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ABSTRACT

Acoustically driven ferromagnetic resonance (ADFMR) is a platform that enables efficient generation and detection of spin waves via
magnetoelastic coupling with surface acoustic waves (SAWs). While previous studies successfully achieved ADFMR in ferromagnetic
metals, there are only few reports on ADFMR in magnetic insulators such as yttrium iron garnet (Y3Fe5O12, YIG) despite more favorable
spin wave properties, including low damping and long coherence length. The growth of high-quality YIG films for ADFMR devices is a major
challenge due to poor lattice-matching and thermal degradation of the piezoelectric substrates during film crystallization. In this work, we
demonstrate ADFMR of YIG thin films on LiNbO3 (LNO) substrates. We employed a SiOx buffer layer and rapid thermal annealing for crys-
tallization of YIG films with minimal thermal degradation of LNO substrates. Optimized ADFMR device designs and time-gating measure-
ments were used to enhance the ADFMR signal and overcome the intrinsically low magnetoelastic coupling of YIG. YIG films have a
polycrystalline structure with an in-plane easy direction due to biaxial stresses induced during cooling after crystallization. The YIG device
shows clear ADFMR patterns with maximum absorption for H� 160mT parallel to SAW propagation, which is consistent with our simula-
tion results based on existing theoretical models. These results expand possibilities for developing efficient spin wave devices with magnetic
insulators.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0211718

Increasing demand for high-performance computing requires the
development of low-loss electronics. One promising platform for
achieving this is through magnonics—the transportation and process-
ing of information via spin waves (magnons).1–5 To achieve practical
applications, magnonic components must be able to efficiently gener-
ate, transport, manipulate, and detect magnons. One method of

efficiently generating magnons is through magnetoelastic coupling uti-
lizing surface acoustic waves (SAWs), a phenomenon known as acous-
tically driven ferromagnetic resonance (ADFMR).6–8 In ADFMR,
SAW-induced oscillating strains in a magnetostrictive material create
an effective magnetic field, which leads to substantial SAW power
absorption when ferromagnetic resonance conditions are satisfied by
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applied magnetic fields.6–10 Consequently, ADFMR shows distinctive
angle- and field-dependent SAW absorption patterns. Such ADFMR
devices are characterized by low power dissipation due to the use of
voltage-controlled interdigitated transducers (IDTs) for SAW launch-
ing and detection.11,12 Additionally, these ADFMR devices can be opti-
mized through modifying IDT dimensions, designs, methods, and
materials to improve impedance matching and high-frequency perfor-
mance.12–14

Although previous studies have demonstrated ADFMR in mag-
netic metals—e.g., Ni, Fe, and FeCo—there are no such reports in a
magnetic insulator.6,15,16 Magnetic insulators are important in mag-
nonics as the lack of mobile electrons results in low damping and
improved magnon propagation.4,5 Among magnetic insulators,
yttrium iron garnet (Y3Fe5O12, YIG) has been reported to have the
best known magnonic properties, including the lowest Gilbert damp-
ing, narrowest FMR linewidth, and farthest magnon propagation dis-
tance.5 Thus, YIG has been the subject of various magnonic studies,
such as nonlinear magnon dynamics, magnonic logic devices, ther-
mally induced magnon generation, and spin pumping in Pt/YIG
bilayers.4,5 Such studies typically use high-quality single-crystal YIG
films grown on lattice-matched substrates, such as gadolinium gallium
garnet.4,5,17,18 However, ADFMR devices require the use of piezoelec-
tric substrates such as LiNbO3 (LNO), which have a poor lattice match
with YIG, precluding epitaxial growth. Moreover, these piezoelectric
substrates easily degrade when exposed to the temperatures (>800 �C)
required for YIG crystallization, forming crystal defects such as oxygen
vacancies or secondary phases.19–23 Additionally, YIG and many other
magnetic insulators have an intrinsically low magnetostriction coeffi-
cient compared to ferromagnetic metals.24,25 These challenges are a
significant hurdle to the study of ADFMR in such magnetic insulators.

In this work, we demonstrate ADFMR in polycrystalline YIG
thin films deposited on LNO substrates. A thin (5 nm) SiOx buffer
layer was employed to facilitate growth of YIG and suppress unwanted
reactions with LNO during heat treatment.26 To minimize thermal
degradation of LNO, the YIG films were fabricated using room-
temperature pulsed laser deposition (PLD) followed by rapid thermal
annealing (RTA) for crystallization. To enhance the ADFMR signals of
polycrystalline YIG, which are expected to be small due to its low mag-
netostriction (�2.1� 10�6),25 a split-finger IDT design13 was used to
reduce destructive interference at higher frequencies as well as a time-
gating method11,12 to isolate the SAW signal from spurious electro-
magnetic signals. The YIG thin film showed angle-dependent ADFMR
features, implying the magnetization dynamics of YIG can be manipu-
lated by voltage-controlled SAW.

A 5nm SiOx buffer layer was first deposited by radio frequency
sputtering on Y-cut LNO substrates (i.e., the substrate is the X–Z plane
of the LNO trigonal lattice with in-plane vectors [�2110] and [0001]) to
prevent formation of perovskite phases during crystallization. An
amorphous YIG-composition film was then deposited on each sub-
strate by PLD (Neocera47) using a YIG (Y3Fe5O12) target of 99.9%
purity. The base pressure of the PLD chamber was �1 mPa. PLD was
done at room temperature under an oxygen partial pressure of 2.7 Pa
using a 248nm KrF laser (COMPex Pro 205, Coherent, USA) with a
fluence of 2.1 J/cm2. Rapid thermal annealing (MILA-5000, Advance
Riko) of the amorphous YIG-composition films was then performed
at 800 �C for 200 s in air to crystallize the YIG films while minimizing
degradation of the LNO substrates. The crystallized YIG films were

about 180nm thick. The crystal structures of the YIG films before and
after RTA were analyzed using x-ray diffraction (XRD; X’pert Pro
MPD, Malvern Panalytical). Atomic force microscopy (AFM;
Dimension 5000-1, Digital Instruments) was used to investigate the
surface roughness of the YIG films. Vibrating sample magnetometry
(VSM; 7400 Series, Lake Shore) was employed to characterize field-
dependent magnetization (M–H) of the YIG films. Field-dependent
ferromagnetic resonance (FMR) of the samples was measured using a
coplanar waveguide, a lock-in amplifier (SR830, Stanford Research
Systems), and a radio frequency generator (83752A, Hewlett Packard).
A schematic view of the FMR measurement setup is provided in
Fig. S1.

A maskless photolithography system (MLA150, Heidelberg
Instruments) was used to fabricate the ADFMR devices with IDTs
down to 1lm resolution. Ion beam etching with Ar gas was employed
for YIG film patterning, which was then followed by liftoff of 70 nm
thick aluminum IDTs deposited by electron beam evaporation
(Nexdep, Angstrom Engineering). The IDTs were designed to excite
SAWs along the LNO Z-axis, the preferred propagation direction for
Rayleigh-type SAWs in Y-cut LNO.13 SAW launcher designs were
optimized based on ADFMR performance, and the final IDT structure
had finger widths of� 1.7lm, periodicity k¼ 10lm, and 50 split-
finger pairs. The designs of patterned YIG and a printed circuit board
(PCB) for sample mounting were also optimized to reduce SAW inser-
tion loss and maximize ADFMR signals. An automated rotating stage
with an electromagnet (angle-controllable to around 1�) was developed
for field- and angle-dependent ADFMR measurements. The signal
transmission between two IDTs (S21) in the frequency domain was
measured via a vector network analyzer (VNA; 83752A, Hewlett
Packard) to characterize SAW resonance peaks, including odd har-
monics. The ADFMR signals were improved by isolating the SAW
transmission signals from electromagnetic interference based on time-
gated S21 measurements at selected harmonic frequencies using an
arbitrary waveform generator (AWG7000, Tektronix) and an oscillo-
scope (Infiniium 54845a, Agilent).

Figure 1(a) shows XRD patterns for YIG thin films deposited on
the LNO substrates before and after the RTA process. An ideal XRD
pattern of polycrystalline YIG (space group Ia�3d) is provided as a ref-
erence (ICDD No. 04-009-8391). The XRD profile of the as-deposited
sample shows no peaks other than those of the LNO substrate, indicat-
ing that the film is amorphous or poorly crystalline (small grains).
Diffraction peaks corresponding to YIG crystals emerge after heat
treatment at 800 �C using RTA. This agrees with earlier studies where
amorphous YIG was crystallized at 800 �C.18,27,28 We estimated the
YIG crystallite size (D) along the thickness direction employing the
Debye–Scherrer equation29 D ¼ Kx=b cos h, where K¼ 0.9 is a shape
factor, x¼ 0.154 18 nm is the wavelength of Ni-filtered CuKa x-ray, b
is the full width of half maximum of diffraction peaks, and h is the
Bragg angle. The out-of-plane crystallite size of YIG was
calculated to be 1496 65 nm, in good agreement with the YIG film
thickness (� 180 nm).

Figure 1(b) shows the surface morphology of the crystallized YIG
thin film measured using AFM. The YIG film shows the root mean
square (RMS) surface roughness of 1.5nm, suggesting that the film
surface remains smooth after YIG crystallization. The AFM image also
illustrates grains and grain boundaries, where the in-plane grain size is
estimated to be on the order of 1lm.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 052402 (2024); doi: 10.1063/5.0211718 125, 052402-2

Published under an exclusive license by AIP Publishing

 31 July 2024 17:25:08

pubs.aip.org/aip/apl


Figure 1(c) shows M–H curves of a polycrystalline YIG film
grown on LNO along X- and Z-axes, defined in the inset figure.
The YIG film has a coercive fieldHc � 15mT and a saturation field Hs

� 150mT in the Z direction, while in the X direction, Hc � 17 and Hs

� 20mT. These values are larger than those of epitaxial YIG films
or YIG single crystals,17,18,27,30 but they are comparable to those of
polycrystalline YIG thin films deposited on non-garnet sub-
strates.28,31,32 The polycrystalline YIG film shows saturation magneti-
zation Ms � 110 kA/m, which is lower than the bulk value of
140kA/m but similar to the results of some previous studies on poly-
crystalline films.33,34 The observed in-plane magnetic anisotropy of
our YIG films can be attributed to anisotropic stresses induced during
cooling after RTA due to a mismatch in the coefficients of thermal
expansion (CTE) between LNO and YIG. The CTEs of LNO at room
temperature along X- and Z-axes are (14.1–16.7)�10�6 and (2.0 to
7.5)�10�6 K�1, respectively,35,36 while that of polycrystalline YIG is

11.2� 10�6 K�1 in all directions.37 Furthermore, the mismatch in
CTE is larger during annealing from RT to 800 �C, resulting in lattice
expansions along X- and Z-axes of LNO (Da¼ 1.8%, Dc¼ 0.17%) and
YIG (Da¼Dc¼ 0.8%).36,37 Thus, after cooling the YIG films devel-
oped tensile stress in the Z direction and compressive stress in the X
direction (Fig. S2). The magnetostriction of polycrystalline YIG may
be estimated as k¼ 0.4 k100þ 0.6 k111 where k100¼�1.3� 10�6 and
k111¼�2.7� 10�6, yielding k¼�2.1� 10�6.25 As shown in Fig. S3,
this negative magnetostriction results in an easy magnetization axis in
the direction of compressive stress (X-axis) and hard axis in the direc-
tion of tensile stress (Z-axis).

Figure 1(d) shows FMR data taken at frequencies from 2 to
7GHz with an input power of 1 mW. The observed linewidth is about
50mT at 7GHz, much larger than that observed for single crystals or
epitaxial films.4 Moreover, satellite peaks can be observed, which is
consistent with the FMR resonance modes of polycrystalline YIG

FIG. 1. (a) XRD patterns for YIG/LNO before and after crystallization using RTA. (b) Surface morphology AFM image of YIG after crystallization using RTA. (c) M–H curves of the
YIG thin film with applied fields along the X- and Z-axes. (d) Field-dependent FMR spectra for different excitation frequencies. The inset shows FMR resonance field Hres as a func-
tion of excitation frequency f for experiments (scatter) and simulations (line). The FMR simulation was performed using the formula 2pf=cð Þ2 ¼ ðHres þ Hk � HaniÞðHres � HaniÞ,
with the gyromagnetic ratio c=2p¼ 28 GHz/T, in-plane anisotropy field Hani¼ 80mT, and out-of-plane anisotropy field Hk ¼ 230mT.
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films.38 We also performed FMR simulations of YIG films, which were
consistent with our observations as shown in the inset of Fig. 1(d).

Figure 2(a) shows schematic and microscope images of a YIG
ADFMR device. A full-view image of our YIG device is provided in Fig.
S4. SAW signals are transmitted from IDT1 to IDT2 along the Z-axis of
the LNO with S21 scattering parameter, defined as 20log VIDT2

VIDT1
. We used

split-finger IDTs to reduce power loss due to internal SAW reflections,
thus improving performance at higher harmonics.13 The angle between
the Z-axis and the applied magnetic field is defined as /. As shown in
Fig. 2(b), VNAmeasurements of S21 for a device with k¼ 10lm reveal
two SAW resonance modes corresponding to Rayleigh waves (f1¼ 340
and f3¼ 1020MHz) and longitudinal waves (f 01¼ 740 and
f 03¼ 2220MHz). These values are consistent with the velocities of Z-
axis propagating SAWs in LNO, 3400 and 7400m/s, respectively.13,39

The VNA measurement shows significant interference due to
electromagnetic coupling between IDTs. For this reason, we performed
angle- and field-dependent ADFMR measurements with the third har-
monic Rayleigh resonance at 1031MHz employing a time-gating isola-
tion method.11,12 Figure S5(a) shows the time-gating measurement
allowing for separation between electromagnetic waves (EMWs) and
SAW signals owing to difference in the speed of light in air vs the
speed of SAWs in LNO. The two-dimensional spectrogram shows
apparent isolation of the S21 voltage signals of SAWs at the excitation
frequency from the EMW interference, as illustrated in Figs. S5(b) and

S5(c). Note that the EMW background signal is about 10 times smaller
than the SAW (10dB difference) in both the VNA and time-gating
measurements, showing good agreement between two measurements
of the same device.

Figure 3 shows the power absorption of the YIG ADFMR device
for different angles. The field-dependent relative power absorption
DS21 for different angles is shown in Fig. 3(a), where DS21 is normal-
ized to equal 0 dB at high field (H¼ 350mT). The observed ADFMR
features show maximum absorption at H� 160mT and /¼ 0�. The
ADFMR signals reach a maximum absorption of DS21 � �0.07dB,
which are larger than the background noise level (�0.005dB). This
indicates that the ADFMR of the YIG thin film is sufficient to detect
despite the inherently low magnetostriction coefficient of YIG. We
performed a thorough quantitative analysis using a theoretical simula-
tion and confirmed that the observed absorption feature is due to
ADFMR in YIG films. Detailed description of YIG ADFMR simulation
is provided in the supplementary material, including theoretical for-
mula and simulation parameters (Tables S1 and S2). The absorption
line profiles obtained via the YIG ADFMR simulation [Fig. 3(b)] are
reasonably consistent with the experimental observation [Fig. 3(a)].
The two-dimensional maps of DS21 as functions of H and / also show
good agreement between experiment and simulation, as presented in
Figs. 3(c) and 3(d).

For comparison, we measured an ADFMR device with a 20 nm
Ni thin film, a ferromagnetic metal studied extensively for ADFMR
research, as a reference material. The Ni ADFMR device shows SAW
resonance peaks (f1 and f 01) and corresponding odd harmonics (f3 and
f5) (Fig. S6). The Ni ADFMRmeasured at f5¼ 1711.9MHz shows clear
angle dependence with maximum absorption (DS21 � �12 dB) at
/¼ 10� and H¼ 20mT (Fig. S7), which is in good agreement with
some previous reports.6,10,40

The ADFMR pattern of the YIG device is different from that of
the Ni device. One remarkable difference is the ADFMR absorption
intensity. The maximum ADFMR absorption for the YIG and Ni devi-
ces is ��0.07 and ��12 dB, respectively. The difference is about 170
times, which is greater than the expected difference (1.7 times) consid-
ering the magnetostriction constants of YIG (�2.1� 10�6)25 and Ni
(�40� 10�6)41 in addition to other device parameters, such as mate-
rial stiffness, thickness,Ms, and operating frequencies (for more details,
please see the supplementary material). This discrepancy can be
explained by structural effects, such as increased magnetic damping
due to film stress, defects, and grain boundaries in the YIG films.18

Additionally, it should be noted that the highest SAW excitation
frequencies for the YIG and Ni ADFMR devices are different, which
could be due to partial thermal degradation of LNO substrates in YIG
samples. Despite identical IDT designs and Y-cut LNO substrates, the
S21 of the third harmonic SAW is much lower and the fifth harmonic
Rayleigh wave excitation is not observable in the YIG device. This is
attributable to the high-temperature RTA used for the crystallization
of YIG, which could have partially degraded the LNO substrate by
forming crystal defects, such as oxygen vacancies.19–23 This degrada-
tion of the substrate is supported by the fact that the XRD peaks for
the substrate are broadened after annealing, b ¼ (0.060� 6 0.003�) to
(0.065� 6 0.004�).

As shown in Figs. 3(c) and 3(d), our experimental data are consis-
tent with the ADFMR power absorption simulations except for angle-
independent absorption observed at low field (H� 50mT). This low-

FIG. 2. (a) Schematic view of the YIG/LNO ADFMR device. Inset shows a micro-
scopic image of the IDT split fingers. (b) S21 as a function of frequency. Peaks cor-
responding to SAW absorption (f1 and f 01) and the odd harmonics (f3 and f 03) are
marked.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 052402 (2024); doi: 10.1063/5.0211718 125, 052402-4

Published under an exclusive license by AIP Publishing

 31 July 2024 17:25:08

https://doi.org/10.60893/figshare.apl.c.7346188
https://doi.org/10.60893/figshare.apl.c.7346188
pubs.aip.org/aip/apl


field absorption can also be observed in the Ni device at H � Hs [Figs.
S8(a) and S8(b)]. This is likely due to power absorption in unsaturated
films occurring when an applied field is smaller thanHs. Similar angle-
independent absorption at low applied fields is also seen in previous
ADFMR studies.6,10

The angle-dependent absorption feature shows discrepancies
between the YIG and Ni devices, as the YIG ADFMR power absorp-
tion peaks at /¼ 0� rather than increased angles (/ � 10�) seen in
the Ni ADFMR device. Our YIG ADFMR simulation reveals that the
difference is likely due to non-negligible strain components. In previ-
ous ADFMR studies, only the ezz component was considered signifi-
cant for Z-propagating Rayleigh wave in Y-cut LNO; other strain
components were approximated to be zero due to the spatial dimen-
sions of the magnetic thin films. On the other hand, the best matching
parameters in our YIG ADFMR simulation include other strain com-
ponents (exz, exx, and eyz) in addition to ezz. The effective driving field
for our YIG ADFMR simulation contains four strain components as
follows:6

h1
h2

� �
¼ B

l0Ms

2eyzcos /0ð Þ
ezz � exxð Þsin 2/0ð Þ � 2exzcos 2/0ð Þ

 !
; (1)

where eij are the strain tensor components of the SAW, B is the mag-
netoelastic coupling constant, and /0 is the magnetization direction.
Note that in the presence of magnetic anisotropy, /0 6¼ / in general,
which we find is the case in our YIG films. See the supplementary
material for further details.

The out-of-plane shear strain components (eyz) of Rayleigh waves
become non-negligible when the thin-film approximation is not appli-
cable (i.e., thicker films as in our YIG devices), which induces a driving
field h1 that has a maximum strength at 0�.6,8,42 As this eyz contribu-
tion increases, the ADFMR power absorption at 0� increases. The in-
plane strain components (exx and exz) become significant when there
is dispersed and non-plane wave-like SAW propagation, as reported in
a recent ADFMR study of focused IDT devices.43 Our YIG cells are
several times longer (aspect ratio of 6.7) in length than square-shaped
Ni cells. Thus, the SAWs in our YIG devices are more likely affected

FIG. 3. Power absorption DS21 as a function of applied field strength for different angles in (a) experiment and (b) simulation. Two-dimensional map of power absorption DS21
as functions of applied field angle and strength in (c) experiment and (d) simulation.
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by in-plane effects, which introduce non-zero exx and exz components,
such as interactions with the YIG grain boundaries and film edges.
Additionally, large in-plane magnetic anisotropy in our YIG devices
has a significant effect on the angle-dependent features, leading to very
narrow ADFMR absorption features around 0�.44,45 This anisotropy is
largely due to film stresses, as it opposes any potential in-plane shape
anisotropy that may be caused by our bar-shaped YIG films. When
these factors—film thickness, non-trivial SAW propagation, and in-
plane magnetic anisotropy—come into play simultaneously, this can
result in the observed single-lobe ADFMR pattern. To explain the con-
tributions of each parameter to the power absorption patterns (single-
lobe or multiple-lobe), we provide details of our ADFMR simulation
in Figs. S9–S12.

To demonstrate ADFMR in YIG, we have attempted to address
issues regarding poor substrate match and thermal degradation during
film crystallization. Partial substrate degradation in our YIG devices was
observed, which likely resulted in reduced ADFMR signals (�0.07dB)
due to a decreased operating frequency (i.e., absence of the fifth har-
monic SAW). Another challenge we encountered lies in in-plane stresses
in the YIG films, which can increase damping.18 The use of a substrate
that has lattice constants and temperature-dependent CTEs similar to
YIG could allow for the growth of YIG films with less in-plane stresses,
thus alleviating this issue. Moreover, a more thermally robust piezoelec-
tric substrate would reduce degradation of SAW performance, which in
turn would lead to lower input loss, higher operating frequency, and
improved ADFMR signal. One potential candidate for the piezoelectric
substrate material of YIG ADFMR is quartz as it has a CTE similar to
that of YIG and polycrystalline Ce:YIG films have been grown success-
fully on Z-cut a-quartz.46 Our findings would facilitate spin wave device
research for low-loss computing applications based on magnetic insula-
tors employing low damping and pure spin wave characteristics.

In this work, ADFMR of YIG thin films was demonstrated. RTA
was used to crystallize YIG deposited using PLD with optimized anneal-
ing conditions and a thin SiOx buffer layer to minimize the reaction and
degradation of the piezoelectric LNO substrate. Magnetic anisotropy
was observed from the angle-dependent M–H measurements, resulting
from the difference in CTE of YIG and LNO. Using time-gating mea-
surements, we detected two key features in our YIG ADFMR devices. A
single-lobe ADFMR pattern was observed in the YIG device with maxi-
mum absorption at 0�, which was reproduced with theoretical simula-
tion. Different from Ni ADFMR, the ADFMR pattern in our YIG
devices can be attributed to non-zero strain components induced by
thick films, non-uniform SAW propagation, and stress-induced mag-
netic anisotropy. These results could pave the path toward the develop-
ment of magnonic devices based on magnetic insulators.

See the supplementary material for details of the ADFMR simula-
tions, custom-built FMR measurement setup, schematic illustration of
film anisotropy induced by CTE difference, angle-dependent magnetic
characterization of YIG films, time-gating measurements, angle-
dependent M–H characteristics of Ni thin film, ADFMR features of a
Ni/LNO device, and systematic analysis of ADFMR simulation
parameters.
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