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Magnetoelectric bilayer and multilayer structures of magnetostrictive and piezoelectric oxides
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Materials capable of field conversion, from magnetic to electric or vice versa, are of fundamental and
technological importance. We report a giant magnetoele¢iig) effect that results from stress-mediated
electromagnetic coupling in bilayers and multilayers of nickel ferrite and lead zirconate titanate. Samples with
layer thickness 10—20@m were synthesized by doctor-blade techniques. The magnetoelectric voltage coef-
ficient ag ranges from 460 mV/cm Oe in bilayers to 1500 mV/cm Oe for multilayers. The transverse effect is
an order of magnitude stronger than longitudiaal. The ME coefficient is maximum at room temperature and
a general increase ing is observed with increasing frequency. Data on the dependenag oh volume
fraction of the two phases and bias magnetic field are in excellent agreement with a theoretical model for a
perfectly bonded bilayer.
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[. INTRODUCTION ries electrical connectivity for PE layers and further enhance-
ment of piezoelectricity”!! Harshe and co-workers pro-
Conversion of electric to magnetic fields plays an impor-posed a theoretical model for a magnetostrictive-
tant role in many devices. One way in principle to accom-piezoelectric bilayer structure. The estimategd for cobalt
plish this is a composite of magnetostrictive and piezoelecferrite (CFO—lead zirconate titanaté®ZT), or —barium ti-
tric materials. In such composites, the field conversion is danate, bilayer was in the range 0.2-5 V/cm Oe, depending
two step process: magnetostriction induced mechanical den field orientations, boundary conditions, and material
formation resulting in induced electric fields. Until now, in- parameters! They also prepared multilayers by sintering
terest in such transducers has been lacking because of caape-cast ribbon¥. Samples of CFO-BaTistructures did
version efficiencies that are an order of magnitude belownot show ME effects. The largeai-=75 mV/cm Oe, a fac-
theoretical predictions. Here we report on a novel class ofor of 3—30 smaller than theoretical values, was measured for
materials that achieve the maximum efficiency. CFO-PZT. The lowag or the absence of ME effect is most
The magnetoelectriGME) effect is defined as the dielec- likely due to unfavorable interface conditions and the follow-
tric polarization of a material in an applied magnetic field oring problems due to the use of platinum electrodes at the
an induced magnetization in an external electric fleld.  interface.(i) The electrode makes it a three-phase multilayer
materials that are magnetoelect(ME), the induced polar- structure and leads to poor mechanical coupling between the
izationP is related to the magnetic field by the expression, two oxide layers(ii) platinum with thermal expansion coef-
P=aH, where« is the second rank ME-susceptibility ten- ficient much higher than that of oxides will result in micro-
sor. A parameter of importance is the ME voltage coefficienttracks at the interface during sample processiiig, mea-
ag=6E/SH with a=¢qe, g, Whereeg, is the relative per- surement conditions for ME effects might correspond to the
mittivity. The effect, first observed in antiferromagnetic inelastic region of stress-strain characteristics for Pt leading
Cr,0,, is generally weak in single phase compoufidfsA  to a reduction in ME coefficients. In summary the use of
strong ME effect, however, could be realized in a “product-appropriate MS and PE phases and the elimination of foreign
property” composite consisting of magnetostrictiy]S)  electrodes are critically important for obtaining large ME
and piezoelectri¢PE) phases in which the mechanical defor- effects in the multilayefML) structures.
mation due to magnetostriction results in a dielectric polar- This paper details two primary accomplishments.
ization due to piezoelectric effectsvVan den Boomgaard (i) Observation of a record high ME coefficient:, 460—
synthesized bulk composites of cobalt ferrite or nickel ferrite1500 mV/cm Oe, in nickel ferrit¢éNFO)—PZT bilayers and
with BaTiO; that yielded ME voltage coefficient: that was — multilayers.(ii) Theoretical analysis that accounts very well
a factor 40-60 smaller than calculated valfidsPossible for the volume and applied static magnetic-field dependence
causes for such lowg include microcracks due to thermal of ag. Samples of NFO-PZT were synthesized by doctor-
expansion mismatch between the two phases, leakage currdsiade techniques. Magnetoelectric characterization involved
through low resistivity ferrites, porosity, and any impurity or measurements of transverse and longitudimalas a func-
undesired phases. tion of bias magnetic field, frequency, temperature and vol-
A multilayer structure is expected to be far superior toume fraction for the PE and MS-phases. We observe a trans-
bulk composites since the PE layer can easily be poled eleserse effect that is at least an order of magnitude larger than
trically to enhance the piezoelectricity and the ME effect. Inthe longitudinal effect. The ME coefficient is maximum at
addition, MS layers enclosed in metal electrodes lead to seoom temperature. With increasing frequeney is found
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to increase. An exponential increasenip occurs for increas- temperature processing did not result in any impurity phases
ing volume of the magnetostrictive phase in the multilayer. or degradation of the quality of the magnetic phase.

The measuredg-values in NFO-PZT are the largest ever ~ The magnetostriction is an important parameter for the-
measured for any system. For comparison, the bestalue  oretical estimates od for the composite. In the ferromag-
for a single phase material is 20 mV/cm Oe for@y,2%and ~ Netic phase, the_ magnetostriction due an ac fadin the
is 75 mV/cm Oe for multilayers of CoR@,(CFO)-PzT.1®  presence of a bias field leads to pseudopiezomagnetic ef-
The main reasons, as discussed later, for our accomplis€Cts that in turn give rise to the necessary coupling to the
ments are(i) the choice of nickel ferrite that has a high piezoelectric phase in the composite. In order to maximize

pseudo-piezomagnetic effect afiid the existence of an ideal :Ee '\l/lE coi\ﬁici?_'nt,ﬂ mu?t (_:ot_rresprcr)]nd :0 t(;'e (;“?‘im“m in
NFO-PZT interface as evident from the remarkable agreehgtﬁgge(l(\)/lic;lg-Mga:lZ?grr?(ralrsltICZrou%S g?ra?nr Isnﬁg?o"‘;u_ge
ment between theory and data. In view of the fact that CFOy, 1 "a000" 214 series WK strain gaugesd an electro-

PZT composites have comparable material parameters, ”?ﬁagnet with a maximum field of 5 kOe were used for the
interface plays an important role in the dynamics of ferro'measurement of. Figure 1 shows the static field depen-
magnetic domain motion and the consequent stress mediatgg o of parallel X;;) and perpendicularX;3 magneto-
electromagnetic coupling. Anticipated impacts of this reportgyiction, corresponding tbi parallel or perpendicular to the
are (i) studies directed at an understanding of the physics ofample plane[We assume a three-dimensional coordinate
the NFO-PZT interface, an@) interest in the composites for system(1,2,3 with the sample in thél,2) pland. The room-
useful teChnOIOgieS. The materials are pOtential CandidatQémperature data are for a mu|ti|ayer witk- 14 and a |ayer
for magnetoelectric memory devices, electrically controlledthickness of 14um. The parallel magnetostriction;; is
magnetic devices, magnetically controlled piezoelectric denegative(the figure shows the magnitudand is a factor of
vices, and smart sensdrsin the following sections, we pro- 3—-10 larger tham\ ;3. One observes saturation affor H
vide details on the synthesis and magnetoelectric charactevalues above 1200 Oe. We did not observe any dependence
ization of NFO-PZT bilayers and multilayers. Theoretical of A either on the number of layers or on the layer thickness.
estimates based on a model that assumes perfect interface Samples were then polished, electrical contacts were
bonding have been obtained for comparison with data. made with silver paint, and poled. The poling procedure in-
volved heating the sample to 420 K and the application of an
electric fieldE of 20 kV/cm. As the sample was cooled to
Il. SAMPLE PREPARATION 300 K, E was increased progressively to 50 kV/cm over a

. . duration of 30 min. The dielectric constant for the composite
Both bilayers and multilayers of NFO-PZT were synthe-Was in agreement with the expected values for RIET.

.3'26? from thick fllms pre?aregi by tape_castmg.dThe fpﬁsgs%). The piezoelectric coefficient, another important param-
involves (i) preparation of submicron-size powder o eter for the piezoelectric phase and the composite, measured

and PZT, (i) thick-film tapes by doctor-blade techniques,  ih 4 (Pennebaker—Model 80D(d,; tester was in the
and(iii ) lamination and sintering of bilayers and multilayers. range 70—170 pm/V.

Nickel ferrite powder obtained by standard ceramic tech-

nigues and commercial PZ{Ref. 13 were used. For tape IIl. MAGNETOELECTRIC EFFECTS
casting* powders of NFO or PZT were mixed with a sol- _ _ _
vent (ethyl alcoho) and a dispersar{Blown Menhaden fish The parameter of importance for the multilayers is the
oil) and ball milled for 24 h, followed by a second ball mill- Magnetoelectric voltage coefficiente. Magnetoelectric
ing with a plasticizenbutyl benzyl phthalateand a binder 30 : . :
(polyvinyl butyra) for 24 h. The slurries thus obtained were ¢
cast into tapes on silicon-coated mylar sheets using a tap § « ¢ e
caster consisting of a pair of stationary micrometer-< 5 L L My i
controlled blades and a moveable casting bed. It was pos§ o’
sible to obtain 1620 cnt tapes with the thickness in the 3 ..°
range 10-20Qum. The tapes were arranged to obtain the @ 44 | . A, i
desired structure, laminated under high pres$s@®0-5000 .' A . A A

]

1]

psi) and high temperaturgt00 K), and heated at 1000 K for
binder evaporation. The final sintering was carried out at= o At . .
1400-1500 K. 0 500 1000 1500 2000
Bilayers were made with 20@m-thick films of NFO and
PZT. Multilayers contained alternate layers of NFO and PZT,

totaling n+1 layers of NFO andn layers of PZT ( FIG. 1. The bias magnetic field dependence of the magneto-
=5-29), with a layer thickness of 10-20m. Structural  gyicion for a multilayer composite of nickel ferridlFO) and lead
studies were done with x-ray diffraction on multilayers, zirconate titanatéPZT). The sample containeti+ 1 layers of NFO
crushed power samples, and samples with exposed interfaggd n layers of PZT, withn=14 and a layer thickness of 14m.

by etching away the top layer. There was no evidence for anyhe data at room temperature are Foparallel (\,;) and perpen-
impurity phases. Magnetic parameters such as the saturati@icular (\;5) to the plane of the multilayer composite, and are used
magnetization, anisotropy, argl value were in agreement for theoretical estimates of magnetoelectric-voltage coefficient.
with values expected for nickel ferritd. Thus the high- is negative, but the figure shows the magnitude.

Bias Magnetic Field H (Oe)
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Static Magnetic Field H (Oe) tively, for a multilayer composite with=14. The thickness of each

layer is 14 um. For longitudinal ME effects the fieldd, sH (1

FIG. 2. Transverse magnetoelect(iWlE) voltage coefficient kHz), and SE are parallel to each other and perpendicular to the
ag 31= 6E3/6H, at room temperature as a function of static mag-sample plane. The opeffilled) circles are the data points for in-
netic fieldH for a two-layer structure consisting of 2@w films of creasing(decreasingH. The lines are guides to the eye.
NFO and PZT. The fieltH and a 1-kHz ac magnetic fieléH, are
applied parallel to each other and parallel to the sample plane and Similar field dependence of both the transverse and lon-
the induced electric fieldE; is measured perpendicular to the gitudinal ME voltage coefficientsyg 37 and ag 33, respec-
sample plane. The opeffilled) circles are the data points for in- tively, are shown in Fig. 3 for a multilayer composite. The
creasing(decreasingH. The lines are guides to the eye. data at room temperaturerf@ 1 kHz ac field are for a

sample consisting of alternate layers of NF®) and PZT

measurements are usually performed under two distinctlyl4), each layer with a thickness of J4m so that the effec-
different conditions:(i) the induced magnetization is mea- tive thickness of PZT is the same as for the bilayer. Com-
sured for an applied electric effect @r) the induced polar- parison of data in Figs. 2 and 3 indicates the following. In
ization is obtained for an applied magnetic field. We mea-multilayers, (i) ME effects are observed over a wider field
sured the electric field produced by an alternating magneticange, (i) the field for maximumag 3, is shifted to higher
field applied to the composite. A set up in which the samplefields, and(iii) the peak value ofrg 3, is 15% smaller than
was subjected to a bias field (with the use of an electro- for the bilayer. One observes in Fig a noticeable hysteresis
magnet and an ac fieldH (1 Oe at 10 Hz—1 kHeproduced in the field dependence @fg 3; and ag 33. The variation of
by a pair of Helmholtz coils was used. The sample wasag 33 with H is linear up to 1000 Oe, and the longitudinal
shielded from stray electric fields. We implemented lock-inME effect is almost an order of magnitude weaker than the
detection for accurate determination ®f for two different  transverse effect.
field orientations:(i) transversexg or ag g, for H and 6H The variation of the multilayetrg 3, with frequency and
parallel to each other and to sample plane, 8Bdneasured temperature are shown in Fig. 4. Upon increasing the fre-
perpendicular to the sample plane diidl longitudinal @z 33 quency from 20 Hz to 10 kHz, one observes an overall in-
for all the three fields parallel to each other and perpendicuerease of 25% in the ME voltage coefficient, but a substantial
lar to the sample plane. A liquid-helium glass dewar and &raction of the increase occurs over the 1-10 kHz rafege
nonmetallic sample insert were used for studies on temperaept at 353 K. These variations are most likely due to fre-
ture dependence of ME effects. quency dependence of the dielectric constant for the con-

Figure 2 shows the static magnetic-field dependence aoftituent phases and the piezoelectric coefficient for PZT.
the transverse ME coefficient 3, for a two-layer composite Data on temperature dependence @f3; at 100 Hz are
of NFO-PZT, each layer with a thickness of 2@@n. The  shown in Fig. 4. A peak invg 3, is observed at room tem-
data at room temperature are for a frequency of 1 kHz angerature and it decreases when T is either increased or de-
for unit thickness of the piezoelectric phages H is in-  creased from room temperature. Detailed temperature depen-
creased from zerayg 3, increases, reaches a maximum valuedence of material parameters for both phases is necessary for
of 460 mV/cm Oe at 70 Oe, and then drops rapidly to zeraan understanding of these results.
above 300 Oe. There is no evidence for hysteresis in Fig. 2 According to a theoretical model to be discussed in the
except at fields close to zero. We observed a phase differendellowing section,a¢ is expected to be dependent sensitively
of 180° between the induced voltages foH and —H. As  on the ratio of volumes of the magnetostrictifre) and pi-
discussed later, the magnitude and the field dependence @xoelectriop) phasesf=v,/v,. We obtained data on such
Fig. 2 are related to the slope »ivsH characteristics in Fig. dependence in multilayers of nickel ferritwith a small sub-
1 and can be understood in terms of pseudo-piezomagnetgtitution of Zn for N)-PZT. Studies were performed on mul-
effects in nickel ferrite. tilayers withn=10 and a series of layer thicknesses to obtain
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100 200 300 400 The most significant results in Figs. 2—6 are thiatfor

Temperature (K)

equal volume of MS and PE phases, the maximapy;
ranges from 400 mV/cm Oe in multilayers to 460 mV/cm Oe

FIG. 4. Frequency and temperature dependence of the transvergethe bilayer andii) af 3, increases with increasing volume
coefficientag 3, for the multilayer withn=14. The lines are guides of nickel ferrite and the largest measured value is 1500 mV/

to the eye. Values odig 3; are for the bias fieldH corresponding to
maximum value in the ME effect. The temperature dependence i390 mV/cm Oe for

for a frequency of 100 Hz.

samples with the necessary volume fractions. Figure 5 ShOV\ﬁu“”ayers of CFO-pZ 1011
the H dependence ofig 3; on f values. One essentially ob- :

cm Oe forv,/v,=2.2. These values must be compared with
CsO;, the best single-phase ME
material>® It is more than an order of magnitude higher than
reported values for ferrite-BaTiCbulk composite$;>” and
and a factor of 5 larger than
that in laminated composites of (0o, Cy—Mn ferrite—PZT

serves features similar to the field dependence in Fig. 3. Witr@Ref_ 18.

increasingf, a rapid increase invg 3, is evident in Fig. 5.
Another observation of importance is the up-shift in the bias
magnetic field corresponding to maximumy 3; with in-
creasingf. Figure 6 shows the variation of the peak value of
ag 31 With f. One notices an exponential increaserif; as We first discuss a theoretical model for the bilayers and
the volume of the magnetostrictive component is increaseéstimate the bias magnetic field and volume-fraction depen-

IV. DISCUSSION

(mV/cm Oe)

E31

400

300

200

100

dence of the magnetoelectric voltage coefficients for com-
parison with data. Following this, we discuss the possible
cause of the giant ME effect in NFO-PZT structures. Harshe
and co-workers provided a model for a two-layer structure in
which no electric field is present in the MS layer, the top and
bottom surfaces of the piezoelectfieE) layers are equipo-
tential surfaces, and the bias magnetic fieldis uniform
throughout the sampf¥€.For the composite of interest, NFO-
PZT, the assumptions are justified because of low electrical
resistivity for NFO compared to PZT. The total strain at the

1000 1500

interface is given by the expression

Transverse ME Voltage Coefficient
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S=sT+dE+qgH. (D)
FIG. 5. Room temperatureg 3; at 100 Hz as a function df for
multilayers withn=10. The thickness of NFO and PZT layers was
controlled to obtain a series of volume ratio of the magnetostrictivel he three terms correspond to contributions from elastic
(vm) to piezoelectric ¢,) phasesf=v,/v,=0.22-5.5. The data compliance coefficienfT, stress tensor piezoelectridd, pi-

are forf=0.28, 0.37, and 0.55. ezoelectric coefficient and pseudopiezomagnetic effe(ds
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piezomagnetic coefficientAlthough strain due to magneto- 600 T T
striction is NH?, under appropriate bias field a linear
pseudopiezomagnetic is expected resulting in a stg&n
The ME coefficientag is estimated by the following proce-
dure.(i) For an applied magnetic fieléH, the total strain at
the interface, which is the sum of elastic and magnetostric-
tive strains, is estimatedii) The strain-stress relationship is
calculated for boundary conditions at the interfa@&) The
stress-electric fielddE) relationship is estimated for appro-
priate boundary conditions. We are interested in a free
body with a perfectly bonded interface. Denoting the mag-
netostrictive and the piezoelectric phases ioy and p, 80 T T T T

400

T
&
><,e'>9
X

1

<— Multilayer

(mv/icm Oe)
<3

Ej31
N
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Transverse ME Coefficient
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respectively, one obtains for the transverse ME coefficient -2
£ 60 | i
- go
ag 3= 6E3/6H; S Theory —>x
w e
m - -
= _ 2d§1q110m % E’ 40 «<— Multilayer
—am my _T, T, 2 £ =
(sii+sip)esdvpt (shit+siy)egfvm—2(d5) vy R
2 E;’T
and the longitudinal coefficient 0
0 500 1000 1500 2000 2500
ag 33~ 0E3/ 6H3 Static Magnetic Field H (Oe)
—2dP.gM . . )
_ 2d3,0130 m FIG. 7. Comparison oH dependence of theoretical ME coeffi-
(STt st egvp+ (Pt sy egPvym—2(dB) %y’ cients estimated for a simple two-layer NFO-PZT structure with the

data for the bilayer and multilayer composites in Figs. 2 and 3. The
©) open(filled) circles are data points for the bilayenultilayer. The
Here v denotes the volume and' is the permittivity at  crosses are the theoretical values estimated using(Enand (3),
constant stress. Since the ME voltage is induced in the PEm/vp=1, material parameters given in the text, and the slope
phase, Eqs(2) and(3) are expressions for per unit thickness d\/dH of magnetostriction vs H data in Fig. 1.
of the PE phase. It is clear from Eq®) and(3) that ag is
directly proportional to the product of piezomagnetic and )
piezoelectric coefficients, and is dependent on the volum&Nceae values are 15% higher at 10 kHz than at 1 kHz. The
fraction v /v, H dependence of¢ essgntlally tracks the sIopg afvs H.
We now use the above model for the theoretical calcula©nce the magnetostriction attains the saturation value, the
tion of ag for comparison with the data. The following ma- loss of pseudopiezomagnetic coupling leads to the absence

terial parameters were used for the constituent phd<@d® of ME effects. It is clear from Fig. 7 that for the bilayer there
is good agreement between low-field data and theory. How-

Pz, sb=14x 1012 m&N, sh,=—8x 1012 m&N, ever, it is necessary to explore the reason for the rapid drop
in ag 3; at high fields. For the multilayeti) the expected
el =17x10°° F/m, order of magnitude difference g 33 and ag 3; agrees with
the data,(ii) the estimatedH value corresponding to maxi-
NiFe,0, sI=6.5x10 12 m?N, mum in ag 3; is smaller than observed experimentally, and
(iii) there is exceptionally good agreement between theory
S=—2.4x10 12 m2N. and data for the longitudinal coefficient 33.

Theoretical values of the transverse ME coefficient are

Measured values of the piezoelectric coupling coeffictgt  shown in Fig. 6 as a function of the volume of the constitu-
for the multilayers ranged from 70—170 pm/V at 100 Hz andentphases and there is good agreement with the data. In-
an average value ofi3;=d3y/2=60pm/V was used. The crease in the volume of the MS phase leads to an enhance-
other required parameten,= o\/SH was determined from ment in the strain due to magnetostriction and an increase in
parallel (\1;) and perpendicularN,;3) magnetostriction data the ME coefficient. Our recent theoretical modeling of the
in Fig. 1. Theoretical valué$ of ag 33 and ag 3; Were esti-  reciprocal effect, i.e., shift in the ferromagnetic resonance
mated from Eqgs(2) and (3). field of the MS phase due to piezoelectric effects in the PE-

In Fig. 7 calculated transverse and longitudinal ME volt- phase, indicates increasing resonance-field shift with increas-
age coefficients fov ,,/v,= 1 are compared with the data for ing volume of the PE phas8.Thus, although the theory is
the bilayer and multilayetin Figs. 2 and B One observes an based on a simple two-layer structure, it accounts very well
overall agreement for both the magnitude and field depenfor both the magnitude and volume akiddependence. It is
dence. Recall thadg is frequency dependent and the agree-worth noting that data in Figs. 6 and 7 are to our knowledge
ment between theory and data improves at high frequenciase first ever theoretical analysis at for composites.
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Next we address an important question that arises fromeactive lead compoun@ZT) could easily form both struc-
the study. What is the cause of giant ME effects in NFO-tural and chemical inhomogeneities at the interface with co-
PZT? The largexg 3, is in part due to inherent advantages in balt ferrite!® Studies show extensive microcracks and loss of
ML geometry: efficient poling and the total absence of leak-Fe from the ferrite in bulk composites of CFO-BaTi®® So
age currents. But other systems such as CFO-PZT also haitas reasonable to conclude that the giant ME effect in NFO-
the same advantages. In ferrites, domains are spontaneousl T is most likely due to an interface free of growth-induced
deformed in the magnetization direction and the Joule magstress or defects and a favorable domain dynamics. Investi-
netostriction is caused by domain-wall motion and domaingations on the microscopic nature of the NFO-PZT interface
rotation in the presence &i. Since ME effects involve dy- with techniques such as high-resolution X-ray diffraction,
namic magnetoelastic coupling, key requirements for the ferelectron microscopy, and magnetic-force microcopy are
rite phase are unimpeded domain motion and a largA  critically important for an understanding of the current
soft, high initial permeability(low coercivity), and highA  observations.
ferrite, such as NFO used here, is the main ingredient for
strong ME effects. In magnetically hard cobalt ferrite, how- V. CONCLUSION
ever, one has the disadvantage of a large coercive field that
limits domain rotation. Since the ME effect originates at the  Thick-film bilayers and multilayers of nickel ferrite—PZT
interface, it is important to consider the influence of growth-prepared by tape casting techniques show the strongest mag-
induced stress and its effect on magnetic anisotropy and theetoelectric effects reported to date in any system. The effect
dynamics of domain motion. The interface coupling is alsois of the same strength in bilayers and multilayers for the
influenced by a variety of other factors such as defects, insame effective thickness of the constituent phases. A general
homogeneities, and grain boundaries that pin the domain aridcrease inag is observed with increasing volume of the
limit wall motion and rotation. In the absence of detailed magnetostrictive phase. A theoretical model that assumes
studies on NFO-PZT and other ferrite-PZT interfaces, wedeal interface conditions accounts very well for the magni-
could only speculate on possible reasons for a unique antlide, and volume and field dependence of ME parameters
favorable interface bonding in the present system. Importarand, therefore, implies a perfectly bonded defect-free inter-
factors that affect the interface properties during the highface. We anticipate considerable future activities related to
temperature processing are the thermal-expansion coeffihe physics and chemistry of the NFO-PZT interface. The
cients(2 ppm for PZT vs 10 ppm for most ferriteghermal field-conversion efficiency for the composite is well within
conductivity (an order of magnitude higher in CFO com- the range needed for practical applications.
pared to PZT or NFQ(Refs. 15 and 16 and the sintering
temperature. Different_ial th(_armal expansion_ and therme_ll con- ACKNOWLEDGMENT
ductivity could result in built-in strain and interface micro-
cracks. The sintering temperature of 1425—-1500 K is much The research at Oakland University was supported by a
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