end to
the other of Agp ~25° and a SAW attentuation ~—6dB (or a
power attenuation per unit length of ~ — 20dB/mm). These
numbers are in accord with various experiments [6,11,12]. It
is instructive to compare these wave-number shifts to those
that are associated with mass loading in the Ni film. We
have assumed p/,; = 8.908 g/cm3, a Poisson ratio v = 0.31,
and a Young’s modulus ¥ = 190 x 10'° dyn/cm? and where
sy Y

el e Based on these values, mass loading predicts

wave-number shifts of ~0.8%. The effects on the SAW due to
spin-wave back-action are thus typically an order of magnitude
lower than those of mass loading.

As film thickness & increases, Eq. (21) predicts that
A,Bf,,aglelgh increases linearly with # and depends only on the
z component of the particle velocity. But as the film becomes
thicker, we expect that yz shear strains and their impact on
the stress fields within the piezoelectric will become non-
negligible. Thus there will be y-dependent particle velocity
fields at order vV in the film that can be expressed in terms
of the unperturbed particle fields v"” and v/go). These vV
fields will generate y-dependent components of hgz(r,?) that
will then drive thickness dependent spin-wave amplitudes
dm'D. These spin-wave amplitudes dm'" will contribute to
magnetoelastic traction forces on the SAW at second order
T?. ¥ly=o arising from the term B,m m, in the stress tensor.
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Such stresses create back-action forces on the SAW that
reverse sign depending on whether the projection of my onto
the z axis is aligned or antialigned with the wave vector .
Such effects have been observed clearly in angular-dependent
SAW attenuation measurements with thicker Ni films where
h = 50nm and where Bh > 0.15 [19]. Perturbation theory
predicts that, at least initially, these effects must scale as h? as
they result from back-action forces of second order.

We do not go through the calculation of these second-order
effects here. Our main point is that the perturbation theory
enables one to programmatically calculate SAW attenuation
and velocity shifts arising from spin-wave magnetoelastic
back-action, determine at what order various effects appear,
how they scale with film thickness, and what their strength
is without resorting to various ad hoc fitting parameters.
Furthermore, the perturbation theory allows for a clear phys-
ical picture and realistic computational framework for how
spin-wave back-action modifies time-dynamic and thickness-
dependent stress/strain fields and electromechanical trans-
mission line currents/potentials at the thin film/piezoelectric
interface. Knowledge of the interfacial stress/strain fields and
currents/potentials allows for extraction of various physical
quantities such as the magnetoelastic coupling in the film
or the magnetoelectric coupling at the magnetic/piezoelectric
interface. For example, measurement of the transmission
line current out of phase with the SAW potential [related
by the imaginary part of Zf,fglelgh in Eqn. (21)] along with
knowledge of H;, M, and K, enables extraction of the
magnetoelastic coupling B in a way that is separable from
other phenomena affecting the transmission line impedance
(e.g., mass/capacitive loading and A E effects).

The calculation of the various fields at the interface may also
be important for a matter that we have ignored throughout the
paper—the magnitude of the spin-wave damping I'. Typical
values of damping in Ni under uniform-mode ferromagnetic
resonance are of order ~0.04 [26]. However, values extracted
from SAW-driven spin-wave resonance experiments are con-
siderably larger with I" ~ 0.1-0.2 [6,11,19]. The spin-wave
damping T is, in fact, the only fitted quantity in the theory
and parametrizes all the irreversible energy transfer out of
the SAW/spin wave system to other degrees of freedom. It
is quite plausible that this enhanced spin-wave damping I" is
related to the back-action stress and strain fields generated by
the elastically driven spin-wave resonance (with the typical
smaller magnetic damping of order I')’ ~ 0.04) and the
irreversible transfer of energy out of these fields into substrate
modes. Thus a perturbative calculation of the elastic back-
action fields and computation of the coupling of these surface
fields to bulk modes might lead to an explanation of how
the spin-wave damping F(],V ! becomes dressed and leads to
the enhanced damping I as observed in experiment. This
could provide a framework for understanding dissipation of
elastically driven magnetic resonance processes and energy
transfer in magnetic thin film/acoustic actuator hybrids.

ACKNOWLEDGMENTS

This work was supported in part by the NSF TANMS
center. D.L. gratefully acknowledges support from an NDSEG
fellowship.

014436-6



MECHANICAL BACK-ACTION OF A SPIN-WAVE . ..

[1] L. Thevenard, J.-Y. Duquesne, E. Peronne, H. J. von Bardeleben,
H. Jaffres, S. Ruttala, J.-M. George, A. Lemaitre, and C.
Gourdon, Phys. Rev. B 87, 144402 (2013).

[2] L. Thevenard, 1. S. Camara, J.-Y. Prieur, P. Rovillain, A.
Lemaitre, C. Gourdon, and J.-Y. Duquesne, Phys. Rev. B 93,
140405(R) (2016).

[3] W. Li, B. Buford, A. Jander, and P. Dhagat, J. Appl. Phys. 115,
17E307 (2014).

[4] S. Davis, A Baruth, and S. Adenwalla, Appl. Phys. Lett. 97,
232507 (2010).

[5]J. Dean, M. T. Bryan, J. D. Cooper, A. Virbule, J. E.
Cunningham, and T. J. Hayward, Appl. Phys. Lett. 107, 16
(2015).

[6] M. Weiler, L. Dreher, C. Heeg, H. Huebl, R. Gross, M. S. Brandt,
and S. T. B. Goennenwein, Phys. Rev. Lett. 106, 117601 (2011).

[7] M. Weiler, H. Huebl, F. S. Goerg, F .D. Czeschka, R. Gross, and
S. T. B. Goennenwein, Phys. Rev. Lett. 108, 176601 (2012).

[8] M. Bombeck, A. S. Salasyuk, B. A. Glavin, A. V. Scherbakov,
C. Briggemann, D. R. Yakovlev, V. F. Sapega, X. Liu, J. K.
Furdyna, A. V. Akimov, and M. Bayer, Phys. Rev. B 85, 195324
(2012).

[9] L. Thevenard, C. Gourdon, J. Y. Prieur, H. J. von Bardeleben,
S. Vincent, L. Becerra, L. Largeau, and J.-Y. Duquesne, Phys.
Rev. B 90, 094401 (2014).

[10] S. Cherepov, P. Khalili Amiri, J. G. Alzate, K. Wong, M. Lewis,
P. Upadhyaya, J. Nath, M. Bao, A. Bur, T. Wu, G. P. Carman, A.
Khitun, and K. L. Wang, Appl. Phys. Lett. 104, 082403 (2014).

[11] P. G. Gowtham, T. Moriyama, D. C. Ralph, and R. A. Buhrman,
J. Appl. Phys. 118, 233910 (2015).

[12] D. Labanowski, A. Jung, and S. Salahuddin, Appl. Phys. Lett.
108, 022905 (2016).

PHYSICAL REVIEW B 94, 014436 (2016)

[13] Y. Yahagi, B. Harteneck, S. Cabrini, and H. Schmidt, Phys. Rev.
B 90, 140405(R) (2014).

[14] N. L. Polzikova, S. G. Alekseev, 1. I. Pyataikin, I. M. Kotelyan-
skii, V. A. Luzanov, and A. P. Orlov, AIP Adv. 6, 056306
(2016).

[15] W. Y. Li, P. Dhagat, and A. Jander, IEEE Trans. Magn. 48, 4100
(2012).

[16] M. Elhosni, O. Elmazria, S. Petit-Watelot, L. Bouvot, S. Zhgoon,
A.Talbi, M. Hehn, K. A. Aissa, S. Hage-Ali, D. Lacour, F. Sarry,
and O. Boumatar, Sensors Actuators A Phys. 240, 41 (2016).

[17] G. Piazza, P. J. Stephanou, and A. P. Al Pisano, J. Micorelec-
tromech. Syst. 15, 1406 (2006).

[18] M. Rinaldi, C. Zuniga, and G. Piazza, in Proceedings of the IEEE
International Conference on Micro 18 Mechanical. Systems
(Sorrento, 2009), p. 916.

[19] L. Dreher, M. Weiler, M. Pernpeintner, H. Huebl, R. Gross,
M. S. Brandt, and S. T. B. Goennenwein, Phys. Rev. B 86,
134415 (2012).

[20] 1. Feng, M. Tachiki, C. Krischer, and M. Levy, J. Appl. Phys.
53, 177 (1982).

[21] B. A. Auld, Acoustic Fields and Waves in Solids (John Wiley &
Sons, New York, 1973), Vol. 1I.

[22] R. L. Stamps and B. Hillebrands, Phys. Rev. B 44, 12417
(1991).

[23] T. Kobayashi, R. C. Barker, J. L. Bleustein, and A. Yelon, Phys.
Rev. B 7, 3273 (1973).

[24] A. K. Ganguly, K. L. Davis, D. C. Webb, and C. Vittoria,
J. Appl. Phys. 47, 2696 (1976).

[25] R. F. Wiegert, J. Appl. Phys. 91, 8231 (2002).

[26] J. Walowski, M. D. Kaufmann, B. Lenk, C. Hamann, J. McCord,
and M. Miinzenberg, J. Phys. D: Appl. Phys. 41, 164016 (2008).

014436-7


http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.93.140405
http://dx.doi.org/10.1103/PhysRevB.93.140405
http://dx.doi.org/10.1103/PhysRevB.93.140405
http://dx.doi.org/10.1103/PhysRevB.93.140405
http://dx.doi.org/10.1063/1.4863170
http://dx.doi.org/10.1063/1.4863170
http://dx.doi.org/10.1063/1.4863170
http://dx.doi.org/10.1063/1.4863170
http://dx.doi.org/10.1063/1.3521289
http://dx.doi.org/10.1063/1.3521289
http://dx.doi.org/10.1063/1.3521289
http://dx.doi.org/10.1063/1.3521289
http://dx.doi.org/10.1063/1.4932057
http://dx.doi.org/10.1063/1.4932057
http://dx.doi.org/10.1063/1.4932057
http://dx.doi.org/10.1063/1.4932057
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevLett.106.117601
http://dx.doi.org/10.1103/PhysRevLett.108.176601
http://dx.doi.org/10.1103/PhysRevLett.108.176601
http://dx.doi.org/10.1103/PhysRevLett.108.176601
http://dx.doi.org/10.1103/PhysRevLett.108.176601
http://dx.doi.org/10.1103/PhysRevB.85.195324
http://dx.doi.org/10.1103/PhysRevB.85.195324
http://dx.doi.org/10.1103/PhysRevB.85.195324
http://dx.doi.org/10.1103/PhysRevB.85.195324
http://dx.doi.org/10.1103/PhysRevB.90.094401
http://dx.doi.org/10.1103/PhysRevB.90.094401
http://dx.doi.org/10.1103/PhysRevB.90.094401
http://dx.doi.org/10.1103/PhysRevB.90.094401
http://dx.doi.org/10.1063/1.4865916
http://dx.doi.org/10.1063/1.4865916
http://dx.doi.org/10.1063/1.4865916
http://dx.doi.org/10.1063/1.4865916
http://dx.doi.org/10.1063/1.4938390
http://dx.doi.org/10.1063/1.4938390
http://dx.doi.org/10.1063/1.4938390
http://dx.doi.org/10.1063/1.4938390
http://dx.doi.org/10.1063/1.4939914
http://dx.doi.org/10.1063/1.4939914
http://dx.doi.org/10.1063/1.4939914
http://dx.doi.org/10.1063/1.4939914
http://dx.doi.org/10.1103/PhysRevB.90.140405
http://dx.doi.org/10.1103/PhysRevB.90.140405
http://dx.doi.org/10.1103/PhysRevB.90.140405
http://dx.doi.org/10.1103/PhysRevB.90.140405
http://dx.doi.org/10.1063/1.4943765
http://dx.doi.org/10.1063/1.4943765
http://dx.doi.org/10.1063/1.4943765
http://dx.doi.org/10.1063/1.4943765
http://dx.doi.org/10.1109/TMAG.2012.2201928
http://dx.doi.org/10.1109/TMAG.2012.2201928
http://dx.doi.org/10.1109/TMAG.2012.2201928
http://dx.doi.org/10.1109/TMAG.2012.2201928
http://dx.doi.org/10.1016/j.sna.2015.10.031
http://dx.doi.org/10.1016/j.sna.2015.10.031
http://dx.doi.org/10.1016/j.sna.2015.10.031
http://dx.doi.org/10.1016/j.sna.2015.10.031
http://dx.doi.org/10.1109/JMEMS.2006.886012
http://dx.doi.org/10.1109/JMEMS.2006.886012
http://dx.doi.org/10.1109/JMEMS.2006.886012
http://dx.doi.org/10.1109/JMEMS.2006.886012
http://dx.doi.org/10.1103/PhysRevB.86.134415
http://dx.doi.org/10.1103/PhysRevB.86.134415
http://dx.doi.org/10.1103/PhysRevB.86.134415
http://dx.doi.org/10.1103/PhysRevB.86.134415
http://dx.doi.org/10.1063/1.331582
http://dx.doi.org/10.1063/1.331582
http://dx.doi.org/10.1063/1.331582
http://dx.doi.org/10.1063/1.331582
http://dx.doi.org/10.1103/PhysRevB.44.12417
http://dx.doi.org/10.1103/PhysRevB.44.12417
http://dx.doi.org/10.1103/PhysRevB.44.12417
http://dx.doi.org/10.1103/PhysRevB.44.12417
http://dx.doi.org/10.1103/PhysRevB.7.3273
http://dx.doi.org/10.1103/PhysRevB.7.3273
http://dx.doi.org/10.1103/PhysRevB.7.3273
http://dx.doi.org/10.1103/PhysRevB.7.3273
http://dx.doi.org/10.1063/1.322991
http://dx.doi.org/10.1063/1.322991
http://dx.doi.org/10.1063/1.322991
http://dx.doi.org/10.1063/1.322991
http://dx.doi.org/10.1063/1.1452221
http://dx.doi.org/10.1063/1.1452221
http://dx.doi.org/10.1063/1.1452221
http://dx.doi.org/10.1063/1.1452221
http://dx.doi.org/10.1088/0022-3727/41/16/164016
http://dx.doi.org/10.1088/0022-3727/41/16/164016
http://dx.doi.org/10.1088/0022-3727/41/16/164016
http://dx.doi.org/10.1088/0022-3727/41/16/164016



