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Low-frequency and resonance magnetoelectric (ME) effects have been studied for a trilayer of
permendur (alloy of Fe-Co-V) and lead zirconate titanate (PZT). The high permeability and high
magnetostriction for permendur, key ingredients for magnetic field confinement, and ME response
result in ME voltage coefficient of 23V/cm Oe at low-frequency and 250 V/cm Oe at
electromechanical resonance (EMR) for a sample with PZT fibers and inter-digital-electrodes.
Theoretical ME coefficients are in agreement with the data. Measured magnetic noise floor of 25
pT/\/ Hz at 1 Hz and 100 {T /\/ Hz at EMR are comparable to best values reported for Metglas-PZT

fiber sensors. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4705305]

A multiferroic is a material that exhibits two or more of
primary ferroic properties (ferromagnetism, ferroelectricity,
and ferroelasticity)."> A composite made of ferromagnetic
and ferroelectric phases allows for coupling between the elec-
tric and magnetic order parameters and, thereby represents an
engineered multiferroic.>” The magnetoelectric (ME) cou-
pling in the composite is mediated by mechanical forces. Sys-
tems studied so far include ferrites, manganites, or transition
metals/alloys for the ferromagnetic phase and barium titanate,
polyvinylidene fluoride (PVDF), lead zirconate titanate
(PZT), lead magnesium niobate-lead titanate (PMN-PT), or
lead zinc niobate-lead titanate (PZN-PT) for the ferroelectric
phase.'™ There are recent reports on similar ME composites
in which the ferroelectric phase is replaced by a piezoelectric,
such as AIN and langatate.”'® The strain-mediated ME cou-
pling is quite strong at room temperature in such composites
and has enormous potential for novel functional devices.”™"”

This report is on an ultrasensitive multiferroic magnetic
sensor with PZT and permendur, an alloy of Fe-Co-V with
high effective relative permeability p, and high magneto-
striction. Data on the observation of pico-tesla sensitivity at
low-frequency and femto-tesla sensitivity under resonance
conditions are reported in the polarization response of the
composite to an applied ac magnetic field. There have been
considerable activities in recent years on such ME magnetic
sensors that are shown to be passive, operate at room temper-
ature, and can be miniaturized to form an array, and have
performance and/or cost advantages over traditional mag-
netic sensing devices, including superconducting quantum
interference device (SQUID), fluxgate, Hall effect, giant
magnetoresistance, and magnetic tunnel junctions.””'® The
highest sensitivity and lowest noise for ME sensors are
reported for composites with Metglas, a ferromagnetic amor-
phous alloy with high p, (required for field confinement) and
high piezomagnetic coefficient.'>~'® Metglas, in general, are
available in the form of ~25 um thick ribbons made by rapid
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quenching.?® Ribbons of higher thickness, however, are not
available due to partial crystallization during synthesis and
resulting degradation of magnetic parameters. It is, therefore,
necessary to bond several layers of Metglas in an ME sensor
to increase the effective thickness of the ferromagnetic layer
in order to enhance the sensitivity.'>'® Non-magnetic epoxy
layers of thickness 2—10 um used for such bonding are a
potential source of demagnetizing fields and noise.

Here, we report on low-frequency and resonance ME
coupling and magnetic noise measurements in trilayers of
permendur (P), an alloy with 49% Fe, 49% Co, and 2% V,
and PZT. The high g~ 2300 and high magnetostriction A
and piezomagnetic coefficient ¢ = d//dH, for P (Refs. 3 and
21) give rise to a low-frequency magnetoelectric voltage
coefficient (MEVC) of 1.5 V/cm Oe for P-PZT-P. A fifteen-
fold increase in MEVC is measured when the PZT laminate
is replaced by PZT fibers with inter-digital-electrodes
(IDEs). Enhancement in the MEVC to 250 V/cm Oe is meas-
ured when the frequency of ac magnetic field is tuned to lon-
gitudinal acoustic modes for the sample. The magnetic floor
noise range from 25 pT/\/ Hz at 1 Hz to 100 {T /\/ Hz at reso-
nance. Details of these measurements and comparison with
theoretical estimates are provided here.

Permendur (obtained from the Institute of Technical
Acoustics, Vitebsk, Belarus) plates of dimensions 8cm x 1 cm
x 0.015 cm were used in the study. The permeability and mag-
netostriction are important parameters for magneto-mechanical
coupling in the ferromagnetic phase in the composite and were
measured for P. The real part of the relative permeability p,’
was measured (with an impedance meter and an Agilent Mate-
rials Analyzer) over 10 Hz-10 MHz on a toroid of P and the
results are shown in Fig. 1. A decrease in u,’ from 2300 at
10Hz to 8 at 10 MHz is seen in Fig. 1 and is an order of magni-
tude smaller than for as-cast Metglas.® The magnetostriction .
for P was measured with a strain gage. Figure 1 shows data on
static field H-dependence of the in-plane /. measured parallel to
the field direction. With increasing H, one observes a rapid rise
in A and it saturates at 70 ppm for H > 200 Oe. The in-plane 4

© 2012 American Institute of Physics
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FIG. 1. Real part of the relative permeability " as a function of frequency
for permendur (P). The inset shows the bias field H dependence of the mag-
netostriction A measured parallel to the in-plane field for a permendur strip.

perpendicular to H (not shown here) was very small. The piezo-
magnetic coupling ¢ = dA/dH estimated from the data in Fig. 1
is found to have a maximum value of 1x 10 %Oe for
H=1000e. It is thus clear from the data in Fig. 1 that perme-
ndur is an appropriate choice for use as ferromagnetic phase in
ME magnetic sensors. The most important parameter for the
ferromagnetic phase is the magneto-mechanical coupling £,
given by k,, = (412’ 11 /E)"? where 2’ is the ac magnetostriction
(proportional to ¢) and E is the Young’s modulus.** For perme-
ndur gu,’ ~23 % 1073/Oe. For comparison, for Ni with
1! =100 and ¢g=04x10"%0e, we obtain gu,’ ~ 0.04
x 1073/Qe, (Refs. 23 and 24), and for as-cast Metglas
(1, =45x10°, ¢g=15x10"%0e) qu,' ~68 x 1073/Oe
(Refs. 20 and 24). Thus, k,,~ (gu,’)""? for P is a factor of 8
higher than for Ni, but is a factor of 5 smaller than for Metglas.

Trilayers of P-PZT-P were made with PZT platelets
(American Piezo Ceramics-850)25 or PZT microfiber compo-
sites (MFC) encapsulated between layers of IDE and poly-
amide films (Smart Material Corp.).”® The piezoelectric
laminate or MFC was poled in an electric field of 50kV/cm.
Permendur was polished down to 0.15 mm in thickness and
was bonded with 2 um thick epoxy to PZT or MFC. Three
types of samples of P-PZT-P were studied: (1) PZT with sil-
ver electrodes; (2) PZT with IDE, and (3) MFC with IDE.
The overall sample dimensions were 40 x 10 x 0.6 mm®
(PZT plate or MFC of thickness 0.3 mm and P of thickness
0.15mm each). For ME measurements, the samples were
subjected to bias field H and ac field dH =1 Oe, both in-
plane and parallel to the length of the sample, and the volt-
age dV across PZT (or IDE for MFC) was measured with a
lock-in-amplifier. The MEVC. ap =dV/(t dH), where t is the
PZT thickness or electrode distance in IDE, was measured as
a function of H and frequency f of the ac field. For noise
measurements, the sample was placed in a 3-layer mu-metal
shielded chamber and subjected to a bias field produced by a
pair of barium ferrite permanent magnets and an ac field pro-
duced by Helmholtz coils. The sensor output was fed to a
low-noise high impedance amplifier (Stanford Research Sys-
tems, Model SR560) and then to a spectrum analyzer (Stan-
ford research System, Model SR780).

Appl. Phys. Lett. 100, 173506 (2012)
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FIG. 2. MEVC vs bias field H measured at 20 Hz for trilayers of permendur
and PZT laminate, PZT with IDE, and PZT fibers with IDE.

Figure 2 shows data on MEVC vs H for the trilayers
measured for f=20 Hz. A rapid increase in MEVC with H to
a maximum is observed for all 3 samples and is followed by
a gradual decrease to a minimum for H > 300 Oe. The H-var-
iation in MEVC in Fig. 2 essentially tracks the change in ¢
(=dA/dH) with the bias magnetic field. The observation of
importance is the maximum MEVC of 1.5, 6, and 23 V/cm
Oe, respectively, for samples with PZT platelet, PZT with
IDE, and PZT fibers with IDE. Thus, a factor of 15 increase
in ME sensitivity is achieved when PZT with silver electro-
des is replaced by MFC with PZT fibers and IDE. The low-
frequency MEVC values in Fig. 2 are orders of magnitude
higher than reported values for bulk ferrite-piezoelectric
composites, for bilayers and trilayers of ferrite-PZT and lan-
thanum manganite-PZT (Refs. 3 and 4). The maximum
MEVC in Fig. 2 compares favorably with MEVC of 3-52 V/
cm Oe at 1 kHz for Metglas composites with PZT fibers and
single crystal PMN-PT or PZN-PT. (Refs. 15 and 16).

The frequency dependence of the MEVC was measured
for the samples and the results for the sample with MFC are
shown in Fig. 3. The bias field was set to the values corre-
sponding to maximum MEVC in Fig. 2. The profile in Fig. 3
shows a resonance in MEVC vs f with a peak
MEVC ~250V/cm Oe at 47kHz, which is a factor of 10
higher than the maximum MEVC in Fig. 2 for low

Permendur/PZT Fiber §
200- H

100

MEVC (Vicm Oe)

30 35 40 45 50 55 60
Frequency (kHz)

FIG. 3. Frequency dependence of MEVC showing enhancement at EMR for
P-PZT fiber-P. The bias field H was set at 250e for maximum in ME
response. The peak in MEVC at 47 kHz corresponds to longitudinal acoustic
mode in the composite. The solid line represents theoretical estimates.
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frequencies. The resonance ME effect is similar in nature to
the standard effect, i.e., an induced polarization under the
action of an ac magnetic field. But the ac field here is tuned
to the longitudinal acoustic frequency. As the ac magneto-
striction is responsible for the ME coupling, electromechani-
cal resonance (EMR) at 47 kHz leads to significant increase
in the MEVC. The resonance in Fig. 3 has a quality factor
Q=47. The peak MEVC in Fig. 3 is higher than reported
values for trilayers of P with PMN-PT or langatate.'® Met-
glas-PMN-PT composites, however, are reported to show a
much higher MEVC of ~1100V/cm Oe for EMR at
37.8kHz. (Ref. 27). A similar resonance corresponding to
bending modes occurs in bilayers. Highest MEVC values
reported for bending modes are 737 V/cm Oe at 753 Hz for
AIN/Fe-Co-Si-B and 720V/cm Oe at 460Hz for P-
langatate.9’10

Next, we estimate the low-frequency and resonance
MEVC for the sample with PZT fibers for comparison with
data. Assuming the trilayer in the (/, 2) plane and for the
bias and ac magnetic fields and poling field along the length
(direction /), the following expression was obtained for the
ME voltage coefficient in the low-frequency region:3

(guiv 4+ qi2)dia + (q2v + qu1)dn
d%l —+ d%Z + 2d11d12V — 811(1 — 1/2)<17S11 + rmsn) ’
(D
|

AE11 =

Appl. Phys. Lett. 100, 173506 (2012)

where ¢, and ¢;; are piezomagnetic coupling coefficients
for permendur, d,; and d,; are piezoelectric coupling coeffi-
cients for PZT, ¢;; is permittivity of PZT, Ps;; and "'s;; are
compliance coefficient for piezoelectric and magnetostrictive
components, v is Poisson’s ratio that is assumed to be equal
for all layers for simplicity, and r is the piezoelectric to pie-
zomagnetic layer thickness ratio. The material parameters
for PZT fibers are listed below (we used ”s;; and ¢;,/¢, for
PZT laminates, since the values are not known for the
fibers):>>%% d;; =400 x 10> m/V, d;» = =200 x 10~ > m/V,
P, =185 % 107'% m?/N, &35/¢p= 1850, v=0.31, ¢;;, =124
x 1077 m/A, g =—1x 107 m/A, "s;; = 7.8 x 10~'? m*/N,
and r = 1.0. Using the above parameters in Eq. (1), one esti-
mates maximum MEVC = 14.4 V/cm Oe, which is 63% of the
measured value of 23 V/ecm Oe in Fig. 2. Possible causes of
this discrepancy are discussed later.

Similarly, an expression for ME voltage coefficient in
the EMR region was obtained based on equation of medium
motion, material and electrostatic/magnetostatic equations,
law of elasticity, and open circuit conditions and is given by

B 2g11h11ﬁtan(kL/2)
kL(pS“ =+ I"mSH)

2)

OE11 =

where g,, =d;,/¢;,,

"sipyy (P14 r"s1)kL

= ,
{rsty + (it +Psn)™s i+ iy PsnlkL — 2kt g Psitan ()},

1

k=w %W /2, h;r=qy;/1;; with p;; denoting the
permeability of the magnetic layer and "'p, and ?p denoting
the density of the magnetic layer and piezoelectric layer,
respectively. The above equation was modified for in-plane
magnetic fields and poling field> Using the values

"p=8.1g/cc and Pp=".7 g/cc and other parameters given
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FIG. 4. Magnetic noise at low frequencies for a magnetic sensor of P-PZT
fiber-P. The inset shows the voltage noise and magnetic noise as a function
of frequency over 41-55 kHz. The sensor output was amplified by a factor
of 1000 for these measurements. The lowest noise is measured at EMR and
the peak in the data just above EMR is due to environmental noise.

earlier for PZT and permenur, we obtained f, =47.2kHz and
peak MEVC=220V/cm Oe (vs measured values of
46.6 kHz and 250 V/cm Oe).

Next, we compare theoretical estimates of ME response
at EMR and low-frequency with the data in Figs. 2 and 3.
There is very good agreeement for the ME response at EMR
with deviations of 1% and 10%, respectively, between calcu-
lated and measured values of f, and peak-MEVC. But, there
is, however, a much higher deviation between the measured
and calculated low-frequency MEVC. The discrepancy could
be due to several factors, including the assumption that the
Poissons ratio for PZT and permendur are the same in deriv-
ing Eq. (1) and the possibility of a spread in the value of pa-
rameters for MFC that consisted of several long fibers of
PZT. The calculated low-frequency MEVC, in particular, is
sensitive to ¢;,/¢y value. It is noteworthy here that MEVC in
Eq. (1) is a function of d;, where as the ME coupling at lon-
gitudinal EMR is independent of d;,. Large variations in &;;/
& and d; for the fibers could give rise to the poor agreement
between theory and data at low-frequency in spite of good
agreement at EMR.

Finally, we discuss the magnetic noise measurements
for the composites. Data on noise floor were obtained over
0.5Hz-10Hz and at EMR. A voltage amplifier with a gain
A, =1000 was used to amplify the sensor output and then
fed to a spectrum analyzer. The noise N in terms of T/\/ Hz
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was estimated from the measured voltage noise (in V/\/ Hz)
and the transfer functions S (in V/T) estimated from data in
Figs. 2 and 3. Measured N vs f are shown in Fig. 4 for the
sample with PZT fibers. At low frequency, N decreases from
25 pT/\/HZ at 1Hzto 7 pT/\/HZ at 10 Hz. The noise vs f in
Fig. 4 shows a peak of unknown origin just above EMR.
Several such peaks, possibly due to environmental or elec-
tronic noise, were observed in our measurements. The esti-
mated magnetic noise N is down to ~ 100 fT, /\/ Hz at EMR.
The low-frequency N for P-PZT fiber is a factor of 80
smaller than for P-PZT and a factor of 5 smaller than for P-
PZT with IDE.

Now, we compare the N-values for P-PZT fibers with
Metglas based composites. The best N values reported to-
date are for Metglas based sensors. Gao et al. in their work
on comparison of sensitivity and noise floor for ME sensors
reported N ranging from 20 to 150 pT/\/ Hz (at 10Hz),
respectively, for Metglas with PZT fibers and single crystal
PMN-PT or PZN-PT fibers.'> Wang er al. reported a further
reduction in N to 5 pT/\/Hz at 1 Hz for Metglas/PMN-PT
fiber sensors.'® This low-noise for Metglas-based sensors,
smaller by a factor 5 than for P-PZT fibers, could be attrib-
uted to our earlier observation that the magneto-mechanical
coupling k,, for Metglas is higher by a factor of 5 due to
high /. Further improvement in the ME sensitivity and
reduction in N for permendur based sensors can be accom-
plished by high temperature annealing under vacuum or
hydrogen in order to increase k,, by increasing u,’ and gq.
Permendur samples annealed at 843 °C for 4 h under vac-
uum and fast cooled to room temperature were found to
have 4, ranging from 23 000 to 34 000 (vs 45 000 for as-
cast Metglas).?%?!

In conclusion, studies on magnetoelectric effects on
composites of permendur and PZT show a factor 15
improvement in ME sensitivity at low frequency when PZT
laminate is replaced by PZT fibers with inter-digital-electro-
des. The enhancement in ME sensityvity is attrubuted to in-
plane poling and high piezoelectric coefficient for the PZT
fibers. The high ME sensitivity is accompanied by a substan-
tial reduction in noise floor for ME magnetic sensors. The
measured N of 25 pT/\/ Hz at 1 Hz and 100 {T /\/ Hz at EMR

Appl. Phys. Lett. 100, 173506 (2012)

for P-PZT fibers are of the same order for the best values
reported for Metglas based ME sensors.
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