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TOPICAL REVIEW — Spin manipulation in solids

Voltage control of ferromagnetic resonance and spin waves™
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(Received 30 April 2018; revised manuscript received 29 May 2018; published online 28 August 2018)

The voltage control of magnetism has attracted intensive attention owing to the abundant physical phenomena as-
sociated with magnetoelectric coupling. More importantly, the techniques to electrically manipulate spin dynamics, such
as magnetic anisotropy and ferromagnetic resonance, are of great significance because of their potential applications in
high-density memory devices, microwave signal processors, and magnetic sensors. Recently, voltage control of spin waves
has also been demonstrated in several multiferroic heterostructures. This development provides new platforms for energy-
efficient, tunable magnonic devices. In this review, we focus on the most recent advances in voltage control of ferromagnetic
resonance and spin waves in magnetoelectric materials and discuss the physical mechanisms and prospects for practical de-

vice applications.

Keywords: voltage control, ferromagnetic resonance, spin wave, magnetoelectric coupling
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1. Introduction

Numerous physical phenomena related to ferromagnetic
resonance (FMR) and spin wave resonance (SWR) promote
investigations of not only fundamental properties, but also
practical applications.!!?) Wave-based computing with an ad-
ditional degree of freedom provided by the utilization of the
phase of spin waves could reduce the amount of space that
each memory cell requires.[>*! The feature with a wide fre-
quency range (GHz to THz) exhibits distinct advantages in

[2.56] Therefore, wave-

communication systems and radars.
based devices are of great investigative significance due in part
to their potential to considerably reduce heat dissipation be-
cause of the absence of electron migration.!”!

A spin wave originates from the disturbance of local
magnetic ordering propagation in magnetic materials, and the
magnon is the quanta of a spin wave.®! The uniform FMR
mode, which is the spatially uniform precession of magnetiza-
tion over the whole sample, is the lowest energy magnon with
the wave vector k = 0.1”) Two theoretical models have been
proposed to interpret phenomena related to spin waves, the
volume inhomogeneity model and the surface inhomogene-
ity model. These models each have different forms of sur-
face spin pinning conditions.!'’! The pinning condition of the
latter model is the solution of a Hamiltonian calculated by

Puszkarski, which can be depicted by a surface parameter A
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given by 1121

A=1—(gus/25.J) (Ks), M

where g is the spectroscopic-splitting factor, ug is the Bohr
magneton, S is the spin, z is the atomic number of the nearest
neighbor, J is the Heisenberg interaction constant, K is the
surface anisotropy field under surface spin, and = is the unit
vector whose direction is parallel to the direction of the mag-
netization. Under the symmetric boundary condition, the state
with A = 1 implies the uniform precession mode, i.e., FMR.
Correspondingly, the state with A < 1 indicates that the body
spin wave is excited and that with A > 1 implies that both the
body spin and surface spin waves can be motivated.

Even though it is more common to modulate magnetism
by means of a magnetic field or a spin-current injection,[!3-16]
the related Joule heat dissipation cannot be ignored for cer-
tain applications, and especially in integrated circuits and sys-
tems. Consequently, it is of great importance to investigate
other driving modes to implement the desired functionality.
The modulation of magnetic properties including magnetic
anisotropy, SWR, and FMR, etc. via voltage only involves the
charge/discharge process of a capacitor in principle.!!”] Re-
markably, voltage control of magnetic anisotropy has resulted
in many significant research results and promoted the explo-
ration of voltage-controlled logic devices.!!>!8-211 Currently

most microwave devices are based on ferrites rather than mag-
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netic metallic and alloy systems because the resistances of fer-
romagnetic metals and alloys are low and result in large eddy
current losses at high frequency. However, ferromagnetic met-
als and alloys can be easily prepared on any substrates at room
temperature, which also have high magnetorestriction lead-
ing to large tunability in strain-mediated magnetoelectric cou-
pling, as has been highlighted in many reports.['>-1°1 There-
fore, in situ observation of the FMR shift in ferromagnetic
metals and alloys is a powerful tool for research involving
voltage tuning of magnetism. This technique has potential
applications in energy-efficient electronic devices, including
magnetoelectric random access memory, magnetic field sen-
sors, and tunable radio frequency (RF)/microwave devices. In
this review, we focus on the most recent advances in voltage
control of ferromagnetic resonance and spin waves in magne-
toelectric materials, and discuss the physical mechanisms and
prospects for practical device applications.

2. Voltage tuning of ferromagnetic resonance

Several mechanisms have been proposed for volt-
age control of magnetism including strain regulation,?>-2*]
charge modulation, > exchange coupling,?®! electrochemi-
cal effect,?’1 and orbital reconstruction. 28! Cooperation and
competition exist among those mechanisms, depending on
the characteristic thickness of the magnetic films.!*! Specif-
ically, charge modulation and orbital reconstruction modula-
tion may play a leading role in film with thicknesses on the
order of several nanometers, exchange coupling modification
and electrochemistry modification dominate over the range of
dozens of nanometers, and the strain/stress effect is domi-

(29-311 EMR absorption is an

nant in relatively thicker films.
interesting resonance phenomenon which occurs when a mag-
netic field and a microwave field are applied to a ferromag-
netic specimen simultaneously, and the resonance condition
is satisfied.[”) Numerous research achievements have been re-
ported on voltage tuning of FMR involving various geometries

9.32-36] Voltage control of magnetism may fa-

and materials.|
cilitate wide FMR modification in an energy efficient way for

application in voltage-tunable spintronic devices.?”]

2.1. Voltage control of FMR via strain/stress

In a large number of investigations, strain/stress-
mediated effects have become a desirable approach to reg-
ulate FMR.334!1 In multiferroic heterostructures, the volt-
age applied across the thickness direction of piezoelec-
tric/ferroelectric substrates induces the deformation of the
piezoelectric/ferroelectric phase, which can be transmitted to
the magnetic phase via magnetoelectric (ME) coupling. Thus,

the purpose of adjusting the FMR by voltage is realized.

By using the Kittel equation, the FMR frequency can be
derived as!*?!

in-plane: f = 9/\/(Hr + Hefr) (Hy + Hyx + Hege +47M5), (2)
out-of-plane: f =y (H; + Hx + Hegr — 47M5) , 3)

where f is the FMR frequency, H; is the FMR field, Hc is
the effective field induced by the voltage, Hy is the anisotropy
field, and M is the saturation magnetization. It is evident from
formulas (2) and (3) that the regulation of the FMR field and

frequency can be accomplished by tuning Heg;.3843]

2.1.1. Strain/stress modulation for materials with in-
plane easy axis

From the perspective of microwave application, it is im-
portant to realize giant voltage modification of both the FMR
frequency and the FMR field at room temperature. Accord-
ing to the intrinsic mechanism of the strain/stress-mediated
ME coupling, a common method involves the utilization of
materials with high magnetostriction values and high piezo-
electric coefficients. Liu ef al. achieved a large FMR tun-
ability of 860 Oe with a corresponding linewidth of 330-
380 Oe in Fe3Og4/lead zinc niobate-lead titanate (PZN-PT)
multiferroic heterostructures.®8! In addition, Liu ef al. further
demonstrated a remarkable FMR field variation of 3500 Oe
with a large FMR linewidth of 1200 Oe in specially selected
Terfenol-D/PZN-PT bilayer heterostructures. [+4]

Nevertheless, the FMR measurements were often accom-
panied by a large FMR linewidth from the magnetic phase,

35451 In order to re-

which limits the practical application.
duce the FMR linewidth while maintaining giant electrical
modulation, Liu et al. reported on a novel amorphous FeGaB
film as a magnetic layer that retained strong absorption over

(221 while pre-

a small linewidth of approximatively 50 Oe,
serving PZN-PT(011) as the piezoelectric substrate.[*®) The
50-nm-thick FeGaB film was deposited onto PZN-PT(011)
substrates utilizing co-sputtering of FeggGayg and B targets.
When a voltage was applied perpendicular to the piezoelec-
tric substrate, the substrate experienced tensile stress along
[011] and compressive stress along [100] because of the oppo-
site sign of the in-plane piezoelectric coefficients. The biaxial
stress induced voltage tuning of the FMR in both the field- and
frequency-sweeping modes, as shown in Fig. 1. At a fixed fre-
quency of 11.3 GHz, the electric fields of £6 kV/cm induced
an FMR field tunability of 1200 Oe, corresponding to a large
ME coefficient of 100 Oe cm/ kV. If the magnetic field was set
at 1518 Oe, the tunable range of the FMR frequency could be
as high as 5.3 GHz. More importantly, a novel technological
approach with dual E- and H-modulation of the FMR was in-
troduced. The application of this method resulted in a tunable

range of the FMR frequency up to 13.1 GHz.
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Nevertheless, high eddy current losses in magnetic met-
als and alloys at a high frequency significantly limit the per-
formance of microwave devices. This issue is noteworthy and
cannot be neglected. A few investigations attempted to uti-
lize magnetic metal or alloy/insulator multilayer films as mi-
crowave materials. In such cases, an inserted insulator was

used to divide the magnetic metal or alloy layer into multi-
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ple thinner layers to reduce the eddy current loss.[*”] Yang
et al. reported on a single bandstop filter prototype based on
FeGaB/Al,O3 multilayers with a tunability of over 55% and
an insertion loss of a minimum of 0.5 dB.*8! Moreover, Gao
et al. also prepared integrated GHz magnetic inductors with
solenoid structures using FeGaB/Al,O3; multilayer films, for
which the peak quality factor was close to 20.4"]
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Fig. 1. (color online) Voltage control of FMR in (a), (b) field-sweeping and (c), (d) frequency-sweeping modes with a large tunability

of 1200 Oe and 5.3 GHz, respectively.[4¢]

From an application point-of-view, single crystal piezo-
electric materials cannot be readily integrated onto universal
silicon substrates. This issue has limited their development.
To address this problem, Gao et al. proposed a method to make
the piezoelectric slab compatible with silicon-based tech-
niques using deep reactive-ion etching (DRIE) to dislodge the
silicon from the silicon-on-insulator (SOI) substrates after the
deposition of the FeCoSiB film.% The FeCoSiB (100 nm)/Si
(10 pm)/SiO; (50 nm) multilayer obtained by this method was
epoxy bonded to a PMN-PT(011) substrate. FeCoSiB/PMN-
PT(011) was also prepared under the same conditions as the
object of reference. Figure 2 shows the voltage tuning of the
FMR fields in both structures. For FeCoSiB/PMN-PT, the
maximum modulation was 180 Oe with a linewidth in excess
of 283 Oe. In contrast, the FeCoSiB/Si/SiO,/PMN-PT exhib-

ited approximately the same maximum tunability of 175 Oe

with a much narrower linewidth of approximately 40 Oe. In
addition, spin wave modes were observed at the lower field
sides of the main peak in Fig. 2(c). Consequently, the pro-
posed strategy was demonstrated to be effective in decreasing

the substrate clamping effect and reducing the linewidth.

2.1.2. Strain/stress modulation for materials with out-
of-plane easy axis

Materials exhibiting perpendicular magnetic anisotropy
(PMA) have received increasing attention because of their po-
tential to enhance thermal stability and ultrahigh storage den-
sity, which provides a feasible way to produce high-density
memory devices. !l Moreover, voltage control of PMA could
further decrease thermal dissipation and thus suppress energy
consumption. The variations via strain/stress in hysteresis
loop, magnetic anisotropy energy, and FMR performance have

been investigated for materials possessing PMA.[3>-36]
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Fig. 2. (color online) (a), (c) FMR spectra and (b), (d) voltage dependence of FMR fields of the FeCoSiB/PMN-PT multiferroic heterostructures
and FeCoSiB/Si/Si0,/PMN-PT laminates at various electric fields, respectively. The external magnetic fields were all along the [011] direction
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Fig. 3. (color online) The FMR performance of Ta (2 nm)/[Co (1 nm)/Pt (1 nm)]3/Pt (1 nm)/Ta (3 nm)/PMN-PT(001). (a) FMR fields under
different applied voltages. (b) Angular dependence of FMR fields at 0 kV/cm and 10 kV/cm. (c) Voltage dependence of FMR fields at the
out-of-plane direction. (d) The test results for the repeatability under voltage pulse of +12 kV/cm. %]

Yang et al. have fabricated Ta (2 nm)/[Co (1 nm)/Pt tigate voltage tuning of PMA.%! The resulting FMR perfor-

(1 nm)]3/Pt (1 nm)/Ta (3 nm)/PMN-PT(001) multiferroic mul- mance is shown in Fig. 3. When an electric field of 12 kV/cm

tilayers by magnetron sputtering at room temperature to inves-  was applied to the heterostructure, a large tunability of 470 Oe
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was achieved. To further elucidate the influence of voltage on
FMR properties, the angular dependence of the FMR fields
was measured for electric fields of 0 kV/cm and 10 kV/cm.
The results indicated robust shifts at various angles. Note that
the driving voltage suppressed the PMA effect because the
difference between the in-plane and out-of-plane anisotropy
was observed to decrease. Additionally, two distinct states ex-
isted at 0 kV/cm, depending on the different field-sweeping
paths (from positive to negative or vice versa). The repeat-
able and stable modulation of these two distinct statuses has
provided a platform to realize nonvolatile information stor-
age. The voltage tuning of PMA might be attributed to the
instability of Co orbital moments near the critical transition
range. It appeared that the large regulation of FMR fields
was due to not only the conventional strain effect, but also
to other effects, given that the magnetostriction of the Co/Pt
multilayers is relatively small (~ —35 ppm).l52! Thus, the
strain-induced lattice strain modulation of the spin reorienta-
tion transition (SRT) in the magnetic phase might be a pos-
sible reason.!>’l Peng et al. quantitatively distinguished be-
tween the contributions from the common strain effect and
the interfacial effect, which is sensitive to lattice strain in
Ta (5 nm)/Pt (1 nm)/[Co (1.1 nm)/Pt (1 nm)]3/Ta (3 nm)/PMN-
PT(011) at various temperatures.>>]

2.2. Voltage control of FMR via combined effects of
strain/stress and other mechanisms

Every mechanism for voltage regulation of magnetism,
such as the strain/stress effect, charge effect, exchange cou-
pling effect, electrochemical effect, and orbital reconstruc-
tion possess some respective characteristics and common as-
pects. Sequentially, both cooperation and competition exist
among different mechanisms depending on the characteristic
thickness of magnetic films.[?*! The exploitation of coupling
among the different mechanisms to achieve greater modula-

tion of FMR properties might be an efficacious concept.

2.2.1. Strain and charge co-mediated FMR

In the case of magnetoelectric thin films, although the
strain/stress-mediated ME coupling is a promising way to
achieve large FMR tunability, the substrate clamping effect
that has the adverse impacts on the intensity of the ME
coupling cannot be negligible. In addition, spin-polarized
charge-induced strong ME coupling has been confirmed in
a number of multiferroic heterostructures. [28:58-601 Therefore,
the combination of these two effects might be an opportu-
nity to enhance ME coupling. The coexistence of strain
and charge-induced ME coupling was depicted in Ni/BaTiO3
heterostructures; !l however, it was generally difficult to dis-

tinguish between the contributions of each effect.

2100

(@)

2000

1900

1800

1700

1600 Lt L ' L L ) ) 1
3600

(b)

3500

Effective Magnetic Field (Oe)

3400 -

3300 | %/{ A
3200 »{/f/
3100 |, ‘ s

-8 -6 -4 -2 0 2 4 6 .
Electric field (kV/em)

150 —

6o/ \/ a8 |
50 - . 5 ‘i\i .- i\ %

AHe" 202 Oe 4
AKs=17. 6uJ/m

M {M i Y

-150 1 |
4 8

Electrlc fleld (kV/em)

AHggt (Oe)

Fig. 4. (color online) FMR fields as a function of the applied volt-
age in (a) NiFe/Cu/PMN-PT(011) and (b) NiFe/PMN-PT(011) with the
magnetic field along the [011] direction. The insets revealed the mod-
ification mechanisms in these two aforementioned cases. (c) The pure
charge-induced changes of the FMR fields (black) and voltage induced
polarization (orange) under different voltages. The inset illustrated the
charge accumulation on the NiFe/PMN-PT interface. ]

Nan et al. demonstrated strain and charge co-
mediated FMR fields in NiFe/PMN-PT(011) heterostruc-
tures and quantitatively distinguished between the contri-
butions from the strain and the charge.[®’] Based on the
Cu (5 nm)/NiFe (1 nm)/PMN-PT(011) and Cu (5 nm)/NiFe
(1 nm)/Cu (5 nm)/PMN-PT(011) multiferroic structures, the
FMR field versus voltage were both investigated, and typical
results are shown in Fig. 4. In the Cu/NiFe case, the curve
of the FMR fields as a function of the applied voltage ex-
hibited obvious asymmetry with a large maximum tunability
of 375 Oe.

with Cu as an isolating layer, no screening charge exists at

In the case of the Cu/NiFe/Cu heterostructure

the NiFe/Cu interface. Therefore, the maximum shift of the
FMR fields decreased to 202 Oe, and the corresponding H;-

voltage curve formed a standard symmetric butterfly curve. In
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other words, a pure strain effect seems to modulate the ME
coupling in the Cu/NiFe/Cu/PMN-PT heterostructures. The
demonstrated difference between these two switching routes
proves the existence of charge-mediated ME coupling. The
pure charge-induced tunability was determined to be approx-
imately 202 Oe by calculation. Moreover, the curve of the
charge-induced FMR fields as a function of the applied volt-
age exhibited an analogous shape compared with that of the
electrical polarization of PMN-PT.

2.2.2. Strain and surface spin torque co-mediated
FMR

Derived from the Landau-Lifshitz—Gilbert equation, the
strain-mediated ME coupling could not realize a modification
of the damping.!®3] Nevertheless, magnetic devices such as
memory modules and sensors rely on magnetization switch-
ing between equilibrium positions, which inevitably involves
a spin relaxation progress of precession that is damping. Thus,
voltage manipulation of damping is of considerable impor-
tance in the development of high-speed devices.

Jia et al. proposed that when a magnetic layer is con-
nected to a ferroelectric layer, a spin-current-carrying surface
magnetic order is excited on the scale of the spin diffusion
length.[®* The induced spin torque could be utilized to achieve
voltage tuning of the magnetism. Subsequently, this concept
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was further confirmed by experiments in CoZr/PMN-PT.[%3]
deposited CoZr (20 nm) films on PMN-PT(011)
substrates using RF magnetron sputtering. Simultaneously,
CoZr (20 nm)/Ta (5 nm)/PMN-PT(011) multilayers were fab-
ricated under the same condition. Figure 5(a) reveals FMR

Jia et al.

plots under different applied voltages and indicates distinct
changes in the FMR fields and FMR linewidths. The asym-
metric resonance lineshape might be attributed to the mix-
ture of the imaginary and real part of the susceptibility. ]
To quantitatively determine the tunability due to voltage ad-
justment, the acquired experimental data were integrated and
then fitted to an asymmetric Lorentzian lineshape. The FMR
fields (H;) and effective linewidth (Aegr, Aefr = Acos @, A is
the half-maximum linewidth and @ represents the mixture
phase between the real and imaginary part of the suscepti-
bility) are shown in Fig. 5(b). An increasingly negative sur-
face spin density derived from the approximately linear de-
pendence between the FMR fields versus the applied volt-
age caused the diminution of the damping and the effective
linewidth. For comparison, the FMR properties were mea-
sured in CoZr/Ta/PMN-PT multilayers by using the same ex-
perimental steps, as shown in Fig. 5(c). Clearly, the tunability
of the FMR linewidth was absent in the presence of only the

strain effect.
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Fig. 5. (color online) (a) The FMR spectra and (b) tunability of FMR fields and the effective linewidth of CoZr (20 nm)/PMN-PT(011)
heterostructures under various applied voltages at a fixed frequency of 8.969 GHz. (c) The FMR spectra of CoZr (20 nm)/Ta (5 nm)/PMN-

PT(011) multilayers at different applied voltages. The inset represents a symmetric spectrum of the CoZr/Si structures.

[63]
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2.3. Voltage control of FMR via ionic liquid gating

Tonic liquid possesses wide electrochemical stability win-
dows, high ionic conductivity at ambient conditions, low va-

[66-68] When a voltage

por pressure, and chemical flexibility.
is applied, two kinds of ions with opposite polarity separate
from each other in the ionic liquid and automatically move
towards the cathode and anode. Accordingly, the charges
which accumulate on one side of the ionic liquid/sample in-
terface induce opposite charges on the other side to form an
electric double layer (EDL). The high charge density in the
EDL could change the physical properties of the interfacial
layer. Compared with the strain/stress method, voltage tun-
ing of magnetism utilizing ionic liquid gating could further
decrease the required voltage of the circuit voltage (< 5 V)
and has good compatibility with various substrates.>”! So far,
it has been reported that insulator-to-metal transition, trans-
port performance of the p—n junction, and magnetic anisotropy
can be manipulated via ionic liquid gating.[®-73] It is worth
noting that Yang et al. realized the transition between anti-
ferromagnetic and ferromagnetic ordering in synthetic anti-
ferromagnetic films through voltage regulation of Ruderman—
Kittel-Kasuya—Yosida (RKKY) interactions induced by utiliz-

[74] Nevertheless, the intrinsic mecha-

ing ionic liquid gating.
nism of ionic liquid modulation is still being debated.

Recently, Zhao et al. demonstrated voltage control
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of FMR fields via ionic liquid gating in Auw/[DEME]"
[TFSI]~/Co (2.25 nm) heterostructures.” In this case, two
regions were considered, an electrostatic doping region (re-
gionl, —1.3 V<V, < +2.3 V) and an electrochemical reaction
region (region II, V; < —1.3 Vor V, > +2.3 V). The experi-
mental results of ionic liquid gating of FMR fields in region I
are shown in Fig. 6, in which electrostatic doping dominated
the voltage regulation of the magnetism. The angular depen-
dence of the FMR fields indicated that a tunability of 219 Oe
was realized at 70 © at 1.5 V, corresponding to a giant ME
coefficient of 146 Oe/V. The FMR properties under different
applied voltages could be clearly depicted with the aid of a
contour map. Figure 6(c) indicates that a giant FMR field shift
could be achieved under a positive voltage; however, nega-
tive voltage had little effect on the FMR fields. More impor-
tantly, ionic liquid gating could facilitate reversible manipula-
tion of the FMR fields. In region II, a large FMR tunability of
415 Oe was achieved at 70 ° under 5 V without reversibility.
In this case, the main reason for voltage modulation was due
to an electrochemical reaction. Therefore, ionic liquid gat-
ing has demonstrated the potential to change the FMR field
with circuit-operating voltages (< 5 V). However, more work
is needed to improve the operating speed as the current work-

ing time of ionic liquid gating is typically more than 1 min.
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Fig. 6. (color online) Ionic liquid gating of FMR fields with electrostatic doping dominating the regulation of the magnetism. (a)
Angular dependence of the FMR fields. The blue line represents the initial state, the red line represents the state with a 1.5 V gating
voltage, and the pink line represents the shift of the FMR fields. 0° indicates the in-plane direction. (b) The FMR phase diagram. The
yellow line represents the FMR fields under different applied voltages at 60°. (c) The FMR fields under different applied voltages at
60°. (d) and (c) Reproducible measurements and the same tests after applying +1.5 V for 8 h.[73!
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3. Voltage tuning of spin waves

As mentioned above, owing to the fact that spin waves
have distinct advantages such as a wide frequency range (GHz
to THz), immunity to Joule heat dissipation, and a wide
physical toolbox, spin-wave-based devices have promising
prospects for practical applications.[”#! The modification of
spin wave related behavior has been achieved with the help of
shape anisotropy, magnetic domain walls, spin current, volt-
age, etc.’7°1 Moreover, voltage regulation appears to be an
energy efficient way to regulate spin waves.

3.1. Voltage control of spin waves

According to Eq. (1), spin waves can be modulated by
changing the interfacial conditions. Zhu er al. reported
the control of spin waves in Lag 5519 sMnO3(LSMOS)/PMN-
PT(001) heterostructures, utilizing the voltage induced
strain/stress effects.39) An applied electric field of 20 kV/cm
shifted the angle at which the spin waves vanished from 67° to
71° with a tunability of 4°. The response of spin waves to the
applied voltage varied with angles, as shown in Fig. 7. At 60°,
no peaks from surface spin waves could be detected. At 80°,
higher order spin waves were present at the applied voltage.
Furthermore, from the out-of-plane direction, the SWR was
changed by 187 Oe while the FMR tunability was 169 Oe. The
voltage modulation of the surface spin waves was attributed to
lattice deformation of magnetic films caused by the voltage
induced stress/strain.

Voltage control of the spin waves can be achieved
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not only in ferrite/piezoelectric heterostructures, but also in
metal/piezoelectric composites. Zigtek et al. presented results
for voltage manipulation of standing spin waves resonance
(SSWR) in patterned NiFe (20 nm)/PMN-PT(011) microstrips
with a shift of 22 Oe under 2 kV/cm at 5 GHz.®!] Stand-
ing spin waves (SSW) are formed by the interference between
waves reflected back and forth. Furthermore, Cazayous et al.
also realized voltage control of spin waves frequency in single-
phase multiferroic BiFeOs3 with a tunability of over 30%. (%!
Non-volatile regulation and extremely low power consump-
tion make BiFeO3 one of the promising candidates for spin-
wave-based device applications.

A better choice for spin-wave-based device development
is to utilize an applied voltage to generate spin waves, which
would further reduce the overall power consumption.®3
Cherepov et al. proposed and confirmed voltage excitation
of spin waves in multiferroic magnetoelectric (ME) cells, as
shown in Figs. 8(a) and 8(b).[#3] The alternating voltage ap-
plied to the PMN-PT slab generated an oscillating strain in
the piezoelectric phase, which was transferred to the magnetic
spin wave bus that stimulated the spin waves. Figure 8(c)
shows the reflection signals (S»») from the ME cell, thereby
demonstrating magnetization excitation using an applied volt-
age. In addition, the transmission signal (Sj2) between two
identical ME cells indicated that spin waves could be gener-
ated and detected using ME cells, as shown in Fig. 8(d). This
research has demonstrated that voltage control of spin waves
is promising for device applications.
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Fig. 7. (color online) Angular dependence of spin wave behaviors obtained in LSMOS5/PMN-PT multiferroic heterostructures at
173 K at various applied voltages when the H-fields angles were (a) 60°, (b) 70°, (c) 80°, and (d) 90°, respectively. Arrows indicate
the variation trend of the SWR spectra relative to the applied voltage. (8]
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Fig. 8. (color online) (a) Schematic of the investigated device and the performed measurements via a vector network analyzer. The PMN-
PT(110) was partially covered by SiO; isolation, with dedicated openings in the SiO; layer to directly attach the electrodes of the ME cell. The
spin wave bus was a 5 um wide Ni (20 nm)/NiFe (20 nm) bilayer. Aluminum loop antennas having a thickness of 200 nm and ME cells were
designed for spin wave excitation and detection. (b) Schematic of the setup for two-port measurements of reflection and transmission signals.
The experimental results of (c) reflection signals from ME cell and (d) the transmission signals between two identical ME cells, respectively. ]

Mode 1 H//(100) —=—0 KV/cm Mode 2 H//(0-11)

—o—20 kV/cm
[0-11) (100

(b)

(d)

2100 4

1400

1400 4

2100
180 180
6, (deg.) 6, (deg.)
Fig. 9. (color online) Angular dependence of voltage regulation of (a), (b) FMR fields and (c), (d) linewidths of NZFO/PMN-PT(011)

heterostructures in mode 1 (the magnetic field is within the (100) plane of PMN-PT) and in mode 2 (the magnetic field is within the
(011) plane of PMN-PT), respectively. The critical angles are marked with arrows.°1]
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3.2. Two-magnon scattering related spin waves

Voltage control of spin dynamics is attractive because of
the related rich physical phenomena and the great potential
with regard to spintronic devices. The two-magnon scatter-
ing (TMS) effect involves the transfer of microwave energy
to the degenerate spin wave with the same precession fre-

r.[84-891 I brief, it is an ex-

quency and nonzero wave vecto
trinsic magnetic loss mechanism dominated by spin waves.
Therefore, from the perspective of applications, it is signif-
icant to modulate the TMS effect using an applied voltage.
The TMS effect is usually manifested as FMR fields chang-
ing or linewidth broadening!®*# and widely exists in vari-
ous ferromagnets. #5879 Xuye e al. confirmed the voltage
tuning of TMS in Nigs5Zng sFe,04 (NZFO)/ PMN-PT(011)
multiferroic heterostructures fabricated by PLD.°!! Owing to
the in-plane anisotropy of the PMN-PT(011) slabs, the volt-
age modification of the TMS was divided into two modes as
the magnetic field was parallel to the (100) or (011) plane of
the PMN-PT substrates, respectively. The voltage control of
TMS under different voltages for these two modes was de-
picted in Figs. 9(a) and 9(b). It is noteworthy that in the case
of mode 2, the applied voltage induced an easy axis rotation
from the in-plane direction to the TMS critical angle. The
voltage regulation of the FMR linewidth at TMS critical an-
gles exhibited the opposite trend in the aforementioned two
modes with a tunability of 23.15% at 300 K, as shown in
Figs. 9(c) and 9(d). The compressive strain in mode 1 re-
sulted in a reduction of the linewidth while the tensile strain
in mode 2 led to an increase in the linewidth. It is partic-
ularly noteworthy that the strongest spin-wave damping an-
gle shifted from 50° to 40° under an applied electric field of
20 kV/ecm. The voltage modification of the TMS was also
observed in Lag 7Sry 3sMnO3 (LSMO)/PMN-PT(011) multifer-
roic heterostructure, thus highlighting another method to con-
trol spin waves indirectly.[®?]

4. Prospects

In recent years, there has been considerable interest on
voltage manipulation of FMR and SWR in ME composites.
Studies on FMR provide a quantitative way to characterize
the spatial distribution of magnetic anisotropy, and the volt-
age control method makes magnetism regulation more energy-
efficient. These observations are of great significance in poten-
tial applications of ultra-high frequency microwave devices.
However, there are still some problems that need to be solved.
Most of the current studies are focused on strain-mediated
ME couplings based on thin magnetic films deposited on thick
piezoelectric substrates, where the substrate clamping effects
have adverse impacts on the intensity of the ME coupling. Fur-
thermore, the working voltage to modulate magnetism needs

to be further reduced. With respect to the progress made in
ionic liquid gating, the response time is a major concern as
well as the potential for liquid leakage and pollution prob-
lems. Releasing films from substrates is a promising way to
overcome these challenges, especially for those devices that
are based on strain-related mechanisms. It is also necessary
to develop ME coupling in nanocomposites in detail. Self-
assembly techniques should also be explored to enhance the
ME response in such systems.

The most important limitations for the practical use of
voltage control of FMR and SWR include the following.
(1) The physical mechanism needs to be clarified, especially
for those samples with two or more coupling mechanisms.
(i) New material systems with narrow FMR linewidths and
low magnetic damping are required for RF/microwave ap-
plications. (iii) Existing control methods such as the strain-
mediated and ionic liquid gating still have their limitations;
hence, novel control methods with high speeds and low cir-
cuit voltages need to be explored. Thus, the full potential of
voltage-tunable FMR and SWR is yet to be realized.
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