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In this work, nonvolatile magnetoelectric tunable inductors are developed based on Metglas/(011)
Pb(Mg, /3Nb, 3)05-PbTiO; multiferroic composites. They exhibit a large nonvolatile tunability up to
250% at 10 kHz and 120% at 1 MHz, in which the voltage control of inductance is achieved through
strain-mediated magnetoelastic anisotropy. Such high nonvolatile tunability is attributed to a dramatic
change of the in-plane lattice strain arising from non-180° ferroelastic domain switching in
Pb(Mg, /3Nb,,3)03-PbTiO;. Electric field dependent inductance is then calculated from the strain-induced
effective magnetic field and effective permeability change, and it is consistent with our experimental
results. Engineering of ferroelastic domain states in multiferroic composites provides a pathway to realize
nonvolatile electrically tunable inductors for lightweight, compact, power-efficient integrated power

electronics, rf devices, and systems.
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I. INTRODUCTION

Inductors, as one of the three fundamental passive
components, have been extensively used in communication
systems and power electronics, such as voltage regulation,
oscillators, filters, and matching networks [1,2]. Recently,
tunable inductors have become highly desirable due to the
ability to optimize the performance of electrical circuits in
situ and miniaturize electronic devices [3—14]. Great efforts
have been devoted to electrically tunable inductors that
have large tunability, high quality factor (Q), and low
energy consumption. Traditional tunable inductors were
controlled mechanically or by current-driven electromag-
nets, which are bulky, noisy, and energy consuming
[12-14]. Though the microelectromechanical systems
(MEMS) approach [7,10,15-18] is promising for tunable
inductors used in highly integrated systems, the relatively
large driving current (tens of milliamperes) introduces
additional power consumption.

Recently, multiferroic-composite-based magnetoelectric
(ME) tunable inductors exhibiting giant tunability and
voltage control of inductance (L) have been showing a
great advantage for application in power-efficient inte-
grated systems [3-6,19]. In these devices, multiferroic
composites consisting of ferromagnetic materials and
ferroelectric materials are employed. Strain arising from
ferroelectric materials can be transferred to ferromagnetic
materials through the interfacial mechanical coupling so
that the magnetic properties are modulated and result in
the change of magnetic anisotropy [20]. Fang et al. [19]
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reported that the permeability of MnZn ferrite could be
tuned by 20%, which was observed from a ring-type
inductor with a bar of lead zirconate titanate (PZT)
mounting in the center. Later, Liu ef al. [4] fabricated a
MnZn-ferrite/PZT-laminate-based ring-type ME inductor,
and its tunability improved to 56% through interface-strain
coupling. Lou et al. [6] reported a solenoid-type ME
inductor with giant tunability up to 450% as well as an
improved quality factor. Because of eddy current loss, its
operating frequency range was limited to < 100-200 kHz.
Later, they reported by reducing the thickness of magnetic
ribbons, the operating frequency range can be extended up
to 100 MHz with significantly enhanced quality factor
(approximately 15.3) [5]. In those reports, ME tunable
inductors had to be operated under a constant voltage as a
linear piezoelectric strain effect was employed, which
could release the device to the initial state after removing
the voltage. Electrostatically nonvolatile control of induct-
ance is much more desirable for reducing power but still
remains challenging. It was reported recently that the
asymmetric strain electric field response could be used
for nonvolatile control of inductance in ME inductors
through defect engineering in ferroelectric materials [3].
However, this special requirement may cause ferroelectric
fatigue [21], which will influence the reliability of ME
inductors.

In this paper, voltage-impulse-induced nonvolatile con-
trol of inductance is demonstrated in ME tunable inductors
based on Metglas/(011) Pb(Mg;/;3Nb,/3)05-PbTiO;
(PMN-PT) multiferroic composites. Giant nonvolatile
inductance tunability up to 250% is achieved. The under-
lying mechanism is upon lattice-strain-induced magnetic
anisotropy change, and this dramatic lattice strain is from
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non-180° ferroelastic domain switching of PMN-PT.
A nearly linear control of inductance by voltage impulses
is achieved, showing its great advantage for potential
applications in compact and power-efficient integrated
circuits and systems.

II. EXPERIMENT

Commercially available Metglas 2605SA1 ribbons
(Metglas, Inc.), an iron-based amorphous alloy, are used
as the magnetic core of the inductors, and their thickness is
about 25 +4 ym. (011)-cut PMN-PT single-crystal slabs
are used as piezoelectric layers, which have a dimension of
5 mm (width) x 10 mm (length) x 0.5 mm (thickness) in
which the [100] direction is parallel to the length direction,
and the [011] direction is parallel to the width direction. The
rhombohedral PMN-PT slabs are polished, and both sides
are coated with silver electrodes for electrical connection.
They are saturationally poled by the manufacturer. Metglas
ribbons (5 x 8mm?) are tightly bonded to both sides of
the PMN-PT slabs by epoxy glue, and 40-60 turns of the
copper coil are wound onto the multiferroic composites.
A dc voltage ranging from —600 to 600 V is applied across
the thickness direction of the piezoelectric slabs by a
voltage source (Keithley 6517B), and the inductance and
quality factor are measured by a precision LCR meter
(Agilent E4980A).

III. RESULTS AND DISCUSSION

A. Electric field and frequency dependence
of inductance

Figure 1(a) shows the schematic of solenoid-type ME
tunable inductors with Metglas/PMN-PT/Metglas multi-
ferroic composites as a magnetic core and a prototype of
ME tunable inductors. The magnetic flux direction is
parallel to the [100] direction of the (011) PMN-PT.
Figure 1(b) shows the electric field dependence of induct-
ance over a wide frequency range from 1 kHz to 2 MHz,
and Fig. 1(c) shows the corresponding quality factor. In the
initial state, the inductance L starts at about 8.8 uH at
1 kHz, and it slightly decreases with increasing frequency,
accompanied by an enhanced quality factor >10 of which
the maximum occurs at about 800 kHz. The reduction of
inductance at high frequency is related to the large eddy
current screening effect [5,6], which diminishes the effec-
tive permeability at high frequency dramatically. Upon
applying a positive electric field of 12 kV/cm, the induct-
ance increases due to the piezoelectric effect, which is
determined to be 13 pH at 1 kHz. Since the eddy current at
high frequencies introduces a strong magnetic loss, the
critical frequency limit is also dependent on the effective
permeability when the magnetic layer thickness is larger
than its skin depth [6]. Consequently, the quality-factor
peak shifts downward with the enhanced permeability or
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FIG. 1. (a) Schematic of ME tunable inductors (top) based on
Metglas/(011) PMN-PT multiferroic composites and a prototype
of the ME inductor (bottom). The [100] direction of the PMN-PT
is along the length direction, and the [011] direction is along the
width direction. (b) Inductance-frequency response under differ-
ent electric fields (0, 12, and —1.8 kV/cm) and the corresponding
(c) quality-factor frequency response.

inductance. In addition, the linear piezoelectric effect
results in a 48% change of inductance at 1 KHz.

However, as a small negative electric field of —1.8 kV/cm
is applied, which is close to the coercive field of (011) PMN-
PT, the inductance increases significantly, and tunability can
be over 250% at 1 kHz. Compared to the linear piezoelectric
effect, this negative electric field induced larger inductance as
well as larger tunability, indicating the [100] direction
becomes much easier with the greater magnetization com-
ponent along the [100] direction.

Figure 2(a) shows the inductance in response to in situ
bipolar electric fields. A “butterfly” curve is observed as
cycling triangle electric fields within +12 kV /cm, showing
a maximum tunable inductance range from 8.0 to 28.1 yH.
Upon applying a negative electric field on a positively
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FIG. 2. Voltage control of inductance in Metglas/(011) PMN-PT
multiferroic-composite-based ME tunable inductors. (a) Induct-
ance as a function of bipolar electric field of £12 kV/cm at
different frequencies (10 kHz to 2 MHz). (b) Inductance as a
function of quasiunipolar electric field at 100 kHz. The inset shows
the inductance and quality factor when removing the negative
electric field to zero. (c) Voltage-impulse-induced nonvolatile
switching of inductance at 100 kHz.

poled ME tunable inductor, a giant inductance jump takes
place near the coercive field of —2 kV/cm. Figure 2(b)
shows the inductance change under the quasiunipolar
electric field from 12 to —2 kV/cm at the measuring
frequency of 100 kHz. When removing the positive electric
field, a remnant low-inductance state “A” is obtained.
However, by the removal of that negative electric field
close to the coercive field, the enhanced inductance can be
maintained, and a new remnant high-inductance state “B” is
obtained. Moreover, this remnant high-inductance state has
a nearly linear relationship with the amplitude of negative
electric field, which is shown in the inset of Fig. 2(b). The
distinct low- and high-inductance states after removal of the
electric field facilitate the realization of nonvolatile control
of inductance by reversing the applied electric field near the
coercive field. Additionally, the quality factor remains
relatively high and stable during nonvolatile control.

Figure 2(c) shows the voltage-impulse-induced nonvola-
tile switching of inductance in Metglas/(011) PMN-PT ME
tunable inductors. As the (011) PMN-PT is subjected to an
impulse of —12 kV/cm, a minimum inductance of 8.2 yH
at 100 kHz is obtained. Upon applying an impulse field
of 2 kV/cm, the inductance increases to the maximum of
24.4 uH. Furthermore, reversing the bias to an impulse of
—12 kV/cm can reset the inductance to its minimum value
again. In addition to nonvolatile switching between the
minimum and the maximum, any inductance between them
is reachable by choosing a proper positive voltage-impulse.
For example, the inductance of 14.4 H can be realized by
applying pulsed electric fields of —12 and 1.2 kV/cm.
Applying different levels of positive voltage-impulse can
set the inductance to different levels, and they remain stable
during repeated measurement.

Voltage control of the magnetism in multiferroic-
composite-based ME tunable inductors is due to interfacial
strain coupling [22]. Electric field induces strain in the
ferroelectric layer due to either the piezoelectric effect or
ferroelectric domain switching. It is then transferred to the
ferromagnetic layer and alters its magnetoelastic anisotropy.
This strain-mediated magnetoelastic anisotropy change in
the ferromagnetic layer can be interpreted as an effective
magnetic field (Hyg) [20]

32s(0100 — 6011)

Hyg = 7 , (1)
where o and o7 are the in-plane stress along the [ 100] and
[011] directions, and M, is the saturation magnetization.
Because Metglas ribbons have an intrinsic anisotropy field
H,, the total effective magnetic field Hy = H, + Hyg
along the magnetic flux direction ([100] direction) highly
depends on the biaxial in-plane strain or stress in (011)
PMN-PT. Since the Metglas ribbons have a positive mag-
netostriction A, = 27 ppm, compressive strain or stress is
expected to favor magnetic easy axis, while tensile strain or
stress is opposite. As the (011) PMN-PT is positively poled,
applying a positive electric field will create a negative Hyg
in ME tunable inductors because of tensile strain or stress
along the [011] direction and compressive strain or stress
along the [100] direction [23]. As the effective permeability
Uegr 18 inversely proportional to H g [6,14],

Hest = 4xM [/ Hog + 1, (2)

the linear piezoelectric effect makes the inductance increase,
as observed in Fig. 2.

B. Ferroelastic domain-switching-induced
nonvolatile behavior

The nonvolatile tuning of inductance in Metglas/(011)
PMN-PT ME tunable inductors can be attributed to the
stable and reversible ferroelastic domain switching in
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FIG. 3. Schematic illustration of ferroelastic domain switching
and in-plane strain change of (011) PMN-PT: polarization
orientations within a pseudocubic unit cell at (a) random, (b)
fully poled, (c) partially depolarized states for (011) rhombohe-
dral PMN-PT, (d) schematic illustration of in-plane strain-electric
field response and in-plane deformation at (e) fully poled and (f)
partially depolarized states.

(011) PMN-PT [24,25]. Figure 3 schematically illustrates
ferroelectric domain switching and the corresponding
in-plane deformation of (011) PMN-PT. In rhombohedral
PMN-PT single crystals, polarization can align along eight-
body diagonal directions of the pseudocubic unit cell with
four structural domains (r1, r2, r3, r4) [26] as shown in
Fig. 3(a). With the application of a large positive electric
field, PMN-PT will be saturationally poled with polariza-
tion pointing to r1*/r2% [Fig. 3(b)], and it can remain in
r17/r2" after removing the electric field to zero. Then,
applying a small negative electric field PMN-PT will be
partially depolarized, and some polarization will switch
through the pathways including the 71° domain switching
from r17 to 3% /rd= or 27 to r37/rd™, 109° domain
switching from r1t to r4"/r3= or 2% to r3%/rd-,
and 180° domain switching from r1* to r1= or r2" to
r2~ as indicated in Fig. 3(c). Both 71° and 109° ferroelec-
tric or ferroelastic domain switching are accompanied
by the change of in-plane lattice strain, while 180° domain
switching induces zero net strain. Since the energy
barrier for non-180° (71° and 109°) domain switching is
smaller than that of 180° domain switching, non-180°
domain switching is favored under small negative electric
fields. With this negative field further reducing, more and
more domains undergo non-180° ferroelastic domain
switching. Figure 3(c) shows that in an extreme situation,

(011) PMN-PT is fully depolarized with most of the
out-of-plane polarizations rotating to in-plane directions.

Figure 3(d) schematically illustrates in-plane strain
electric field response based on in situ lattice change
[24] and directly measured curves of (011) PMN-PT
[23,27]. Path a-o-b indicates a linear piezoelectric-effect-
induced strain along the [011] direction, and a positive
piezoelectric coefficient introduces positive strain when
applying the positive electric field and negative strain when
applying the small negative electric field. The reverse
behavior can be observed along the [100] direction. Path
b-c-d indicates ferroelectric domain-switching-induced
strain, and with more and more polarization switching to
in plane, the lateral dimension of PMN-PT will expand to
introduce positive strain along both [100] and [011]
directions. Figures 3(e) and 3(f) show in-plane deformation
corresponding to fully polarized and depolarized states,
respectively, with the application of electric field, and the
dashed rectangle indicates a saturationally poled state at
zero electric field. The linear piezoelectric effect induces
volatile compressive strain (—0.05% [23]) along the [100]
direction and tensile strain along the [011] direction (0.02%
[23]), and non-180° ferroelastic domain switching induces
large tensile strain (0.13% [23] or 0.25% [24], depending
on electric field) along the [011] direction with small
lattice-strain variation along the [100] direction (0.02%
[23]). Consequently, the inductance will be enhanced in
both the linear region a-o and the nonvolatile region b-c-d
because of reduced Hyz and H.. Moreover, the in-plane
r3"/r3~ and r4" /r4~ orientations are stable polarization
orientations, and these domains will remain stable after
removing the electric field, so the depolarization state and
the corresponding in-plane deformation are stable. Hence,
nonvolatile control of inductance can be achieved through
voltage-impulse stimulus to ME tunable inductors.

Given a directly measured in-plane [100] and [011] strain
electric field response [23,27], voltage control of induct-
ance can be calculated. First, the electric field control of
Hye along the [100] direction of (011) PMN-PT is
calculated, and in-plane stress is transformed from strain
by Hooke’s law [20],

_ 3A4:Y (€100 — €017)
VE M,(1+v)

; (3)

where Y is Young’s modulus, which is 110 GPa and
M, =1.56 T, [28] v is Poisson’s ratio of 0.32, and &,
and gy; are the in-plane principal strains. Figure 4(a)
shows the calculated H . under quasiunipolar electric field.
It changes linearly from 42 to 80 Oe with electric field
decrease from 6 to 0 kV/cm. Further reducing the electric
field, H; first slightly changes, then decreases dramati-
cally to 10 Oe near —1 kV/cm, and remains relatively
stable after returning to 0 kV/cm. A dramatic enhancement
of H.; is observed again with positive electric field
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FIG. 4. (a) Unipolar electric field dependence of the in-plane
strain difference €9y — €y, [reproduced from T. Wu, A. Bur, P.
Zhao, K. P. Mohanchandra, K. Wong, K. L. Wang, C. S. Lynch,
and G. P. Carman, Appl. Phys. Lett. 98, 012504 (2011). Copy-
right 2011, AIP Publishing] and the calculated induced effective
anisotropy field H.g. (b) M-H loops measured under different
electric fields along the [100] direction of the (011) PMN-PT. (c)
The calculated unipolar inductance electric field curve.

increasing, and it coincides with the first branch at high
electric fields. Figure 4(a) demonstrates both linear and
nonvolatile control of H;, and the latter is very obvious.
Figure 4(b) shows M-H hysteresis loops of the multiferroic
composites under different electric fields measured along
the [100] direction. The total effective anisotropy field can
be directly estimated. Apparently, applying a positive
electric field and then returning to zero results in a large
effective magnetic field of about 71 Oe. Then, by applying
the negative electric field impulse, it reduces to about
30 Oe. This directly measured effective magnetic field is
very close to the calculated ones, and the difference
between them may lie in the composition variation of
PMN-PT between the reported one [23,27] and the one
used here with different coercive field and effectiveness
of strain transferring between the Metglas ribbons and

PMN-PT as they are bonded by epoxy glue. Based on
the above analysis, the inductance is then simulated as
follows [6]:

Zﬂefft _I‘ (d — 2t> N2A

L= ,
Ho d ]

(4)

where N is the number of turns of the coil, A is the cross-
section area of the coil, / is the length of the coil, ¢ is the total
thickness of the Metglas ribbons, and d is the height of the
core. Figure 4(c) shows the calculated quasiunipolar L-E
curve which shows similar behavior as the experimental
observation in Fig. 2(b). The discrepancy is likely due to the
effectiveness of strain transferring as the Metglas ribbons are
bonded to piezoelectric single-crystal slabs by epoxy glue.
The large difference in mechanical properties between
organic epoxy glue and piezoelectric single crystals
influences the transferring efficiency, which has a strong
impact on the magnetoelectric coupling strength [29].
Though the asymmetric electric-field-strain response of
ferroelectric materials achieved by defect engineering can
also be employed for nonvolatile control of inductance [3],
the tunability is limited to less than 40% due to the inherent
restricted piezoelectric response. It may also induce ferro-
electric fatigue [21], which may weaken the reliability of
ME tunable inductors. In contrast, large residual strain
induced by non-180° ferroelastic domain switching is
always observed in ferroelectric materials [24,30,31],
regardless of defect engineering. Hence, this feature guar-
antees not only a giant tunability up to 250% studied here,
but it also provides many more choices of ferroelectric or
piezoelectric materials, e.g., environmentally friendly lead-
free piezoelectrics-based [32] ME tunable inductors.
Finally, it is easy to adjust the inductance of the ME
tunable inductors to different levels by simple variation of
the voltage impulse. By reducing the eddy current in
magnetic ribbons [5], nonvolatile ME tunable inductors
with both giant tunability and high Q will be readily
available for lightweight, compact, and power-efficient
integrated power electronics, rf devices, and systems.

IV. CONCLUSIONS

In summary, voltage-impulse-induced nonvolatile ME
tunable inductors are developed based on Metglas/(011)
PMN-PT multiferroic composites by voltage-induced
strain-mediated magnetic anisotropy. It exhibits high-
inductance tunability up to 250% at 10 kHz and 120%
at 1 MHz. This giant nonvolatile tunability is due to the
large in-plane lattice-strain change from stable and revers-
ible non-180° ferroelastic domain switching in PMN-PT
single crystals. As non-180° ferroelastic domain switching
is a universal phenomenon in ferroelectric materials, our
study provides a pathway to achieve nonvolatile electrically
tunable inductors for power-efficient integrated power
electronics, rf devices, and systems.
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