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Multiuse or reconfigurable rf front ends require rf filters capable of dynamically broadening and/or shift-
ing their operating frequency. Utilizing frequency-agile filters, the burden of signal processing is shifted
from application specific hardware (e.g., application specific integrated circuit) to software-based solutions
such as software defined radio (SDR). Current filter tuning approaches electrically modify surface or bulk
acoustic wave signal absorption, but typically require prohibitively large electric fields to achieve large
tuning. Alternatively, multiferroic based approaches overcome this limitation by leveraging magnetoelas-
ticity to tune the ferromagnetic resonance (FMR) of nanostructures. Four configurations of CosoFes0B2o
nanoellipses are simulated to theoretically demonstrate how voltage-induced strain and dipole-coupling
affect their FMR spectra. For a single ellipse, two FMR peaks are observed, signifying primary (bulk) and
secondary (edge) modes that were shifted up to approximately 2 GHz by a voltage-induced strain. For
dipole-coupled ellipses, a third resonance peak develops in addition to the bulk and edge modes and simi-
lar frequency shifting is observed with equal strain applied to both nanostructures. When strain is applied
to only one ellipse, fourth and fifth resonance peaks develop. The results demonstrate the high tunability

of magnetoelastic based designs for future strain-based filtering, antennas, or computing applications.
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I. INTRODUCTION

Tunable rf filters, with the ability to broaden and shift
operation frequency, are an essential component for flexi-
ble rf front ends [1,2]. Such frequency-agile filters provide
the capability for reprogrammable devices that shift sig-
nal processing from application specific hardware (e.g.,
application specific integrated circuit) to software-based
solutions such as software defined radio (SDR) [3,4]. Cur-
rent rf filters are primarily surface acoustic wave (SAW)
and bulk acoustic wave (BAW) devices due to their high
quality factor (Q) and linear response [5,6]. Consequently,
due to the electromechanical nature of these filters, most of
the proposals for filter tuning involve materials with elec-
tric field-dependent elastic properties (i.e., stiffness) [3,4].
However, the voltage required to generate a sufficient tun-
ing electric field for an approximately 10-MHz shift of the
passband is often quite large [7]. One possible solution for
larger tunability is to take advantage of the ferromagnetic
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resonance [8] as a bandpass filter and use magnetoelastic-
ity [9] as the tuning mechanism. Such a coupled approach
can be achieved using multiferroic heterostructures.

The excitation and manipulation of magnetization using
multiferroic materials has recently gained substantial inter-
est due to their applications in memory [10—12], logic
[13—-16], nanobiotechnology [17—19], and rf (antenna)
components [20-24]. Specifically, strain-powered multi-
ferroics provide the promise of low power consumption.
For example, nonvolatile magnetic memory storage can
be realized by using strain to deterministically control
the magnetization orientation in ferromagnetic nanoele-
ments [12,25-27]. The potential to harness this energy
efficiency in the context of rf electronics was also demon-
strated by using strain generated from a piezoelectric
substrate to manipulate the easy axis in a magnetostric-
tive material, causing spin waves to vary their propagation
characteristics [28]. Similarly, dipole coupling in nanodot
arrays has been manipulated via voltage-induced strain
to create a binary logic wire, signifying the potential
to directly modify electromagnetic coupling mechanisms.
Dipole-coupled nickel disks have also been investigated

© 2019 American Physical Society
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for their potential to produce artificial ferromagnet and
antiferromagnet ordering in synthetic multiferroics [13].
Furthermore, dynamic manipulation of magnetization in a
multiferroic has been shown to be useful for antenna appli-
cations due to elimination of the platform effect [20—22].

Leveraging the nonsymmetric properties of the perme-
ability tensor, along with the field tunability of resonance
properties of magnetic materials, numerous rf devices
can be made with magnetic materials such as frequency
modulators, Faraday-rotation isolators, phase shifters, and
microwave power limiters, all of which require a magnetic
bias field for operation and tunability [29,30]. Typically,
ferrites are used for such devices, but these materials often
lack the magnetostrictive properties that are often present
in magnetoelastic materials. In this paper, a tunable fil-
ter is investigated that modifies the resonant and dipole
modes of a nanodot array via magnetoelastic interactions
in a multiferroic composite

II. MICROMAGNETIC SIMULATIONS

Our design for controlling FMR spectra consists of ellip-
tical magnetoelastic Cog9Fe40B, islands on a piezoelectric
substrate as shown in Fig. 1(a). The ellipse material is cho-
sen as CoggFe49Byo because of its large saturation magne-
tization and reasonable magnetostriction in comparison to
other magnetoelastic materials such as Ni. Specifically, this
is expected to offer larger tunability of the ferromagnetic
resonance frequency due to increased dipole coupling and
strain response. This design uses voltage-induced strains
in the piezoelectric layer to introduce a magnetoelastic
anisotropy that changes the resonance of the nanostruc-
tures. The magnetoelastic elements are numerically stud-
ied with a Landau-Lifshitz-Gilbert (LLG) micromagnetic
formulation [31,32]

om om
8—7 = —poy(m x Hy) + o (m X 8—7) , (D

where 1 is the permeability of free space, y is the gyro-
magnetic ratio, and « is the Gilbert damping constant.
The model neglects thermal fluctuations and assumes small
elastic deformations as well as uniform strains within the
magnetoelastic elements [16,33]. In Eq. (1), the effective
magnetic field (H ;) for the system is the sum of the
exchange field (H.x), demagnetization field (H,), and mag-
netoelastic field (Hpe). The magnetoelastic field is defined
by H, . =3AY(ex — &)/ oM, where A is the satura-
tion magnetostriction, Y is the Young’s modulus, M, is
the saturation magnetization, and (,, €,) are the voltage-
induced strains in the x and y directions, respectively.
The biaxial strain difference can be produced experimen-
tally by applying an electric field to patterned electrodes
on the piezoelectric layer. The H . term is represented
in Eq. (1) by a uniform uniaxial anisotropy defined as
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FIG. 1. Ellipse geometry for micromagnetic simulation.
Applied Gaussian pulse magnetic field is directed through the
thickness of the ellipse.

K = poMH /2 [16,34]. The LLG formulation is solved
with the finite difference approach using a Dormand-Prince
finite difference method [35,36].

To probe the FMR properties of the magnetoelastic
ellipses, the magnetization is first allowed to reach an equi-
librium state and then a magnetic Gaussian pulse (%) is
applied through the element thickness (z axis). To reduce
simulation time, the Gilbert damping constant is set to
a.=0.3 until an equilibrium state is reached. This typ-
ically takes approximately 2 ns of simulation time and
once the equilibrium state is reached the Gilbert damp-
ing constant is returned to the actual material value. The
process of starting the code with an artificially high «, dra-
matically decreases the simulation time required to reach
the equilibrium state without influencing the spin dynam-
ics reorientation during the simulation [10,19]. For the
dynamic regime, the damping parameter is then set to a
more realistic value of @ = 0.015 [16] and the volume aver-
aged magnetization m(¢) of each nanostructure is recorded
at uniform time intervals of 1 ps for another 4.1 ns of sim-
ulation time. The excitation field distribution in time is
given by

h() = 4 exp (4l°g(2)( b ) @)

where A is the peak height of the pulse, w is the full width
at half maximum (FWHM) of the peak, b is the center of
the peak, and ¢ is time. This type of pulse is chosen because
it is often used in experiments [37] and provides a sig-
nificant broadband excitation of at least 20 GHz, which
enables subsequent calculation of the magnetic suscep-
tibility (x) up to this frequency (i.e., in a range that is
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suitable for typical device applications). The applied pulse
is spatially uniform through the volume of the ellipses
with a small amplitude of approximately 20 Oe chosen
to minimize nonlinear behavior. Based on the choice of
excitation field, the susceptibility in the frequency domain
can be found from M.(w) = X(w) - H(w) [38] by per-
forming a Fast Fourier Transform (FFT) on the volume
averaged m;(¢). Here, the pulse parameters are: 4 =20 Oe,
w =10 ps, and b =20 ps.

In this paper, the FMR response of the magnetoelastic
ellipse configurations shown in Fig. 1(b) are studied with
an applied voltage-induced biaxial strain and, in a second
case, when one ellipse is dipole-coupled to a single neigh-
bor. The biaxial strain state (A¢) is given by Ae = &, — ¢,
and is chosen with a tensile strain (¢,) directed along the x
axis and a compressive strain (g, ) directed along the y axis.
This type of strain state is typical for strain-mediated mul-
tiferroics, and can be experimentally achieved by apply-
ing an electric field (£) through the thickness of a sin-
gle crystal [Pb(Mg;/3Nby/3)03]0.60—{PbTiO3]031 (PMN-
PT) substrate, as shown in Fig. 1(b) [39]. In such cases,
the corresponding strain values can be calculated from
& =dyE and &, = dypE, where d3; =771 pm/V and
dy; = —1147 pm/V are the piezoelectric coefficients of
the PMN-PT substrate [39]. Furthermore, finite element
studies calculating the voltage-induced strain distribution
in a PMN-PT substrate with closely patterned nanomag-
nets are conducted and indicate a highly localized strain
is achievable. Specifically, patterned electrodes are used to
localize the strain to a single ellipse with neighboring ele-
ments experiencing less than 6% of this strain. Hence, the
use of a localized strain in the micromagnetic simulations
of dipole-coupled ellipses is a reasonable approximation.
Similar patterned electrodes have been utilized to gen-
erate localized strain in various magnetic nanostructures
[12,27,33,40]. Using these voltage-induced biaxial strains,
the FMR properties of the ellipses are studied in four cases,
as shown in Fig. 1(b). Case 1 involves a single ellipse sub-
jected to a biaxial strain that varies between 0 and 800 ue
in 200 ue intervals corresponding to applied electric fields
between 0 and 0.42 MV/m for 500-micron-thick PMN-
PT. Case 2 focuses on two dipole-coupled ellipses, which
are unstrained and have edge-to-edge separation distances
of 20, 40, and 60 nm. Case 3 has two dipole-coupled
ellipses with a separation distance of 20 nm subjected to
equal biaxial strains equal to those in the first case. Finally,
Case 4 involves two dipole-coupled ellipses separated by
20 nm, but with strain applied only to one of the ellipses,
with strains ranging from 0 and 600 ue in 200-u¢ inter-
vals, corresponding to applied electric fields between 0 and
0.31 MV/m.

The simulated ellipse geometry is 100 x 60 x 4 nm? for
all cases. The dimensions and aspect ratio are chosen to
ensure the ellipses are in a single domain state with shape
anisotropy sufficient to keep the magnetization directed

TABLE 1. Material properties for CoggFes0Byo nanoellipses.
Material property Symbol  Units  Value
Saturation magnetization M, A/m 1.2 x 106
Gilbert damping e - 0.3

(equilibrium state)
Gilbert damping (dynamic o - 0.015
regime)
Exchange stiffness Aex J/m 1.9x 1071
Saturation magnetostriction A Ppm 50
Elastic modulus Y GPa 160

in-plane along the major axis. This choice is made because
such self-biasing would be advantageous in future device
applications since it removes the requirement for an exter-
nal magnetic bias field. Furthermore, with the material
and geometries chosen for the simulation, all of the mod-
eled nanodots would be thermally stable in experiment,
with a shape anisotropy induced energy well of 70 K,T
(i.e., larger than the 40 K, T required for modern mag-
netic random-access memories (MRAM) devices) [12]. All
of the above-mentioned geometries are numerically simu-
lated using a mesh with cubic elements (1 nm?®) and with
the material properties for CoggFeq9Bag, as given in Table |
[16,41,42]. Furthermore, the mesh is verified by using the
built-in function edgesmooth that produces results similar
to the results without edgesmooth. This result indicates that
the solution has converged to the actual solution dictated
by a smooth geometry.

ITI. RESULTS AND DISCUSSION

Figures 2(a)—2(e) show the FMR response of a single
CogoFeq0Byg ellipse when a voltage-induced biaxial strain
is applied. Figure 2(a) shows the susceptibility along the z
axis of the CoggoFes9Bs ellipse as a function of frequency
for electric fields of 0 to 0.42 MV/m. As seen from the
figure, the susceptibility exhibits two peaks, which are des-
ignated as bulk and edge modes. Specifically, the largest
peak is the bulk mode and the secondary peak is the edge
mode. As the strain is increased, both the bulk and edge
modes shift up in frequency by similar amounts. For exam-
ple, at 0.10 MV/m, the bulk mode frequency is 7.32 GHz
and the edge mode frequency is 12.45 GHz. Increasing the
electric field to 0.31 MV/m results in bulk and edge mode
frequencies of 7.81 and 12.93 GHz, respectively. Figures
2(b)2(e) show the dynamics of m, for two bulk modes
(P1, P3) and two edge modes (P2, P4) of the ellipse. These
mode shapes are shown for the modes P1 = 6.84 GHz and
P2=12.21 GHz when the system is unstrained, and for
P3=7.81 GHz and P4=12.93 GHz when the system is
strained by applying 0.31 MV/m to the PMN-PT substrate.
The mode shapes shown are selected after reviewing the
entire dynamic images of the spin excitations. The snap-
shots selected best convey the resonance values and are
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(a) Susceptibility of CogoFes0Byo ellipse when subjected to voltage-induced biaxial strain. Magnetic excitation is generated by

a Gaussian pulse magnetic field directed through the thickness of the ellipse. (b)-e) Normalized mode shapes generated by simulation

software for peaks P1—-P4.

obtained at approximately a quarter of a period. Specifi-
cally, this quarter-period time interval corresponds with the
peaks of a sinusoidal magnetic driving field with the same
frequency. So, for example, the magnetic state for the peak
at 6.84 GHz is recorded at time intervals of 36 ps, while
a 6.84 GHz low-amplitude driving field simultaneously
excites this system. Each mode shape image is then color
normalized by a maximum RGB value that corresponds to
the maximum magnitude of m,. Since the maximum value
of m, is different for each image, the normalization fac-
tor is also unique, meaning that the colors in each image
cannot be directly compared. Instead, the mode shapes are
intended only to show general trends regarding the loca-
tion of standing wave nodes, as this is sufficient to show
the strain-induced mode modulation that is the focus of this
paper. From Fig. 2, it is clear that the mode shapes for P1
and P3 are similar and the mode shapes of P2 and P4 are
also similar.

The large peak in the susceptibility is from the bulk
magnetization, while the small peak is due to the demag-
netization effect along the periphery of the ellipse. Since
the small peak is due to the demagnetization effect, the
position and shape of the small peak would change if
the aspect ratio is changed. The voltage-induced changes
in the single CosoFe49Byo ellipse’s susceptibility values
(Fig. 2) are explained using the magnetoelastic response of
the nanostructure. The applied electric field results in ten-
sile and compressive strains directed along the major and
minor axes of the ellipse, respectively. Since CogoFe40B2g
is a positive magnetoelastic material, the applied strains
cause the magnetization to favor orientation along the

major axis of the ellipse. This effectively makes the major
axis magnetically stiffer resulting in a higher ferromagnetic
resonance frequency observed as the peaks shift to the right
with increasing electric field (i.e., strain). This is analogous
to a mechanical spring-mass system in which the natural
frequency increases with spring stiffness. This analogy can
be further understood by considering the Kittel Equation

© = y 10y (Ve = N)My — Herl[ (N, — NoYM, — Hegl,
3)

where w is the ferromagnetic resonance frequency, the
effective field (H ) is the effective field due to mechanical
strain, and the N; are the demagnetization factors along the
x, v, and z axes, respectively. For the geometry used in this
paper, N, ~0.046, N, ~0.078, and N. ~0.875. Compari-
son between simulation and calculation of FMR using the
above relation, shows a strong agreement. For example,
at an applied electric field of 0.42 MV/m, the simulation
predicts a resonance of 8.03 GHz while the calculation
results in 8.05 GHz. Similar agreement is found for the
other applied electric fields with 1.4% being the largest
error between simulation and experiment for an applied
electric field of 0.21 MV/m.

Figures 3(a)-3(d) show the FMR response changes of
two dipole-coupled CoygFeq9Byg ellipses as their separa-
tion distance (S) increases from 20 to 60 nm. Figure 3(a)
shows the susceptibility of the dipole-coupled ellipses as
a function of frequency. In this case, the susceptibility
is determined by taking the FFT of the volume-averaged
magnetic z component m,(f) of the dipole-coupled system.
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(a) Susceptibility of two dipole-coupled CoggFeqoByo ellipses for separation distances S= {20, 40, 60} nm. (b)Hd)

Normalized mode shapes generated by simulation software for peaks D1-D3.

In contrast to the single ellipse case, Fig 3(a) shows that
at 20-nm separation, the dipole-coupled system exhibits
three resonance peaks. Inspection of the plot shows that
the largest and smallest peaks resemble the bulk and edge
modes in the single ellipse case, while the peak labeled
D2 is new. When the separation is increased to 40 nm,
it is seen that the new D2 peak is reduced to a small
bump near 7.9 GHz and ultimately disappears once the
separation distance is 60 nm. Figures 3(b)-3(d) show the
mode shapes of the dipole-coupled system at frequencies
D1 ="7.08 GHz, D2 =8.54 GHz, and D3 = 12.45 GHz for
60-, 20-, and 60-nm separation distances, respectively. The
mode shapes are obtained using the same method as in
the single ellipse case. The mode shapes for peaks D1 and
D3 resemble the bulk and edge mode shapes for the single
ellipse case, respectively. The mode shape for D2 does not
resemble any of the single ellipse mode shapes and exhibits
an antialigned shape. The observed splitting of the dipole
mode is similar to the mode splitting seen in other coupled
resonators used in rf filters, such as MEMS, electromag-
netic, and surface acoustic wave resonators [43—48]. This
is shown by the alternating regions of dark and light colors
within the central regions of the ellipses in Fig. 3(c).

The effects of separation distance on the FMR spec-
tra of two dipole-coupled ellipses are explained by the
strength of the dipole coupling between the two magne-
toelastic elements. In particular, as the separation distance
increases, the dipole coupling necessarily decreases non-
linearly. Given this inherent decrease in coupling strength
with separation distance, it follows that past some critical
distance, there is effectively no dipole coupling between
the ellipses. Past this critical distance, there would effec-
tively be two isolated magnetoelastic elements and an
FMR response similar to the single ellipse case would be

expected. Thus, the peak labeled D2 is no longer present,
resulting in an increased susceptibility at the primary
frequency. This trend is exactly what the simulations show
because the third peak (D2) is present for the 20-nm
separation distance and gradually disappears until the sep-
aration reaches 60 nm where the FMR spectra has only
two peaks centered almost exactly at the frequencies of the
single ellipse case.

Figure 4 shows the FMR response changes of two
dipole-coupled elements separated by 20 nm when a
voltage-induced biaxial strain is applied to both ellipses.
The two ellipses are subjected to the same applied electric
field (i.e., same strain state) and the electric field is varied
from 0.00 to 0.42 MV/m. The susceptibility exhibits three
peaks and, as the electric field is increased, each peak shifts

A T
ub (D (B

| = 0.00 MV/m
— 0.10 MV/m
F — 0.21 MV/m
= 0.31 MV/m
— 0.42 MV/m

Susceptibility

N
O N B OO 0 O N

6 8 10 12 14 16
Frequency (GHz)

o
N
N

FIG. 4. Ellipse geometry for micromagnetic simulation. An
applied Gaussian pulse magnetic field is directed through the
thickness of the ellipse.
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up in frequency equally. For example, when the electric
field is increased from 0.10 to 0.31 MV/m, the three res-
onance peaks increase from {7.56, 8.54, 12.69} GHz to
{8.05, 9.03, 13.18} GHz. Finally, the largest, middle, and
smallest peaks correspond to the bulk, dipole, and edge
modes.

The FMR changes for the dipole-coupled ellipses
separated by 20 nm (Fig. 4) and subjected to equal voltage-
induced biaxial strains are caused by the previously dis-
cussed strain and dipole effects. Specifically, the appear-
ance of a third (middle) peak for these FMR responses is
a consequence of the strong dipole coupling at 20 nm seen
in the previous simulations. Furthermore, the shift of the
resonance curves with increased electric field is explained
by the Kittel equation for the single ellipse case. It is inter-
esting to note that the combined effect of strain and dipole
coupling appear as a superposition of the two effects. This
is reasonable since the model assumptions imply the stud-
ied system is linear in terms of mechanics (i.e., linear
magnetoelasticity) and also follows linear magnetization
dynamics (i.e., due to the small angle of magnetization
precession).

Figure 5 shows the FMR response changes of two
dipole-coupled ellipses that vary when a voltage-induced
biaxial strain is applied to only one of the structures. In
this case, the separation distance is chosen as 20 nm and
the electric field is varied from 0.00 to 0.31 MV/m. For a
zero-applied electric field, the susceptibility exhibits only
three resonance peaks and the bulk mode is identified by
the diamond-shaped marker on the plot. Similarly, only
three resonance peaks occur for 0.10 MV/m and the bulk
mode is identified by the triangular marker. At 0.21 MV/m,
four resonance peaks are seen and a square marker is used
to identify the bulk mode at this electric field. Inspection
of the inset shows that the first three resonance peaks occur
at 7.08, 7.56, and 8.78 GHz, while the edge mode peak
occurs at 12.93 GHz. At0.31 MV/m, a fifth resonance peak
appears near the edge mode. The five resonances for this
case occur at 7.08, 8.05, 9.03, 12.45, and 13.83 GHz.

As in the previous simulation case, a combined effect
of mechanics and dipole coupling explains the changes
in FMR spectra for the two-magnet system with voltage-
induced biaxial strain applied to only one element (Fig. 5).
Without an applied electric field, the expected three-peak
spectra are obtained since only dipole coupling is present.
When the electric field is increased to 0.10 MV/m, three
peaks are still present, but there is a slight shift consistent
with the increasing field. The first (bulk) mode is centered
at 7.3 GHz, which is the same value as the single ellipse
case at that applied field. Notably, the first peak is slightly
broadened in comparison to the zero-applied electric field
case. This results from the superposition of the mechani-
cal and dipole effects previously discussed. Specifically, in
the previous simulation case, the bulk mode frequency for
the unstrained dipole system is 7.08 GHz. Due to super-
position, this peak is not lost in the case of Fig. 5, but
instead combines with the 7.3 GHz peak resulting in the
broadened bulk mode of the 0.10 MV/m response. As
the electric field is increased to 0.21 MV/m, a separa-
tion between these two peaks is seen. Specifically, there
is still a 7.08-GHz peak corresponding to the unstrained
dipole bulk mode while the second peak is further shifted
to 7.56 GHz (matching the corresponding single ellipse
case at 0.21 MV/m). Consequently, the appearance of a
fourth peak is a result of causing a large enough distinc-
tion between the FMR responses of the individual strained
and unstrained ellipses. Similarly, this superposition of the
individual FMR peaks of each ellipse explains the response
at 0.31 MV/m. The additional consequence is that there is
now sufficient separation between the edge mode peaks of
the strained and unstrained ellipses such that a fifth dis-
tinct peak appears. Based on these results, it is reasonable
to speculate that increasing the number of dipole-coupled
elements and trying different strain combinations would
increase the number of peaks and increase the tunability
of FMR, thus opening the possibility for alternative strain-
based filtering, antennas, or computing devices that rely on
rf operating principles.
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IV. CONCLUSION

The results demonstrate the large tunability of ferro-
magnetic resonance spectra with applied voltage-induced
strain. Specifically, the resonance peaks are shown to
be deterministically shifted with applied strain. Further-
more, combining the effects of strain with dipole coupling
leads to significant modulation of the FMR spectra. For
example, simulation indicated the combination of dipole
coupling with strain not only shifts resonance peaks, but
also introduces new ones in the two-magnet systems.
Finally, the results open avenues for further investigation
regarding increasing the number of coupled elements and
varying combinations of strain for future strain-based fil-
tering, antennas, or computing device applications such as
software defined radio.

ACKNOWLEDGMENTS

This work was supported by NSF Nanosystems Engi-
neering Research Center for Translational Applications of
Nanoscale Multiferroic Systems (TANMS) Cooperative
Agreement Grant No. EEC-1160504 and EFRI NewLaw
with Grant No. 1641128.

[1] K. Y. Hashimoto, S. Tanaka, and M. Esashi, in 2011
Joint Conference of the IEEE International Frequency Con-
trol and the European Frequency and Time Forum (FCS)
Proceedings (2011).

[2] J. F. Luy, T. Mueller, T. Mack, and A. Terzis, Configurable
RF receiver architectures, IEEE Microw. Mag. 5, 75 (2004).

[3] R. Aigner, Tunable filters? Reality check foreseeable trends
in system architecture for tunable RF filters, IEEE Microw.
Mag. 16, 82 (2015).

[4] S. Gevorgian, A. Tagantsev, and A. K. Vorobiev, Tuneable
Film Bulk Acoustic Wave Resonators (Springer-Verlag,
London, 2013).

[5] C. Campbell, Surface Acoustic Wave Devices and Their
Signal Processing Applications (Academic Press, INC,
San Diego, 1989).

[6] K. Hashimoto, editor, RF' Bulk Acoustic Wave Filters for
Communications (Artech House, Norwood, 2009).

[71 A. Noeth, P. Muralt, A. K. Tagantsev, N. Setter, and
T. Yamada, Tunable thin film bulk acoustic wave resonator
based on Ba,Si;_,TiO3 thin film, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 57, 379 (2010).

[8] C.Kittel, On the theory of ferromagnetic resonance absorp-
tion, Phys. Rev. 73, 155 (1948).

[9]1 S. Chikazumi, Physics of Ferromagnetism (Oxford Univer-
sity Press, Oxford, 1997).

[10] C.-Y.Y.Liang, S. M. Keller, A. E. Sepulveda, A. Bur, W.-Y.
Y. Sun, K. Wetzlar, and G. P. Carman, Modeling of magne-
toelastic nanostructures with a fully coupled mechanical-
micromagnetic model, Nanotechnology 25, 435701 (2014).

[11] X.Li, D. Carka, C. Liang, A. E. Sepulveda, S. M. Keller, P.
K. Amiri, G. P. Carman, and C. S. Lynch, Strain-mediated
180° perpendicular magnetization switching of a single

domain multiferroic structure, J. Appl. Phys. 118, 14101
(2015).

[12] Q. Wang, X. Li, C.-Y. Y. Liang, A. Barra, J. Domann,
C. Lynch, A. Sepulveda, and G. Carman, Strain-mediated
180° switching in CoFeB and Terfenol-D nanodots with
perpendicular magnetic anisotropy, Appl. Phys. Lett. 110,
102903 (2017).

[13] A. C. Chavez, W. Y. Sun, J. Atulasimha, K. L. Wang,
and G. P. Carman, Voltage induced artificial ferromagnetic-
antiferromagnetic ordering in synthetic multiferroics,
J. Appl. Phys. 122, 224102 (2017).

[14] A. C. Chavez, A. Barra, and G. P. Carman, Voltage con-
trol of magnetic monopoles in artificial spin ice, J. Phys. D.
Appl. Phys. 51, 234001 (2018).

[15] R. Lo Conte, Z. Xiao, C. Chen, C. V. Stan, J. Gorchon,
A. El-Ghazaly, M. E. Nowakowski, H. Sohn, A. Pattabi,
A. Scholl, N. Tamura, A. Sepulveda, G. P. Carman, R. N.
Candler, and J. Bokor, Influence of nonuniform micron-
scale strain distributions on the electrical reorientation of
magnetic microstructures in a composite multiferroic het-
erostructure, Nano Lett. 18, 1952 (2018).

[16] I. Gilbert, A. C. Chavez, D. T. Pierce, J. Unguris, W.-
Y. Y. Sun, C.-Y. Y. Liang, and G. P. Carman, Magnetic
microscopy and simulation of strain-mediated control of
magnetization in PMN-PT/Ni nanostructures, Appl. Phys.
Lett. 109, 162404 (2016).

[17] Z. Xiao, K. P. Mohanchandra, R. Lo Conte, C. Ty Karaba,
J. D. Schneider, A. Chavez, S. Tiwari, H. Sohn, M. E.
Nowakowski, A. Scholl, S. H. Tolbert, J. Bokor, G. P.
Carman, and R. N. Candler, Enhanced magnetoelectric cou-
pling in a composite multiferroic system via interposing a
thin film polymer, AIP Adv. 8, 55907 (2018).

[18] H. Sohn, M. E. Nowakowski, C. Liang, J. L. Hockel, K.
Wetzlar, S. Keller, B. M. McLellan, M. A. Marcus, A.
Doran, A. Young, M. Kldui, G. P. Carman, J. Bokor, and
R. N. Candler, Electrically driven magnetic domain wall
rotation in multiferroic heterostructures to manipulate sus-
pended on-chip magnetic particles, ACS Nano 9, 4814
(2015).

[19] Z. Xiao, R. Lo Conte, C. Chen, C.-Y. Liang, A. Sepulveda,
J. Bokor, G. P. Carman, and R. N. Candler, Bi-directional
coupling in strain-mediated multiferroic heterostructures
with magnetic domains and domain wall motion, Sci. Rep.
8, 5207 (2018).

[20] Z. Yao, Y. E. Wang, S. Keller, and G. P. Carman,
Bulk acoustic wave-mediated multiferroic antennas: Archi-
tecture and performance bound, IEEE Trans. Antennas
Propag. 63, 3335 (2015).

[21] J. P. Domann and G. P. Carman, Strain powered antennas,
J. Appl. Phys. 121, 44905 (2017).

[22] T. Nan, et al., Acoustically actuated ultra-compact NEMS
magnetoelectric antennas, Nat. Commun. 8, 1 (2017).

[23] P. Withers, Electromagnetic mirrors in the sky: Accessible
applications of Maxwell’s equations, Am. J. Phys. 83, 506
(2015).

[24] X. Yang, Y. Gao, J. Wu, Z. Zhou, S. Beguhn, T. Nan,
and N. X. Sun, Voltage tunable multiferroic phase shifter
with YIG/PMN-PT heterostructure, IEEE Microw. Wirel.
Compon. Lett. 24, 191 (2014).

[25] A. A. Kundu, A. C. Chavez, S. M. Keller, G. P. Carman,
and C. S. Lynch, 360° deterministic magnetization rotation

044071-7


https://doi.org/10.1109/MMW.2004.1284946
https://doi.org/10.1109/MMM.2015.2428439
https://doi.org/10.1109/TUFFC.2010.1417
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1088/0957-4484/25/43/435701
https://doi.org/10.1063/1.4923350
https://doi.org/10.1063/1.4978270
https://doi.org/10.1063/1.4997612
https://doi.org/10.1088/1361-6463/aac0ae
https://doi.org/10.1021/acs.nanolett.7b05342
https://doi.org/10.1063/1.4965028
https://doi.org/10.1063/1.5007655
https://doi.org/10.1021/nn5056332
https://doi.org/10.1038/s41598-018-23020-2
https://doi.org/10.1109/TAP.2015.2431723
https://doi.org/10.1063/1.4975030
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1119/1.4913412
https://doi.org/10.1109/LMWC.2013.2292924

A. C. CHAVEZ et al.

PHYS. REV. APPLIED 12, 044071 (2019)

in a three-ellipse magnetoelectric heterostructure, J. Appl.
Phys. 123, 104105 (2018).

[26] C.-Y. Y. Liang, S. M. Keller, A. E. Sepulveda, W.-Y. Y.
Sun, J. Cui, C. S. Lynch, and G. P. Carman, Electrical
control of a single magnetoelastic domain structure on a
clamped piezoelectric thin film—analysis, J. Appl. Phys.
116, 123909 (2014).

[27] A. Barra, J. Domann, K. W. Kim, and G. Carman, Volt-
age Control of Antiferromagnetic Phases at Near-Terahertz
Frequencies, Phys. Rev. Appl. 9, 34017 (2018).

[28] M. Balinskiy, A. C. Chavez, A. Barra, H. Chiang, G. P. Car-
man, and A. Khitun, Magnetoelectric spin wave modulator
based on synthetic multiferroic structure, Sci. Rep. 8, 10867
(2018).

[29] D. M. Pozar, Microwave Engineering, 4th ed. (John Wiley
& Sons, Inc, Hoboken, 2012).

[30] B. Lax and K. Button, Microwave Ferrites and Ferri-
magnetics (McGraw-Hill Book Company, Inc., New York,
n.d.).

[31] T. L. Gilbert, Classics in magnetics a phenomenological
theory of damping in ferromagnetic materials, IEEE Trans.
Magn. 40, 3443 (2004).

[32] M. Lakshmanan, The fascinating world of the Lan-
dau—Lifshitz—Gilbert equation: An overview, Philos. Trans.
R. Soc. A Math. Phys. Eng. Sci. 369, 1280 (2011).

[33] J. Cui, C.-Y. Liang, E. A. Paisley, A. Sepulveda, J. F.
Thlefeld, G. P. Carman, and C. S. Lynch, Generation of
localized strain in a thin film piezoelectric to control indi-
vidual magnetoelectric heterostructures, Appl. Phys. Lett.
107, 92903 (2015).

[34] B. D. Cullity and C. Graham, Introduction to Magnetic
Materials, 2nd ed. (Wiley, New York, 2009).

[35] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen,
F. Garcia-Sanchez, and B. Van Waeyenberge, The design
and verification of MuMax3, AIP Adv. 4, 107133
(2014).

[36] A. Vansteenkiste and B. Van de Wiele, MuMax: A new
high-performance micromagnetic simulation tool, J. Magn.
Magn. Mater. 323, 2585 (2011).

[37] B. B. Maranville, R. D. McMichael, S. A. Kim, W. L.
Johnson, C. A. Ross, and J. Y. Cheng, Characterization
of magnetic properties at edges by edge-mode dynamics,
J. Appl. Phys. 99, 97 (2006).

[38] R.D. McMichael and M. D. Stiles, Magnetic normal modes
of nanoelements, J. Appl. Phys. 97, 10J901 (2005).

[39] PMN-31PT Data Sheet (n.d.).

[40] J. Cui, J. L. Hockel, P. K. Nordeen, D. M. Pisani, C. Y.
Liang, G. P. Carman, and C. S. Lynch, A method to control
magnetism in individual strain-mediated magnetoelectric
islands, Appl. Phys. Lett. 103, 232905 (2013).

[41] C. Burrowes, N. Vernier, J.-P. Adam, L. Herrera Diez,
K. Garcia, I. Barisic, G. Agnus, S. Eimer, J.-V. Kim,
T. Devolder, A. Lamperti, R. Mantovan, B. Ockert, E.
E. Fullerton, and D. Ravelosona, Low depinning fields in
Ta-CoFeB-MgO ultrathin films with perpendicular mag-
netic anisotropy, Appl. Phys. Lett. 103, 182401 (2013).

[42] X. Liu, W. Zhang, M. J. Carter, and G. Xiao, Ferromag-
netic resonance and damping properties of CoFeB thin films
as free layers in MgO-based magnetic tunnel junctions,
J. Appl. Phys. 110, 33910 (2011).

[43] S. A. Bhave, D. Gao, R. Maboudian, and R. T. Howe,
in 18th IEEE International Conference on Micro Elec-
tro Mechanical Systems, 2005. MEMS 2005 (2005), pp.
223-226.

[44] G. Endoh, M. Ueda, O. Kawachi, and Y. Fujiwara, High
performance balanced type SAW filters in the range of
900 MHz and 1.9 GHz, Proc. IEEE Ultrason. Symp. 1, 41
(1997).

[45] J. Hong and M. J. Lancaster, Cross-coupled microstrip
hairpin-resonator filters, 46, 118 (1998).

[46] T. Morita, Y. Watanabe, M. Tanaka, and Y. Nakazawa,
Wideband low loss double mode SAW filters (2003), p. 95.

[47] C. T. C. Nguyen, Frequency-selective MEMS for minia-
turized low-power communication devices, IEEE Trans.
Microw. Theory Tech. 47, 1486 (1999).

[48] P. Gay-Balmaz and O. J. F. Martin, Electromagnetic res-
onances in individual and coupled split-ring resonators,
J. Appl. Phys. 92,2929 (2002).

044071-8


https://doi.org/10.1063/1.5009914
https://doi.org/10.1063/1.4896549
https://doi.org/10.1103/PhysRevApplied.9.034017
https://doi.org/10.1038/s41598-018-28878-w
https://doi.org/10.1109/TMAG.2004.836740
https://doi.org/10.1098/rsta.2010.0319
https://doi.org/10.1063/1.4930071
https://doi.org/10.1063/1.4899186
https://doi.org/10.1016/j.jmmm.2011.05.037
https://doi.org/10.1063/1.2167633
https://doi.org/10.1063/1.1852191
https://doi.org/10.1063/1.4838216
https://doi.org/10.1063/1.4826439
https://doi.org/10.1063/1.3615961
https://doi.org/10.1109/ULTSYM.1997.662976
https://doi.org/10.1109/22.780400
https://doi.org/10.1063/1.1497452

	I. INTRODUCTION
	II. MICROMAGNETIC SIMULATIONS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


