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ABSTRACT

The interaction between surface acoustic waves and magnetization offers an efficient route for electrically controlling magnetic states. Here,
we demonstrate the excitation of magnetoacoustic waves in galfenol thin films with a 28 at. % gallium composition, corresponding to the
second magnetostrictive peak in bulk samples. We quantify the amplitude of the induced magnetization oscillations using magnetic imaging
in an x-ray photoelectron microscope and estimate the dynamic magnetoelastic constants through micromagnetic simulations. Our findings
demonstrate the potential of galfenol thin films for magnonic applications and reveal that, despite strong magnetoelastic coupling, magnetic
interactions and spin-wave dispersion relations significantly influence the overall amplitude of magnetoacoustic waves.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0237699

I. INTRODUCTION

Integrating magnetic devices into electronic circuits requires
efficient mechanisms for electrical control of magnetization in
ferromagnetic (FM) nanomagnets, as opposed to magnetic-field
control. Electric-field control of magnetism has garnered signifi-
cant attention for its potential to design ultralow-power spintronic
devices.! Current research focuses on using spin-polarized currents
to exert torques on magnetic moments by transferring spin angular
momentum.”’ Various device geometries and material combina-
tions have been proposed to generate high spin current densities,

often leveraging spin-orbit interactions through Rashba, Dressel-
haus, and spin-Hall effects.” ® This approach allows for manipulat-
ing the magnetization in nanostructures with significantly reduced
energy requirements.

Another efficient method for controlling magnetization using
electric fields involves electrical tailoring of magnetic anisotropy,
a high-speed technique compatible with existing technologies.”'’
In this work, we study electrically-driven phonon coupling to
magnetization'"'” in bilayer heterostructures that combine a piezo-
electric material with a highly magnetostrictive FM iron-gallium
(Fe72Gayg) alloy. We use voltage-controlled surface acoustic waves
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(SAWs) to generate spatially and temporally varying magnetic
anisotropy in the FM alloy.

SAWSs are MHz-GHz strain waves that propagate along the sur-
face of a solid'”'* and can originate from oscillating voltages through
interdigital transducers (IDTs) in a piezoelectric material. These
waves create an oscillating strain that can induce a varying mag-
netic anisotropy field in a magnetostrictive material."”"'" The GHz
frequency range is particularly relevant for magnetization dynamics
because it matches internal resonance energies, and the associated
spin waves have wavelengths in the nanometer-micrometer range.

In the past decade, numerous studies have demonstrated that
SAWs can efficiently couple to magnetization via the magnetoelastic
effect (ME),'** focusing on the magnetoacoustic waves (MAWs)
generated by SAWs.” " Transition metal FMs, including Heusler
alloys with similar bulk magnetostriction coefficients (~100 ppm),
have shown significant variations in MAW amplitudes. Previous
studies in thin films of galfenol with lower Ga content (18%-20%)
have used SAWs to reduce the coercive field’' and create magnetic
patterns® at the microscale, demonstrating the potential for control-
ling magnetic states with oscillating strain. Field sensors have been
proposed based on the field-dependent SAW absorption observed in
thick FeGa films.” "

Bulk Fejpo-xGa. alloys exhibit two magnetostriction peaks:
~200 ppm for Fes;Gays and even higher (~400 ppm) for Fe;,Gas.”
The first magnetostriction peak results from an increase in the
magnetoelastic coupling coefficient, as the Ga content in the alloy
reaches 18 at. %, while the second peak seems to arise from soft-
ening of the elastic shear constants’®”’ at about 28 at.% (ie., a
lower magnetoelasticity may result in a larger magnetostriction).
In heterostructures consisting of piezoelectric substrates and mag-
netostrictive layers, the size of the effect depends on the coupling
between the substrate and layer’s strain. Softening of the shear elastic
constants can thus be detrimental, as the layer becomes less rigid and
may have difficulty following the strain imposed by the piezoelectric
substrate at MHz—-GHz speeds.
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In this work, we investigate the interaction of SAWs at
500 MHz with magnetization in a 10-nm-thick Fe;;Gays thin
film, which has a rich Ga content compared with previous
studies’ """ and falls within the “second peak” of magne-
tostriction for FeGa alloys, a region known for enhanced magne-
tostrictive properties.””’* A thickness of 10 nm ensures that the
shape anisotropy from the thin film geometry keeps the magneti-
zation in-plane, while also keeping a low coercive field and small
anisotropy.”

Our experiment involves placing the FM thin film on the acous-
tic path of a piezoelectric substrate and exciting SAWs through IDTs
at 500 MHz. Due to the magnetostrictive nature of FeGa, the defor-
mation caused by the SAWSs generates an oscillating anisotropy,
leading to periodic changes in the magnetization direction. We
directly image the resulting MAWSs using x-ray microscopy and
quantify the dynamic magnetoelastic coupling.

Il. EXPERIMENTAL DETAILS

The sample under study consists of a piezoelectric 127.86°
Y-cut LiNbO; substrate and a 10-nm-thick FeGa film deposited
by DC magnetron sputtering and patterned like a Hall bar [see
Fig. 1(a)]. We deposited a 5-nm thick buffer and 2-nm thick cap-
ping molybdenum layers below and above the galfenol film to ensure
good adhesion and prevent oxidation. The sample’s stoichiome-
try is Fe;»Gays, but it will be referred to as FeGa throughout this
article. More details on FeGa growth can be found elsewhere.*® Uni-
directional IDTs*! were patterned at opposite ends of the FeGa film
using electron beam lithography, metal evaporation, and lift-off [see
Fig. 1(a)]. This configuration allows both the generation of SAWs
that propagate along the FM film and the measurement of transmit-
ted SAW power (Sz1 coefficient). We designed the IDTs to generate
Rayleigh SAWs, characterized by in-plane and out-of-plane longi-
tudinal strain components (exx and &, respectively) and a shear
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FIG. 1. (a) The top panel shows a schematic illustration of the magnetoacoustic device setup, which includes a piezoelectric substrate (LiNbO3) and a magnetostrictive
thin film of FeGa (10 nm). This setup also features a Mo buffer layer (5 nm) and a Mo capping layer (2 nm). The bottom panel displays the transmission coefficient (S1)
of the interdigital transducers (IDTs), highlighting harmonics that start at 125 MHz. The dashed vertical line marks the frequency used in the experiments (500 MHz).
(b) Ferromagnetic resonance data of the FeGa film used in the magnetoacoustic device. The vertical axis represents the microwave (MW) signal frequency applied to a
coplanar waveguide, inducing uniform precession in FeGa. In contrast, the horizontal axis shows the externally applied magnetic field. The color scale indicates the relative
loss of MW power after the RF field excites the FeGa film, with darker shades (black and red) indicating stronger absorption of MW power by the FeGa film. The black
dashed line represents the fit of Kittel's equation, from which we determine an effective magnetization saturation i Mes = 1.4 T. (c) Longitudinal magneto-optical Kerr effect
(MOKE) hysteresis loop of the patterned FeGa for two in-plane magnetic field orientations. The black curve (circles) corresponds to a magnetic field oriented parallel to the
SAWs, and the red curve (squares) corresponds to a magnetic field at 45° with respect to the SAWs. Both curves reveal a coercive field below 5 mT and full saturation

around 6 mT.
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strain component (&.;). The spatial periodicity of the finger-like
electrodes in the IDTs was designed to excite SAWs with a fun-
damental frequency of 125 MHz and its corresponding harmonics
[see the Sy1 spectrum in Fig. 1(a)] and to follow a linear dispersion
relation vsaw = fsawAsaw with vsaw » 3900 m/s. Through the mag-
netoelastic effect, the strain waves from the SAWSs are transformed
into a dynamically effective magnetic field, producing torque on the
magnetization of FeGa and, thus, generating MAWs.

lll. RESULTS

We initially characterized the sample using ferromagnetic reso-
nance (FMR) and magneto-optical Kerr effect (MOKE) microscopy.
We measured the FMR on a separate FeGa sample grown simulta-
neously with the magnetoacoustic device on an identical substrate
to ensure that both objects had the same magnetic properties. In the
FMR experiment, we placed the sample on a coplanar waveguide
and excited it at various frequencies while sweeping the magnetic
field from —400 to 400 mT. At specific magnetic fields and MW fre-
quencies, the magnetization enters resonance, absorbing more MW
power and resulting in a dip in the transmission coefficient, which
appears as darker shades in Fig. 1(b). The frequency and magnetic
field of these resonances follow Kittel’s equation,*’

f = woyVH(H + Mesr), (1)

where y is the gyromagnetic ratio (y ~ 28 GHz/T) and y M. is
the effective magnetization saturation, which we estimated to be
around 1.4 T. The effective magnetization saturation is given as
Megs = Ms — Hy, where Ms is the magnetization saturation and Hj,
is the out-of-plane anisotropy field. We expect this field to be small
in our FeGa films, as no metastable tetragonal phase is foreseen, > **
so that Mg ~# Ms. Our FeGa thin films have broad FMR peaks with
a possible origin in the fluctuation in magnetic anisotropy.*’

Figure 1(c) shows the in-plane magnetic loop of FeGa obtained
through MOKE microscopy, illustrating two in-plane magnetic field
orientations, ¢,, = 0° (black) and ¢,, = 45° (red). The black curve
(¢, =0°) displays a squarer loop, characteristic of an easy axis,
while the red curve (¢, =45°) has a hysteresis loop indicative of
a hard axis. The presence of anisotropy comes from the ballistic flow
regime during growth (see Ref. 46 for more information). Both loops
exhibit a coercive field of less than 5 mT and full magnetic saturation
ataround 6 mT.

To study the effect of SAWSs on the magnetization dynamics
of FeGa, we used direct imaging with x-ray photoemission electron
microscopy (XPEEM) at the ALBA synchrotron facility. This tech-
nique allows us to observe and quantify both SAWs and MAWs.
The experiment involves illuminating the sample with x-rays at the
Ls energy edge of Fe, which excites secondary electrons. A 10 kV
potential between the device and the XPEEM objective pulls out
these electrons. Two types of images can be obtained: XPEEM, which
is sensitive to the piezoelectric voltage at the sample surface, and
x-ray magnetic circular dichroism (XMCD), which provides mag-
netic contrast by subtracting two images taken with opposite circular
helicity, canceling non-helicity-dependent effects.

ARTICLE pubs.aip.org/aip/apm

SAWs are emitted using the IDTs and propagate along the
acoustic path. An AC electric field is applied to the IDT to gener-
ate SAWs at 500 MHz, synchronized with the repetition rate of the
synchrotron x-ray bunches, enabling stroboscopic imaging at spe-
cific phases of the SAW."® The local piezoelectric field from the SAW
affects the kinetic energy of the photoelectrons that are accelerated
out from the piezoelectric sample and are highly sensitive to the
electric field between the sample and the microscope objective. By
adding a bias voltage (V) to the sample relative to the objective, we
can change the contrast of the SAWs."” Scanning the detector counts
as a function of Vi at opposite SAW phases allows us to measure the
peak-to-peak amplitude of the piezoelectric potential at the sample
surface.

The inset of Fig. 2 shows an XPEEM image of the LiNbO3 sub-
strate at location P1 [see Fig. 1(a)]. The red and black rectangles
represent the studied areas, corresponding to opposite SAW phases.
The spectra in Fig. 2 display normalized detector counts as a func-
tion of Vg for each phase, with the colors matching the studied areas
in the inset. Subtracting both spectra, we obtain the SAW peak-to-
peak voltage (Vypp), the horizontal shift between both spectra. The
corresponding strain amplitudes can be determined by numerically
solving the coupled elastic and electromagnetic equations*® using
the values of the elastic, piezoelectric, and dielectric tensors for a
128° Y-cut LiNbOj; substrate* at a given SAW frequency and power
density. In our experiment, we measured Vy,, = 0.86 V at 500 MHz
and calculated the strain component amplitudes as &xx = 6.4 x 1072,
£z =20x107",and &; = 1.4 x 107",

To study the MAWSs excited in the FeGa film, we took a series of
XMCD images at position P2 [see Fig. 1(a)] under various magnetic
field strengths. First, a magnetic field over 7 mT is applied to saturate
the sample. However, to eliminate any remaining static features such
as magnetic domains or surface impurities at low magnetic fields, we
used a four-image process: taking two images with the same x-ray
helicity at a 180°-phase difference in the SAW and subtracting them,
then obtaining magnetic contrast by subtracting images taken with

LiNbO3
Vp=-33V

— Bright

fyaw — 500 MHZ
— Dark
0.8
0.6+
VPP

<
S

»
1y
Norm.
Camera
counts
0

e
o

Normalized detector counts

1 3 2 1 0

FIG. 2. Scans of bias voltage, Vg, for opposite SAW phases. The red line repre-
sents the dark SAW phase, while the black line represents the bright SAW phase.
The horizontal displacement between the spectra is the peak-to-peak voltage of
the SAW at the sample surface, Vp, = 0.86 V. The inset shows an XPEEM image
at location P1 on LiNbO3 of SAWSs at 500 MHz. The black and red rectangles are
the regions where we extract the curve data as we sweep the bias voltage.
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opposite helicity. We call this a two-phase XMCD image. Figure 3(a)
shows a standard XMCD image of magnetic domains (left) and a
two-phase XMCD image of MAWs (right).

MAW can be clearly seen in two-phase XMCD images. The
observed patterns shift with the synchronization and are visible only
at the x-ray L3 energy of Fe, indicating that the waves are of mag-
netic origin and are generated by the SAW. From the MAW images,
we extracted their profile and fitted it to a sinusoidal wave, using
amplitude and phase as fitting parameters [see Fig. 3(b)]. To quantify
the amplitude, we normalized it by the contrast difference between
opposing domains, which is proportional to the magnetization sat-
uration (Ms). This normalized amplitude is shown in Fig. 3(c),
with each black point indicating the amplitude at different mag-
netic fields, ranging from 1 to 6 mT. The magnetic field is applied
in the film plane at a 30° angle to the SAW propagation direction
to maximize the magnetoelastic torque.'””"”’ Our MAW quantifi-
cation estimates a magnetization precession angle of 1°-1.5°, with
a maximum efficiency of 2.3°/strain, comparable to that of nickel”!
and Fe;Si.”*

Next, we compared our results to micromagnetic simu-
lations to quantify the magnetoelastic coupling constant. The

simulation consists in a partial differential equation solving of

Landau-Lifshitz-Gilbert equations by generating a mask of strain
that moves with the simulation running time, mimicking the
SAWSs. The parameters of the simulated FeGa are y,M; = 1.4 T,
Aex = 1.8 pJ/m,” and a = 0.012.*” We used the MuMax3 simulation
software,”>* which incorporates all effective field contributions,
including Zeeman, demagnetization, anisotropy, and magnetoelastic
fields generated by the coupling between SAWs and magnetization.
The effective magnetoelastic field is given by

2 2 2
Fine = Bi[excmy + eyym,, + e2m; |
+ 2Ba[exymyxmy + e + €,Mym; ], 2)

where B; are the magnetoelastic constants and m; are the normal-
ized magnetization components. Due to the in-plane magnetization

—
oy
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XMCD
Signal

XMCD signal (a.u)

Distance (pm)
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and the fact that SAWSs propagate in the x-direction, the ME will
be primarily dominated by ey and B;, with B, having a negligible
impact. Increasing B, from 0 to 16 MJ/m? results in a 2% increase
in MAW amplitude at resonance. Therefore, only B, is determined.
The SAWs are introduced in the simulation as a plane wave with
amplitude ¢;; that moves in time. The ME effect produces an effec-
tive field that creates a torque to the magnetization, thus producing
MAWs. Their amplitude is determined by calculating the wave
envelope at different magnetic fields.

The results of the simulations are shown with the red solid, dot-
ted, and dashed lines in Fig. 3(c) together with experimental data.
They reveal a non-resonance broad peak at 1 mT caused by the inter-
play between internal effective fields (anisotropy and applied field)
and the ME torque (that depends on the relative orientation of the
magnetization and the SAW propagation). The simulation that bet-
ter reproduces the experimental results uses B; = 4.0 + 0.5 MJ/m’
and a small in-plane anisotropy of about 1 mT in the x-direction,
parallel to the direction of SAW propagation. This shows that even
with the reduction in the shear elastic constants from the second
magnetostriction peak, we were able to generate a sizable coupling
between the SAWs and the FeGa magnetization, obtaining a com-
parable magnetoelastic constant, By, as found in bulk single-crystal
FeGa with similar stoichiometry (B; = —4.8 MJ/m?).%

The loss of resonance at 500 MHz comes from the introduction
of the wavelength parameter (A = vs/fsaw) in the magnetic waves
due to the SAWSs. The non-uniform magnetization precession affects
exchange and dipolar energies, typically leading to an additional
increase in frequency with decreasing wavelength.””* This effect is
illustrated in Fig. 4(a). The black solid line corresponds to the Kittel
relation [Eq. (1)] for a uniform excitation with A = co (FMR), while
the red dots show resonance frequencies of the MAW with its corre-
sponding wavelength when the SAW propagation direction and the
applied magnetic field form a 30° angle (¢,,). Each point represents
the MAW resonance frequency for a given magnetic field. In this
case, the resonance starts around 3 GHz; thus, exciting it at 500 MHz
results in non-resonant MAWSs. Figure 4(b) shows the interaction

—
o
~~

0.04

) e [Simulation] B, = 3.5 M.J/m?
] - - -[Simulation]B, = 4.5 MJ/m?*
jg 0.03 - —— [Simulation] B, = 4.0 M.J/m®
- P —3$—XMCD data
< She
T 002 :

N
E

g 0.01 -

Z
fSAW = 500 MHz
0 . . .
0 2 4 6 8 10

woH (mT)

FIG. 3. (a) The left panel displays an XMCD image showing magnetic domains on FeGa. The right panel displays a 2-phase XMCD image highlighting MAWs of 500 MHz
on FeGa at a magnetic field of 1 mT. (b) Spatial MAW profile (red curve) at a fixed magnetic field of 1 mT. The black curve is the fitted sinusoidal function. (c) Magnetic field
dependence of the normalized MAW amplitude derived from the XMCD profiles (connected black dots; see the text for details). The red dotted, solid, and dashed lines show
the resulting amplitude of micromagnetic simulations with different effective magnetoelastic constants 3.5, 4.0, and 4.5 MJ/m®, respectively. All the simulations include a 1
mT in-plane uniaxial anisotropy in the x direction (parallel to the SAWSs). The determined magnetoelastic constant that better suited the XMCD data is By = 4.0 + 0.5 MJ/m®.
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FIG. 4. (a) Resonant magnetic field for FMR (black solid line) and acoustic-FMR
(red dots). The black curve (FMR) plots the Kittel relation [Eq. (1)] with poMes = 1.4
T. The red dots (acoustic-FMR) are the result of simulations exciting the FeGa at
different SAW frequencies. (b) Results of simulations using FeGa parameters with
toHy,, =1 mT showing the normalized amplitude of the MAWSs in FeGa at different
external magnetic field angles, ¢,,.

between the internal effective field and the ME torque. We simu-
lated curves of the MAW amplitude caused by the SAW at 500 MHz
using the same parameters as in Fig. 3(c) but for different angles of
the applied magnetic field. Increasing the applied field causes two
competing effects: (i) an increase in the overall effective field, reduc-
ing the strain’s influence on magnetization and (ii) a gradual tilt of
magnetization from the anisotropy axis toward the magnetic field
direction, which now enhances the strain’s effect on magnetization.
ME torque is maximum at 30° and vanishes when the magnetization
moment is along the x or y axis. Thus, the magnetization at low fields
is still along the anisotropy axis (x axis) with negligible torque from
the SAW. As the magnetic field increases, magnetization rotates and
the SAW’s torque on magnetization reaches a maximum around
1-2 mT when magnetization is along the applied field. Larger mag-
netic fields simply cause a reduction in SAW-induced magnetization
dynamics. We observe such behavior in Fig. 4(b), where all curves
have a maximum around 1-2 mT with different amplitudes depend-
ing on the direction of the applied magnetic field. The saturation
magnetization, M, plays a crucial role here as it increases resonance
frequencies and lowers magnetoelastic effective fields (the effective
field comes from the ratio between B; and Mj), resulting in a smaller
MAW response.

IV. CONCLUSIONS

To summarize, we investigated the dynamic interaction
between SAWs and magnetization in a galfenol thin film with 28
at. % in gallium content on a piezoelectric LINbO; substrate. We
demonstrated the electric control of magnetization waves through
XPEEM measurements. Our findings revealed the presence of both
SAWs and magnetoacoustic waves (MAWs) in the FM thin film,

pubs.aip.org/aip/apm

with the MAW amplitude being comparable to that in cobalt but
smaller than in nickel. Our technique allows quantification of strain
and MAW amplitude and, thus, enables us to obtain an estimate for
the magnetoelastic constant (B; = 4.0 + 0.5 MJ/m?) in the sputtered
10 nm galfenol thin film with a rich Ga content (Fe7,Gays). Our sim-
ulations indicate that we generate MAWSs in a non-resonance mode
and suggest that we can obtain larger MAW amplitudes when res-
onance conditions are fulfilled. The simulations also show that the
propagation angle between the MAW and magnetization plays a
crucial role in determining the resonance condition and setting the
overall MAW amplitude.
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