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Magnetostrictive and magnetoelectric behavior of Fe—20 at. %
Ga/Pb(Zr,Ti)O5 laminates
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The magnetostrictive and magnetoelectridE) properties of laminate composites of
Fe—20 at. % Ga and Fhr, Ti)O; (PZT) have been studied for laminates of different geometries.
The results show thdt) a long-type magnetostrictive Fe—20 at. % Ga crystal plate oriented along
(002). and magnetized in its longitudingbr length direction has higher magnetostriction than a
disk-type one; and consequenty) a long-type Fe—20 at. % Ga/PZT laminate has a giant ME
effect, and is sensitive to low-level magnetic fields.2Z005 American Institute of Physics
[DOI: 10.1063/1.1899247

I. INTRODUCTION tive and piezoelectric layers. Furthermore, Fe-Ga alloys
have the advantages of low saturation fields, relatively high

Magnetostriction occurs in most ferromagnetic materi-magnetostriction, and low costs. These features offer Fe—Ga/

als. Rare-earth systems, such ag Iy, /e, exhibita giant PZT ME laminates potential in magnetic field and electric

Joule magnetostriction at relatively low magnetic bidses. current sensing applications.

However, these rare-earth materials are expensive. It is also

c?ommon-ly known that ordinary Fe has a small Magnetostricy; \ 1A GNETOSTRICTION AND ME COUPLING MODES

tive strain (3/2)\, on the order of 30 ppm. However, the

introduction of Ga into crystalline solution with Fe results in A. Magnetostrictive vibrational modes
a significant enhancement of i.ts magnetostricti@,2)\ 19 Similar to magnetostrictive T,Dy,Fe, , (Terfenol-D)
~250 ppm, as long as the distorté® (bcc a-Fe) phase  aterials, the magnetostrictive strain of Fe—Ga crystals is
remains stable—even though Ga reduces the spin density gf,isotropic, depending significantly upon the direction along
the solution, it enhances its magnetostriction. Recently, §nich a magnetic fieldH is applied. Consequently, Fe-Ga
number of investigations have focused on Fe{Galfeno)  ¢rystals can have large magnetostrictive effects only when
alloys due to the combination of its high mechanicalgperated in particular modes. In addition, the magnetostric-
strength, good ductility, relatively largé3/2)\ oo values, e response of a Fe—Ga crystal to an appliéds also
low saturation fields, high blocking stress, and low ¢o8t. related to the crystal's shape and size. However, for a given
Galfenol has potential applications in acoustic projectorsghape/size, there is a principal magnetostrictive direction
acoustic sensors, and actuatbfs. along the maximum dimension direction of the sample.
Magnetoelectric materials have been very interestingzjong this direction, the magnetostrictive strain is a maxi-
since early Swis§ and Russiatt work, and have recently mum. Correspondingly, the magnetostrictive sti@nvibra-
had a renaissancénow commonly called multiferroic  tjon) along this direction is defined as the principal stré@n
in Nature, Science, Phys. Rev. Léft;® and other yibratior) mode. WherH is applied parallel to the principal
high-impact journals. The magnetoelect(ME) effect is a  direction, the Fe—Ga crystal can be said to be operated in its
polarization P response to an applied magnetic fiell  |ongitudinal(or L) mode; whereas wheH is applied perpen-
or conversely a magnetizatiohl response to an applied dicular to this direction, it is designated as a transvéosd)
electric field E. Previously, ME effects have been mode. As will be shown later in this articlé-mode long-
reported in composites of piezoelectric(Bh Ti)O3 (PZT)  type Fe—Ga crystal plates have larger magnetostrictive

or PMgysNb,/305—PbTiO;) (PMN-PT) layers laminated strains under smaller applied magnetic fields, than the
with magnetostrictive Th,Dy,Fe, Permendur, T-mode ones.

Ni;_CoFe0, (NFO), or Co_ZnFe0, (CFO) ones'’™

In this article, we will show that laminate composites of

magnetostrictive Fe—20 at. % Ga crystals and piezoelectri

PZT ceramics also have a large ME coupling. Neither mate- In laminate composites, such as the three-layer

rial is itself “magnetoelectric;” however, a large ME product Fe—20 at. % Ga/PZT/Fe-20 at. % Ga one of this investi-

property results from the elastic interaction of magnetostricgation, the layers of the bimaterial are stress coupled. When
the magnetostrictive layers are strained unidethe piezo-

Author to whom correspondence should be addressed; electronic mai!€CIiC Ia_lye_rs will undergo force_d oscillation. Conseql_JentIy,
sdong@mse.vt.edu an electric fieldE (or voltage is induced across the piezo-

g. Magnetoelectric coupling modes
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H H poled rectangular PZT platésoft or hard type, sizes: 14
- Fe-Ga alloy I X6X1 mn?) between two longitudinally magnetized
Fe—20 at. % Ga ones, i.€L,—L) mode laminate§prototype
M ?M No. 1 made of soft PZT, and prototype No. 2 made of hard
==9p PZT— == and(ii) sandwiching one transversely poled rectangular PZT
— ! plate (soft or hard, sizes: 146x0.5 mn?) between two
(@)L-L Fe-Ga alloy () T-L longitudinally magnetized Fe—20%Ga ones, i< T) mode
laminates(prototype No. 3 made of soft PZT, and prototype
H H T No. 4 of hard. The prototypes were laminated using epoxy
M M | gf resin, and were cured at 80 °C for 3—4 h under load. These
b I . ﬁﬁ configurations are similar to prior ME modes in
&L_, f i ﬁ Terfenol-D/PZT’ and CFO-NFO/PZ¥8 laminates. The
(©L-T (A)T-T static capacitance of the transversely poled PZT layers was

2.04 nF, whereas that of longitudinally poled PZT layers was
FIG. 1. Schematic illustration of the various ME coupling modes used inONly 0.036 nF. Figure 1 illustrates the laminate configura-
this investigation(a) L-L; (b) T-L; (c) L—T; and(d) T-T. tions of various operational modes.

The magnetostriction of the Fe—20 at. % Ga layers and
electric layer due to piezoelectricity. This elastically coupledFe—20 at. % Ga/PZT laminated composites were measured,
response between an appliedand an induced (or vice Via a resistance strain-gauge method. The voltages induced
versd is known as the magnei@lastg-electric(or ME) ef-  across the two ends of the PZT layer in the
fect of the laminate. The various modes studied in this invesFe—20 at. % Ga/PZT laminate were measured for various
tigation are illustrated in Fig. 1. When both the applidd dc magnetic biase&H,c) and ac magnetic drive@dd,J) over
and the inducecE are parallel to the principle vibration the frequency range of 18< f <10° Hz, using a charge am-
mode, the ME laminate can be said to operate ir(litsL) plifier combined with a phase-lockinge., lock-in) method.
mode[see Fig. 1a)]. When the appliedH is perpendicular to An electromagnet was used to apply dc magnetic bigs
the principle mode and the induc&lparallel to it, the ME ~ and one pair of Helmholtz coils was used to generate a small
laminate operates in it —L) mode[see Fig. 1b)]; whereas, Hac Via an input current.y;, which was superimposed on
whenH is applied parallel to the principle direction and the Hae- Since theL—L ME composite has a very low static
inducedE measured perpendicular to it, the laminate oper£apacitance, we found it necessary to use a charge amplifier
ates in its(L—T) mode[see Fig. 1c)]. Finally, when both the 0 obtain correct induced ME voltages, as the distributed
appliedH and inducecE are perpendicular to the principle capacitance of the connecting cables and electronic meters
mode, the laminate operates in 5—T) mode [see Fig. could notably affect the measured values.

1(d)].
Magnetoelastic and elastic—electric equivalent circuit§y. RESULTS AND DISCUSSION
that are similar to those of Terfenol-D/PZT laminate
composité®?°can also be used to describe the ME coupling
of Fe—20%Ga/PZT laminates operated in eithet. or L—T To determine an optimum magnetostriction mode, two
modes. Accordingly, thé —T mode|dV/dHs|, 1) andL-L  types 0f(001), Fe—20 at. % Ga crystals plates—a long type
mode|dV/dHs| ). ME voltage coefficients can be derived and a disk type—were studied. These measurements clearly
by an equivalent circuit analysis; however, many materialconfirmed that alh.-mode long-type Fe—20 at. % Ga crystal
parameters for Fe—Ga crystals remain unknown in this mateplate has larger magnetostriction at low magnetic fields. This
rial. is important in understanding the ME properties that will
subsequently be presented in this article. Accordingly, in our
IIl. EXPERIMENTAL PROCEDURE ME studies, we have focused on this long-type configuration.
Figure 2 shows the,,—H response for a long-type rect-
Crystals of Fe—20 at. % Ga were grown by a Bridgmanangular Fe—20 at. % Ga crystal plate. Data are shown for
method at Ames Laboratory. The crystals were cut into rectboth the longitudinalexpansioh strain whereH . is applied
angular plates of dimensions 1X®x1 mm?, or disk along the length of the rectangular Fe—Ga pléte., L
plates of a diameter 12.7 mm and a thickness 1 mm. Alinode, and the transversgontraction strain whereHy. is
Fe—20 at. % Ga crystals were oriented along @@, di-  applied along the thickness of the rectangular plag, T
rection. The crystals were annealed at 1100 °C for 168 hmode. Higher magnetostrictive strains at lower biases
using heating and cooling rates of 1G/min, after which  (0—700 O¢ were found wherH was applied along the lon-
they were considered to be in the “slow-cooled” state. Bothgitudinal direction, relative to the transverse. The longitudi-
soft-type piezoelectric REr, Ti)Oz (PZT) with high d-type  nal magnetostrictive strain of a Fe—20 at. % Ga crystal plate
piezoelectric constants but low mechanical quality faQgr  was 330 ppm aHy.=700 Oe, whereas the transverse one
and hard-type PZT with low piezoelectric constants but highwas only 5 ppm. At loweH, the L-mode magnetostriction
Qm were used for ME laminates. is a factor of~60X higher, than that of th& mode. How-
Three-layer long-type Fe—20 at. % Ga and PZT lami-ever, for H>700 Oe, the magnetostriction of the mode
nates were prototyped ky) sandwiching one longitudinally saturated; whereas that of themode did not saturate until

A. Magnetostriction of Fe—20 at. % Ga crystals
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-5000 20004000 @ 1090 2000 3000 FIG. 4. Magnetostriction of Fe-Ga/PZT/Fe-Ga laminate as a function of

Magnsfic field (D) Hqe and its differential dependence bty

FIG. 2. Magnetostrictive strains of fr€®01), Fe—20 at. % Ga crystals of
various geometrieda) a rectangle of dimensions }6x 1 mnf and(b) a  mode is required to reach saturation. However, thaitodes

disk of diameter 12.7.mm and a thickness of 1 mm. have almost the same demagnetization fattoiCompari-

sons of the data in Figs. 2 and 3 will show that the magne-
Hqc> 2400 Oe, where its induced strain reached a maximuntostrictive strain of the disk-type laminate is much lower than
of ~100 ppm. Relative to th& mode, theT mode has a that of the long-type ones for<OH4 <1000 Oe. The insets
higher demagnetization fact®\; and consequently a higher of Fig. 3 illustrate a photo of a disk-type Fe—20 at. % Ga
magnetic field of~2400 Oe is required to reach saturation. crystal plate, and the induced longitudin@iametey and
The insets of Fig. 2 illustrate a photo of a rectangular shapettansversdthicknes$ shape changes. Fbfy. applied longi-
Fe—20 at. % Ga crystal plate and the induced longitudinatudinally, the disk-type crystals tend to become elliptical, and
and transverse shape changes.grapplied longitudinally, the thickness is decreased; whereasHgy applied in thick-
the length of the rectangular plate expands and its thicknegsess direction, the thickness expands and the diameter is de-
contracts; whereas fdily. applied transversely, the length of creased.
the plate contracts and its thickness expands.

Figure 3 shows thes,—H response for a disk-type B. Magnetostriction of Fe—20 at. % Ga/PZT laminates

Fe—20 at. % Ga crystal plate. Data are shown for both a
longitudinal (expansive strain whereH,. is applied along
the diameter of the disk.e.,L mode, and a transversgon-
tractive) strain whereH,. is applied along the thickness of
the disk(i.e., T mode. The maximumlL-mode magnetostric-
tive strain of the disk-type plate was only 100 ppmHaj.
=1000 Oe; whereas, the maximurrmode strain of the disk . . ) o
was —100 ppm ak.=2300 Oe. Again, relative to the rect- of the free conditior(see Fig. 2 will reveal that lamination

angular type, the disk type has a higher demagnetization faé/\—”th PZ.T I'ayers. IMPOSES a load to the Fe~20 at. % G.a !ay—
tor N: and thus a higher magnetic field 6f1000 Oe forl ers which: (i) significantly decreases the magnetostrictive

strain relative to that of the free condition of the crystal
lags the magnetostrictive response until 500 Oe; &gl

The magnetostriction strain  for a long-type
Fe—20 at. % Ga/PZT composite was remeasured after lami-
nation, using a resistance strain gauge. These measurements
revealed a maximum magnetostrictivexpansion strain

along the laminate’s length of 70 ppm at aH4.=1000 Oe,

as can be seen in Fig. 4. Comparisons of these data to those

Fe-20ieGardise shifts the maximum strain to a highklg,, presumably due to
100 _(a)L""°d_3..Expanding suppression of magnetic domain wall motion. Figure 4 also
r illustrates the differential of the magnetostrictive strain to an
50 appliedHy., which is a measure of the change in the effective
piezomagnetic coefficients witH,.. To obtain a large effec-
of tive piezomagnetic coefficierite., s/ 5H), these data show
E that a dc bias oHy.=800 Oe is required. Correspondingly, a
2 similar bias ofHy.=~800 Oe will be needed to achieve opti-
50
k= mum ME effects.
s of \
5ol 4 . feenimty ‘% C. ME responses
-100 w”/ l """ :\.« Figure 5a) shows the ME voltage coefficient for a long-
Y type three-layer Fe—Ga/PZT/Fe—-Ga lamingimtotype No.
. B . ; 1) as a function oHg. for both L—L and T-L modes. The
-3000-2000-1000 0 1000 2000 3000 data in this figure were taken at a frequencyf sfl kHz and
DC magnetic field H (Ce) a drive ofH,.=1 Oe. The value 0fViE/JdH can be seen to

FIG. 3. Magnetostrictive strains of free rectangular type Fe—20 at. % Gabe strongly depgzndent O The results show th.at tie-L
crystal plategof dimensions 12.% 6.0 1.0 mn?) as a function of dc mag- mode of Fe-20%Ga/PZT laminates has a maximum ME ef-

netic biasH, fect of gVit/9H~345 mV/Oe at a magnetic bias fy.
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FIG. 6. ME voltage coefficients of prototype No. 2fat1 kHz for various
modes:(a) L—T and(b) T-T.

FIG. 5. ME voltage coefficients of prototype No. 1fatl kHz for various
modes:(a) L-L and(b) T-L.

=800 Oe, where the slope of the magnetostriction of the mV/OQe for thel —T and T—T modes, respectively. This

laminate shown in Fig. 4 is highest. Fdi.>800 Oe, ﬁo?vé?/gtrorthcg;)lr?;(s S(;?}ililil: r }\:Enfigllgtcgfef:‘?ct_nlt_vvmazdlgr er
dVyie/ H decreased dramatically with increasiHg,, as the : b 9 g

- LT = i
Fe—20 at. % Ga layers of the laminate approached satur%g;:hoefI;heTLTI(_)drﬁ([)(geE["’ES/E(E,HL)/ &3?32?\2/1;:13/3%1 roeé!atlve o
tion of its magnetostriction. It is relevant to note that the ME '

maximum value ofdViE/dH that we report here for Fe—
20%Ga/PZT laminates is close to thatlofL configurations
of Terfenol-D/PZT and Terfenol-D/PMN—PT on&s?® even o
though the saturated magnetostrictigny) of Fe—Ga is miIFIO\;V'l(e\:el rtnagn'e\:ltlc Qeld r;estpgrliietshg_f ttesz_Gar/PZT
smaller than that of Terfenol-D. This demonstrates tha%a ate {prototype Mo. 1 operate o ode are
. .~ shown in Fig. 7. It can be seen that the induced ME voltage
Fe—20 at. % Ga has comparably magnetoelastic coupling as . : — .
o IS a near linear function of,. In this figure, the induced
that of Terfenol-D, under moderate magnetic fields. A long- .
. . L ME voltage can be seen to have a good linear respondg.to
type laminate favors the optimum combination of magneto- ;

strictive and piezoelectric effects; in particular, the longitu over a wide field range from 187 (or 10°° Og) to ~10°° T
. o . ' ' “(or 10 0. These results demonstrate that our Fe—-Ga/PZT
dinal magnetostrictive strain of Fe—20 at. % Ga, and th( 9 u !

lonaitudinal oi lectric strain of PZT higher than th Saminate is quite sensitive to minute magnetic field varia-
ongitu mzl pletzoe ectric strain OF Ihefre cljg er aln Ctions. Further sensitivity improvements should be possible
corresponding transverse ones. or mode, we also by replacing the PZT layers in the laminate with PMN-PT

observed a relatively large ME voltage coefficient of _; ; P - -
single crystal ones, which have significantly higher piezo-
~220 mV/Oe at a notably higher dc magnetic biasHpf elegtric c)(/)efficientée g y- g P

=1500 Oe, as shown in Fig(1y.
In addition, it is relevant to note that the value of the
transverse magnetostriction for a free Fe—20 at. % Ga crys- _
. . H_ =7000e
tal was quite low forHy., <1000 Oe. However, when this de -
same crystal was laminated to form a ME composite and
operated in & mode, a relatively large ME voltage coeffi-
cient of ~220 mV/Oe was still observed. This indicates that
there is another factor influencing the ME coupling, presum-
ably the elasto—electric coupling factor. This possibility is
supported by repor?t%l of increases in effective piezoelectric
constants under uniaxial stress, which could enhance elastic—
electric coupling, consequently increasing the ME output 10° ' . ,
voltage. 10 10°® 10° 107 102
For comparisons, Fig. 6 shows the ME voltage coeffi- H, (Tesla)

cients(prototype No. 3 for both theL-T andT-T modes as _ o o _
a function ofH,.. This data were also taken at a frequency ofFIG- 7. lllustration of the magnetE: field sensitivity. The induced ME volt-

_ . _ age for prototype No. 1 undertdy.=750 Oe and a measurement frequency
f=1 kHz and a drive QHac—l Oe. The measured value of of t=1 kHz as a function of ac magnetic field over the range of°10
the ME voltage coefficients can be seen to B83 and  <H,<103T.

D. ME sensitivity

10*

ME voltage (mV)
a3
~

L\

<
%
r
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H,.=7500e ME voltages than those with soft ones, the opposite is true
under resonant conditions—i.e., laminates of hard PZT have
higher ME coefficients nedy. This is because hard PZT has
a higher mechanical quality fact@y,, than soft types. These
values of ME voltage coefficients achieved from Fe—Ga/PZT
laminates are comparable to, or slightly higher than, previous
reports for  Terfenol-D/PZT and CFO-NFO/PZT
laminates-"—°

10°

ME voltage (mV/Oe)
o

V. SUMMARY

102 10" 10° 10" 10°  10° In  summary, a long-type  magnetostrictive
Frequency (Hz) Fe—20 at. % Ga crystal plate has been found to have a
6. 8 Induced ME voltage | otvoe No. 1 Cunction of th higher magnetostrictive strain at lower fields, than a disk-
magnei < v tr equg’ﬁ ngii %:,v‘_)]fr%guﬁiy (r)éng:ss gfzigfcffogom;e ““type one. Furthermore, this long-type laminate of Fe-20%Ga
These data were taken usingHa,=750 Oe ancH,.=1 Oe. and PZT has been found to hay®:a largeL—-L ME voltage
coefficient ofgVi;t/ 9H > 345 mV/Oe under modest dc mag-
netic biases(ii) a dramatic enhancement in the ME response
near the resonance frequency; diid a high sensitivity to
The frequency dependence of the induced ME voltageninute magnetic field variations. These results demonstrate
for the Fe—-Ga/PZT laminates was then measured over the feasibility of fabricating low-cost, highly-sensitive mag-
wider frequency range of I8<f<10° Hz. The results netic field and/or electric current sensors using
show that the Fe—Ga/PZT laminafgrototype No. 1 has a Fe—20 at. % Ga/PZT laminates.
very flat frequency response in the low-frequency range of

—
o_a

E. Frequency dependence of ME response

102<f<10° Hz, as can be see in Fig. 8. ACKNOWLEDGMENTS
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