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Abstract—In this work, we investigate magneto-acoustic attenuation
in thin film multiferroic Lamb wave delay lines. By leveraging magneto-
acoustic interactions, multiferroics have potential to realize passive
chip-scale alternatives to bulky ferrite devices. For the first time, magnetic
field dependence of magneto-acoustic interactions in multiferroic Lamb
wave devices is characterized. Multiferroic heterostructures of aluminum
nitride and cobalt iron boron are fabricated into Lamb wave delay lines
operating at 7.492 GHz to study the effect of strain nonuniformity on the
multiferroic coupling. The attenuation of the Lamb waves is characterized
as a function of the magnitude and angle of an applied in-plane bias
magnetic field. It is found that the bias magnitude for peak attenuation
is a strong function of angle, indicating that it is due to coupling
between the Lamb waves and spin wave modes. This is in contrast with
current models of attenuation in multiferroic SAW delay lines, where the
uniform surface strains couple to ferromagnetic resonance, which has no
angular dependence on the in-plane bias field magnitude. These results
are the first steps towards passive chip-scale alternatives to ferrite devices
utilizing Lamb wave devices, which have better coupling and scalability
than their SAW counterparts. [2020-0114]

Index Terms— Acoustic delay lines, Lamb waves, magneto-acoustics,
MEMS, multiferroics, spin waves.

I. INTRODUCTION
IRCULATORS, isolators, and other devices that leverage the
C unique interactions of electromagnetic (EM) waves with mag-
netic materials are pervasive throughout radio frequency (RF) sys-
tems [1]. Despite decades of miniaturization of RF electronics, these
magnetic components have not seen nearly as dramatic of a size
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reduction and are currently the bulkiest components in RF front
ends [2]. Since these devices rely on EM waves for operation, their
dimensions must be on par with the EM wavelength to have any
appreciable effect.

Magneto-acoustic technology offers a route for the miniaturization
of magnetic devices used in RF systems by instead leveraging the
interactions of acoustic waves with magnetic materials. Due to the
approximately five orders-of-magnitude difference between the speed
of light and the speed of acoustic waves, utilizing magneto-acoustics
will lead to dramatic size reduction in device characteristic length.

To enable these magneto-acoustic devices, a new class of devices
called multiferroics can be leveraged [3], [4]. These systems cou-
ple magnetostrictive and piezoelectric materials through strain to
enable electric field control of micro-magnetic devices. Prior work in
micro-scale magneto-acoustics has primarily focused on multiferroic
surface acoustic wave (SAW) devices [5], [6]. In these devices
the strains are approximately uniform through the thickness of the
magnetic film, meaning only the uniform magnetization oscillation
mode, known as ferromagnetic resonance (FMR), is driven. However,
pushing magneto-acoustic devices to higher frequencies will require
shorter wavelengths, resulting in nonuniform strains and coupling
to nonuniform magnetic modes, called spin waves. Preliminary
investigation of the effect of strain nonuniformity in multiferroic
SAW devices has been done [7]. However, SAW devices have low
phase velocities, limiting their scalability to higher frequencies due
to the small lithographic features needed [8]. Lamb waves are much
better suited for higher frequencies due to the faster phase veloc-
ities, access to higher-order modes, and higher electromechanical
coupling [8]-{10]. While Lamb waves can be dispersive, especially
higher-order modes, it has been shown that this dispersion can be
compensated by using chirped signals [11], which can be excited
in thin film plates through the electrode design [12]. As first steps
towards high frequency magneto-acoustic devices, this work presents
the measurement of spin wave damping of acoustic waves in a mul-
tiferroic Lamb wave delay line. The significance of this result is that
it experimentally shows, for the first time, the dependence of Lamb
wave/spin wave coupling in thin film multiferroic heterostructures on
external magnetic fields.

II. BACKGROUND

The magnetic film thickness in a multiferroic SAW device is small
compared to the acoustic wavelength and the substrate, so the strain in
the magnetic film is approximately uniform throughout its thickness
and drives the FMR mode in the magnetic layer. In composite Lamb
wave delay lines (Fig. 1), the magnetic material is a significant portion
of the device cross section. The strains now can no longer be assumed
to be uniform and spin waves are excited instead of FMR.

Spin wave modes have unique properties that are not present in
ferromagnetic resonance, one being that the magnetic field required
for the existence of the spin wave mode, for a fixed wave number
and frequency, is strongly dependent on the angle between the spin
wave propagation direction and the bias magnetic field applied, even
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Fig. 1. (a) Microscope image of a fabricated multiferroic Lamb wave delay
line and (b) diagram of the device cross section. The angle between the Lamb
wave propagation direction and the applied bias magnetic field is 4.

Normalized Bias Magnitude vs Angle for Spin Wave
of Fixed Frequency and Wavelength
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Fig. 2. Dependence of the Hp;,o/M; needed for the existence of a spin

wave mode as a function of the angle between the bias magnetic field and
the spin wave propagation direction, with frequency and wavelength fixed.

if the magnetic film is isotropic. Angular dependence in FMR is
only possible with material anisotropy, caused by either the shape
or crystal structure. Neglecting the influence of the magnetic film’s
thickness, this is approximately shown by the equation below [13].

Hbias = ¥ 1o (1)

Here o is the angular frequency, y is the gyromagnetic constant, 5
is the exchange constant, k is the wave number, M is the saturation
magnetization, and Hp;,; and & are the bias magnitude and bias angle
relative to the spin wave propagation direction, respectively. The trend
for Hpjqs/Ms versus angle, for fixed frequency and wave number,
is plotted in Fig. 2. As the bias angle increases, the bias magnitude
needed for the spin wave mode to exist decreases as —sin?8.

III. EXPERIMENT

To investigate coupling of spin waves with acoustic waves, Lamb
wave delay lines were fabricated, with 400 nm of aluminum nitride
(AIN) as the piezoelectric layer and 70 nm of amorphous cobalt
iron boron (CoggFespB20) (144 um x 144 um in-plane) as the
magnetostrictive layer (Fig. 1). As the in-plane dimensions of the
CogoFeqpB20 are much larger than the thickness, edge effects are
weak and it is regarded as isotropic. As the CogqpFeqpB20 is a major
portion of the device cross section, strains are not uniform through its
thickness, resulting in nonuniform driving fields within the magnetic
layer. Parallel plate electrodes were used instead of traditional IDTs to
excite higher frequencies while still using contact lithography, at the
cost of the electromechanical coupling.
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Fig. 3. (a) Measured S21 of the Lamb wave delay line at mode of interest.

Simulated in-plane (b) extensional and (c) shear strain profiles of the mode.
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Fig. 4. Change in 521 of the chosen acoustic mode, 7.492 GHz, as a function
of DC magnetic bias field at an angle of 30°. Attenuation of the acoustic wave
by the magnetic thin film maximizes near 230 Oe, indicating the presence of
a spin wave mode that matches the acoustic wave wavelength and frequency.

To further enhance the nonuniformity of the strain fields, the
device is run at a high harmonic to shorten the wavelength. For
this experiment, a Lamb mode at 7.492 GHz is chosen (Fig. 3a).
The wavelength is approximately 1.5 zm. Due to the presence of the
CoygFeqpByg layer, the Lamb wave is perturbed from a symmetric
mode to a quasi-symmetric mode (Fig. 3b,c).

The Lamb wave device is placed in an electromagnet which
applies an in-plane bias magnetic field at several different magnitudes
and angles. The angle is controlled using a Thorlabs CR1 manual
continuous rotation stage, measuring the angular position with the
radial scale. The field modifies the frequencies and wave numbers of
the spin wave modes in the CogqpFe40B2p layer. At each combination
of magnetic field magnitude and angle, the device S-parameters are
measured using a PNA-L network analyzer, with the IF bandwidth set
to 500 Hz and averaging set to 10 to minimize random S21 variation.
The impact of EM feedthrough and acoustic reflections is minimized
by time-gating the signal between 23 ns and 60 ns.

IV. RESULTS

Shown in Fig. 4 is a representative plot of the measured magnetic
field dependent change of the S21 at 7.492 GHz. As the magnetic
field is increased, eventually the spin wave matches the acoustic wave
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Fig. 5. Measured bias magnitude of maximum acoustic wave damping versus
the angle of the magnetic field. As the angle increases, the bias needed
decreases, matching the trend shown in Fig. 2. This is a unique aspect of
coupling to spin wave modes, only achievable by using nonuniform strains.

in wavelength and frequency. This leads to increased damping of the
acoustic wave as energy is dissipated by the spin wave and manifests
itself as a dip in the S21 (230 Oe in Fig. 4). The peak is likely
caused by an increase in acoustic wave velocity from the magneto-
acoustic back-action [14]. The bias magnetic field at which this dip
occurs for each angle of the experiment is plotted in Fig. 5. As the
angle of the magnetic field increases, the bias field of the maximal
damping point decreases, which is the same trend as predicted for
the spin wave dispersion (Fig. 2). This is in stark difference with
previous work in SAW driven FMR, where the bias magnitude for
maximal damping show no dependence on the angle for isotropic
materials [5], [6]. These findings are key first steps towards the
realization of high frequency magneto-acoustic devices where the
short acoustic wavelengths will necessitate coupling to spin wave
modes instead of FMR.
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