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A class of electrostatically tunable inductors with multiferroic composite cores consisting of
Metglas/lead zirconate titanate/Metglas was demonstrated. These magnetoelectric inductors exhibit
a large tunable inductance range AL/L,;, of up to 450%, together with improved quality factors.
Such tunability of inductance and quality factor was due to a strong magnetoelectric coupling in the
multiferroic composite core, which led to electric field induced permeability change. The concept of
tuning inductance by electric field using multiferroic composite materials leads to a class of compact
tunable inductors with minimum power consumption. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3103273]

As one of the three fundamental components for elec-
tronic circuits, inductors have been extensively used in a
variety of applications, such as power electronics, communi-
cation systems, etc. Electrostatically tunable capacitors have
been widely used in many different circuit applications.
However, electrostatically tunable inductors have not been
readily available, which severely limits their applications. A
large portion of tunable inductors are magnetically tuned by
(electro)magnets, which are bulky, energy consuming, noisy,
and inconvenient to use. Efforts have been devoted to devel-
oping electronically tunable inductors that have large tun-
ability, high quality factors, and low energy consumption.
For example, microelectromechanical systems (MEMS)
based tunable inductors' can have very high quality factors
but they have a limited tunable range of <20% and are dif-
ficult to fabricate. Tunable inductors based on magnetic
films? can have better tunable range but require a constant
current that consumes a significant amount of power for tun-
ing, and their quality factors are low.

Multiferroic composite materials having two or more
ferroic (ferroelectric, ferro/ferrimagnetic, etc.) phases with
strong magnetoelectric coupling, i.e., electric field control of
magnetic properties as well as magnetic field tuning of elec-
trical polarization3_5 have great potential for many novel de-
vices such as information storage device,’ picotesla sensitiv-
ity magnetic field sensors,”® and electrostatically tunable
signal Processinig devices, such as resonators,9 phase
shifters, * filters,” etc. The capability of tuning magnetic
properties by electric field (or vice versa) with minimum
power consumption makes such multiferroic composites
ideal for tunable inductor application. Recently, Fang et al. 12
have reported a multiferroic composite consisting of a bar of
lead zirconate titanate (PZT) and a ring of MnZn ferrite that
showed a change in the inductance of up to 20%. However,
its tunability and operational frequencies are still limited.

In this work, electrostatically tunable magnetoelectric in-
ductors with multiferroic composite core consisting of two
layers of amorphous magnetic ribbons (Metglas 2605CO™)
and one PZT (PI Ceramic PIC151) slab have been demon-
strated to have a large tunable inductance range of up to
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450%. A significant improvement of the quality factor with
increasing external electric field has also been observed.

Solenoid type magnetoelectric inductors with a layered
multiferroic composite core were made, as schematically
shown in Fig. 1. The multiferroic composite inductor core
consists of two layers of Metglas 2605CO™ (~23 um thick
each) magnetic ribbons and one PZT (~0.5 mm thick) pi-
ezoelectric slab that was poled along its thickness direction
were bonded together with ethyl cyanoacrylate glue. The
working coil shown in Fig. 1 was then connected to a preci-
sion impedance analyzer (Agilent 4294A) for inductance and
quality factor analysis. A control voltage ranging from 0 to
600 V, which results in an electric field from 0 to 12 kV/cm
in the PZT slab, was applied across the thickness direction of
the PZT slab.

Figure 2 shows the inductance versus frequency curve of
the magnetoelectric inductor measured under different elec-
tric fields. Without the electric field, the inductance of the
magnetoelectric inductor starts at about 0.2 mH at low fre-
quency (<10 kHz) and rolls off quickly at higher frequen-
cies. Such inductance roll-off behavior is closely related to
the large eddy current screening effect associated with the
Metglas magnetic ribbons, which reduces the its effective
high frequency permeability.13 A strong electric field depen-
dence of the inductance can be observed, with the inductance
decreasing rapidly at higher electric fields. The inductance
tunability, which is defined as AL/L,;, at different frequen-
cies is indicated in Fig. 3. Clearly, the inductance values
show much larger changes at low frequencies when eddy
current effect is not significant. The maximum change of the
inductance is about 450%, 250%, and 50% for operation
frequencies of 100 Hz, 100 kHz, and 5 MHz, respectively.
The energy consumption associated with inductance tuning
at maximum electric field of 12 kV/cm can be estimated
from the energy associated with charging the PZT capacitor
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FIG. 1. (Color online) Schematic of the magnetoelectric inductor with a
multiferroic composite core.
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FIG. 2. (Color online) Inductance spectra of the magnetoelectric inductor
with different electric field applied across the thickness direction of the PZT
slab.

with E=1/2X CV?, where C is the capacitance of the PZT
slab and V the applied voltage. The estimated energy con-
sumption to achieve maximum tuning is only about 1.3 mJ,
which is negligibly small, indicating that these magnetoelec-
tric inductors are essentially passive devices. The change of
inductance of 450% with negligible power consumption is
the largest inductance tunability in passive tunable inductors
that ever reported.

The quality factor of the magnetoelectric inductor also
changes with external electric fields. As shown in Fig. 4, the
peak quality factor was improved from ~3 at zero electric
field to ~8.5 with an external electric field of 12 kV/cm. The
reason for such improvement of the quality factors is due to
the decrease of permeability and hence increased skin depth
and reduced core eddy current loss. In addition, the peak
quality factor frequency shifts to a higher frequency with
higher electric field, which is also due to the reduced perme-
ability and is preferred for real applications.

The change in the inductance and quality factor of the
magnetoelectric inductor is closely related to the strain me-
diated magnetoelectric coupling within the multiferroic core
material, which leads to electric field induced changes of the
permeability of the Metglas ribbons. This is evidenced by the
electric field induced magnetic hysteresis loop changes
through vibration sample magnetometer (VSM) measure-
ments. Figure 5 shows the magnetic hysteresis loops mea-
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FIG. 3. (Color online) Inductance tunability at different frequencies and
electric field.
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FIG. 4. (Color online) Quality factor spectra of the magnetoelectric inductor
with different electric field applied across the thickness direction of the PZT
slab.

sured along the length direction (also the magnetic flux di-
rection) of the multiferroic composite inductor core with
different electric field applied to the PZT slab. Apparently, a
low electric field corresponds to a low magnetic anisotropy,
while a high electric field results in a high magnetic aniso-
tropy. Since the relative permeability of the magnetic ribbons
can be expressed as w.=47M,/H 5+1, where Hy is the
total effective anisotropy fields in the magnetic ribbons, a
change in the relative permeability, thus a tunable inductance
is expected.

The changes in magnetic anisotropy, relative permeabil-
ity, as well as inductance of the magnetoelectric inductor due
to the magnetoelectric coupling can be estimated by using
the inverse magnetoelastic relations. When a positive electric
field is applied along the poling direction of the PZT slab, the
PZT slab will shrink in the plane of the slab due to its nega-
tive piezoelectric coefficient d3;. The deformation will then
be transferred to the Metglas magnetic ribbons, leading to
induced anisotropy fields. Because of the symmetric long
beam structure of the inductor core, while the thickness of
the Metglas ribbons are much less than that of the PZT slab
(tmag: tpzr=1:22), the total effective anisotropy fields in the
Metglas ribbons due to the inverse magnetoelastic effect can
be expressed as (cgs unit),
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FIG. 5. (Color online) Magnetic hysteresis loops of the multiferroic com-
posite core under different electric fields measured by VSM.

Downloaded 09 Apr 2009 to 129.10.56.216. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



112508-3 Lou et al.

Appl. Phys. Lett. 94, 112508 (2009)

TABLE I. Calculated and measured values of effective magnetic anisotropy and low frequency inductance with
difference electric field across the PZT slab (measured at ~100 Hz).

E-field (kV/em) 0 2 4 6 8 10 12
VSM measured H,g (Oe) 13 24 36 49 60 72 83
Relative permeability 1380 750 500 370 300 250 220
Critical frequency (kHz) 39 72 108 146 180 216 245
Calculated inductance (mH) 0.195 0.111 0.075 0.056 0.048 0.039 0.035
Measured inducance (mH) 0.196 0.187 0.154 0.093 0.064 0.047 0.038
3\ 0o 3\,YdyE are listed in Table I as well. These calculated critical frequen-

Hefsza+HME=Ha+ M =Ha+ > (1)

N

M

s

where H, is the intrinsic in-plane anisotropy field of the Met-
glas, Hy is the electric field induced magnetic anisotropy
field from magnetoelectric coupling, A, is the saturation
magnetostriction constant, Y is the Young’s modulus, and M
is the saturation magnetization of the magnetic ribbons.
Given that the saturation magnetostriction constant of the
2605CO™ Metglas ribbon is ~35 ppm, the Young’s modu-
lus and saturation magnetization are 100 GPa and 18 kG,
respectively,14 and the piezoelectric coefficient of PZT is
—200 pC/N,15 the theoretical estimated effective magnetic
anisotropy field can be made with the above set of param-
eters, which are comparable to measured values (interpolated
from the slop of VSM hysteresis loop) that are listed in Table
I. We can see that the electric field induced effective mag-
netic field is increased with the increment of the electric
field, adding to the magnetic anisotropy field of the Metglas
ribbons in the multiferroic inductor core. This leads to a
reduced permeability and lower inductance at high electric
fields, as shown in Figs. 2 and 3.

The inductance of the magnetoelectric inductor at low
frequency can be calculated by (assuming a long cylindrical
coil),

N?A 2ptegit + (d = 21) N°A

L= pop,—— = o d 7

] 2)

with w, being the effective relative permeability of the in-
ductor core, 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 the total thickness of the Metglas ribbons, d is the height
of the core, and u. is the permeability of the magnetic rib-
bons calculated from Hg. The inductance values at low fre-
quencies were calculated from the extrapolated H.y; values
from magnetic hysteresis loops are listed in Table 1. The
calculated inductance values are close to the measured induc-
tance values from impedance analyzer, except at electric
fields of 2 and 4 kV/cm. This discrepancy is likely due to the
fact that magnetic domains are much more mobile at low
electric field, as shown in the B-H magnetic hysteresis loops
in Fig. 5, leading to large permeability (or inductance)
changes at low electric fields. The linearity of the B-H loops
is much better at higher electric fields, which leads to better
matching between calculated and measured inductance val-
ues. However, at higher frequencies the eddy current loss has
to be taken into account, particularly at frequencies when the
Metglas layer thickness is larger than its skin depth. Such
critical frequency can be easily calculated by f=p/ muu,d>,
where p is resistivity of Metglas ribbons (123 w{) cm) and

cies roughly match with the roll-off frequency on the induc-
tance versus frequency curves in Fig. 1.

In conclusion, a magnetoelectric inductor based on mul-
tiferroic composite has been made and tested. The induc-
tance tunability, which is mediated by electric field con-
trolled magnetic anisotropy and permeability, achieved a
record high value of 450%, 250%, and 50% at 1 kHz, 100
kHz, and 5 MHz, respectively, with minimum power con-
sumptions. The change of the magnetic anisotropy can also
been observed in magnetic hysteresis loops. Along with the
change of inductance, the quality factor of the tunable induc-
tor also got significantly improved with the increasing of
external electric field. It is notable that the performance of
such inductors, i.e., operational frequency, quality factor,
etc., is severely limited by the excessive eddy current loss
due to the relatively large thickness of the magnetic ribbons.
The eddy current loss can be reduced by using magnetic/
insulator multilayer thin films, which will greatly enhance
the performance of such inductors and hence its applicable
frequency range. The larger tunability achieved in such mul-
tiferroic composite based magnetoelectric inductor with
minimum power consumption is ideal for miniaturization
and performance optimization of electronic device.
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