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Magnetoelectric effects in ferrite-lead zirconate titanate layered composites:
The influence of zinc substitution in ferrites

G. Srinivasan, E. T. Rasmussen, and R. Hayes
Physics Department, Oakland University, Rochester, Michigan 48309-4401

~Received 26 February 2002; revised manuscript received 6 November 2002; published 22 January 2003!

The observation of strong magnetoelectric~ME! coupling is reported in zinc-substituted layered composites
of ferrites and lead zirconate titanate~PZT!. Multilayer samples contained cobalt zinc ferrite Co12xZnxFe2O4

~CZFO! (x50 – 0.6) or nickel zinc ferrite Ni12xZnxFe2O4 ~NZFO! (x50 – 0.5) and were prepared by lami-
nating and sintering ferrite and PZT thick films obtained by tape casting. The ME voltage coefficientaE was
measured for transverse and longitudinal field orientations for frequencies 10–1000 Hz. A substantial enhance-
ment in aE is observed with the substitution of Zn. The largest increase, by about 500%, is observed in
CZFO-PZT and the smallest increase of 60% is measured for NZFO-PZT. As the Zn concentration is increased,
aE increases and shows a maximum forx50.2– 0.4, depending on the ferrite. The data is analyzed based on
a theoretical model for a ferrite-PZT bilayer, taking into consideration less than ideal coupling at the interface.
The interface coupling parameterk is quite small for CZFO-PZT; it increases from 0 to 0.6 as Zn concentration
is increased from 0% to 40%. Composites of NZFO-PZT, however, have a near perfect interface coupling. The
Zn-assisted enhancement in the ME coefficient is discussed in terms of joule magnetostriction, initial perme-
ability, and magnetomechanical coupling for the ferrites.

DOI: 10.1103/PhysRevB.67.014418 PACS number~s!: 75.80.1q, 75.70.2i, 77.55.1f
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I. INTRODUCTION

The magnetoelectric~ME! effect is defined as the dielec
tric polarization of a material in an applied magnetic field
an induced magnetization in an external electric field. T
induced polarizationP is related to the magnetic fieldH by
the expressionP5aH, where a is the second-order ME
susceptibility tensor. The effect, first observed in antifer
magnetic Cr2O3 , is weak in single-phase compounds.1 Com-
posites are desirable for the synthesis of materials w
unique or improved properties.2 A composite of
piezomagnetic-piezoelectric phases is expected to be ma
toelectric sincea5dP/dH is the product of the piezomag
netic deformationdz/dH and the piezoelectric charge ge
erationdQ/dz. We are interested in the dynamic ME effec
for an ac magnetic fielddH applied to a biased sample, on
measures the fielddE. The ME voltage coefficientaE

5dE/dH, anda5«o« raE where« r is the relative permit-
tivity.

Studies on ME composites were initiated in the ea
1970s and were primarily on bulk samples of ferrimagne
spinel ferrites and piezoelectric barium titanate.3 Although
ferrites are not piezomagnetic, magnetostriction in an
magnetic field gives rise to pseudopiezomagnetic effe
The bulk composites yieldedaE values that were two to
three orders-of-magnitude smaller than theoretical pre
tions. Such low values are primarily due to low resistivity f
ferrites, which~i! limits the electric field used for poling th
composite and consequently a poor piezoelectric coup
and~ii ! produces a leakage current that results in the los
induced voltage. These difficulties could easily be elimina
in a layered composite.4–9 The ease of poling allows en
hancement of piezoelectric, and therefore, ME effects. T
oretical estimates ofaE for a bilayer of ferrite-lead zirconate
titanate are comparable to values for bulk composites4,10
0163-1829/2003/67~1!/014418~10!/$20.00 67 0144
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The largestaE ever achieved was reported recently in trila
ers of terfenol and lead zirconate titanate~PZT!.6

Ferrite-based layered systems studied so far include
balt ferrite ~CFO! or nickel ferrite ~NFO! with PZT.4,7,9 In
particular, composites with CFO are of interest because
high magnetostriction. Such samples are prepared eithe
laminating and sintering thick films of ferrites and PZT or b
gluing ferrite and PZT discs with silver epoxy.4 Studies on
CFO-PZT showedaE on the order of 75 mV/cm Oe, an
order-of-magnitude larger than in bulk composites. But
measured values, however, are an order-of-magnit
smaller than theoretical values. Thus composites with m
netically hard CFO showed weak ME coupling in spite
high magnetostriction.3 Nickel ferrite, on the other hand, is
soft ferrite with a much smaller anisotropy and magnetost
tion than in CFO. In a very recent study on layered samp
of NFO-PZT, we reported a giant ME coupling on the ord
of 1500 mV/cm Oe andaE values in excellent agreemen
with theory.7 These observations are indicative of the infl
ence of magnetic parameters such as anisotropy, initial
meability, and magnetostriction on ME effects. In particul
the magnetomechanical coupling that gives rise to ME
fects is dependent on the domain dynamics and ac magn
striction.

This work is directed toward an understanding of the
fects of magnetic parameters of ferrites on ME coupling
multilayers with PZT. It is possible to accomplish controlle
variations in the ferrite parameter with Zn substitution. T
following oxides were used for the magnetic phase: cob
zinc ferrite Co12xZnxFe2O4 ~CZFO! (x50 – 0.6) and nickel
zinc ferrite Ni12xZnxFe2O4 ~NZFO! (x50 – 0.5). Commer-
cially available PZT was used for the piezoelectric pha
Layered samples were prepared by lamination and sinte
of ferrite and PZT thick films obtained by tape castin
X-ray-diffraction studies indicated the absence of any imp
©2003 The American Physical Society18-1
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rities, but the PZT lattice was strained. The strain was la
in CZFO-PZT compared to NZFO-PZT and it decreased w
increasing Zn substitution. Magnetic and electrical para
eters for the composites were in general agreement with
values. Magnetoelectric voltage coefficients were measu
for transverse (dE perpendicular todH) and longitudinal
(dE parallel to dH) field orientations for frequencies 10
1000 Hz.

The present study provides clear evidence for strength
ing of ME effects with the substitution of Zn, with the large
increase for CZFO-PZT and the smallest increase for NZF
PZT. In most of the samples studied, we observe a transv
ME coupling that is an order-of-magnitude stronger than
longitudinal coupling due to relative strengths of the piez
magnetic effects. In CZFO-PZT,aE increases as the Zn con
centration is increased and shows a maximum forx50.4.
The coupling weakens with further increase in Zn concen
tion. A similar but a smaller Zn-substitution-related increa
of aE is evident in NZFO-PZT. These data were analyz
using our recent model for a bilayer of ferrite-PZT. Th
model facilitates the estimation of the strength of interfa
coupling k between the two phases, withk51 for an ideal
interface and 0 for a frictionless case. For CZFO-PZTk
values are small and show an increase with Zn concentra
A perfect coupling is inferred for NZFO-PZT. These resu
are discussed in terms of dependence ofk on structural, me-
chanical, chemical, and electromagnetic parameters for
two phases. We infer from the analysis that enhancemen
ME coupling with Zn substitution is related to a reduction
magnetic anisotropy, leading to high permeability and, the
fore, a strong magnetomechanical effect in the ferrite. T
multilayer ferrite-PZT composites studied here are of inter
for use as sensors and in high-frequency devices.

II. SAMPLE PREPARATION AND STRUCTURAL,
MAGNETIC, AND ELECTRICAL CHARACTERIZATION

Multilayer samples of NZFO-PZT and CZFO-PZT we
synthesized using thick films of ferrites and PZT obtained
tape casting.11 The ferrite powder necessary for tape cast
was prepared by the standard ceramic techniques tha
volved mixing the oxides or carbonates of the constitu
metals, followed by presintering and final sintering. A b
mill was used to grind the powder to submicron size. F
PZT films, we used commercially available powder.12 The
fabrication of thick films contained the following main step
~i! preparation of cast of constituent oxides,~ii ! deposition of
10–40-mm-thick-film tapes by doctor blade techniques, a
~iii ! lamination and sintering of composites. Ferrite or P
powders were mixed with a solvent~ethyl alcohol!, plasti-
cizer ~butyl benzyl phthalate!, and binder~polyvinyl butyral!
in a ball mill for 24 h. The slurries were cast into 10-40-mm
tapes on silicon-coated mylar sheets using a tape caster
films were dried in air for 24 h, removed from the myl
substrate, and arranged to obtain the desired structure.
were then laminated under high pressure~3000 psi! and high
temperature~400 K!, and sintered at 1375–1475 K. Mult
layers consisted of (n11) layers of ferrites andn layers of
PZT (n55 – 30). Samples of CZFO-PZT were sintered
01441
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the low end of the sintering temperature range to minim
warping. The samples were characterized in terms of st
tural, electric, magnetic, and magnetoelectric parameters

The surface morphology and cross section of the sam
were examined with a high-resolution~3 1000! metallurgi-
cal microscope. Samples contained fine grains and s
open pores. The porosity ranged from 5% to 10% depend
on the processing temperature. In particular, CZFO-P
samples showed high porosity. The cross-section stu
showed well-bonded structure with uniform thickness
ferrite and PZT. Structural characterization was carried
on sintered multilayers and powdered samples using an x
diffractometer. Data for sintered composites did not sh
any epitaxial or textured nature for the films. Data for po
dered samples showed two sets of well-defined peaks;
first set of narrow peaks corresponded to the magnetic ph
~NZFO or CZFO!, while the second set of relatively broa
peaks was identified with the piezoelectric phase~PZT!.
Main peaks of both sets were of nearly equal intensity. T
key inference from x-ray-diffraction studies is that no dete
able new~impurity! phases are formed because of anticipa
diffusion at the interface.

The structural parameters for bulk ferrites, and ferrite a
PZT films in the layered samples, were calculated from
x-ray data and are shown in Fig. 1. The figure also shows
Zn concentration dependence of the full width at half ma
mum ~FWHM! for the most intense ferrite and PZT diffrac
tion peaks for the composites. Both bulk and thick films
ferrites have a cubic spinel structure and the lattice const
increase linearly with Zn concentration, in very good agre
ment with reported values.13 The narrowness of the peak
and the estimated lattice parameters indicate that the sp
structure is preserved and that the ferrite layers are fre
interface strain. But the situation is different for PZT. Bu
PZT is found to be tetragonal witha50.4062(5) andc
50.4105(6) nm, and a FWHM of 0.3° for the~110! peak.
The data in Fig. 1 show a general broadening of the P
peaks in the composites. Although thec value for PZT is
unchanged in the layered samples, the data shows a smaa
value for both series of multilayers. In NZFO-PZT, the r
duction ina amounts to 1% in the unit-cell volume of PZ
and it remains independent of Zn. A larger volume reducti
as much as 2.5%, occurs in CZFO-PZT. One also notice
linear increase in thea value with Zn concentration in
CZFO-PZT. Thus x-ray data imply a strained PZT in t
heterostructures. The strain is rather large in CZFO-P
compared to NZFO-PZT.

Magnetic characterization included magnetization with
Faraday balance and a vibrating sample magnetometer,
romagnetic resonance at thex band, and magnetostrictio
with a strain gage. The saturation magnetizationMs was
found to agree with bulk values and increased initially w
Zn substitution forx50 – 0.4, followed by a decrease fo
higher Zn substitution.13 For CZFO-PZT samples, there wa
a significant dependence of magnetization on magnetic-fi
orientation due to the expected high magnetic anisotro
Investigation of ferromagnetic resonance~FMR! in compos-
ites was carried out using a spectrometer operating at
GHz. The derivative of the microwave absorption line as
8-2
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MAGNETOELECTRIC EFFECTS IN FERRITE-LEAD . . . PHYSICAL REVIEW B67, 014418 ~2003!
function of the magnetic field was registered for the sta
field H parallel and perpendicular to the sample plane. A
sorption spectra for CZFO-PZT had a very wide and irre
lar shape, while NZFO-PZT had rather narrow and sy
metrical lines. This correlates with observed hysteresis
coercivity in magnetization for CZFO-PZT and their absen

FIG. 1. Lattice constants and the full width at half maximu
~FWHM! as a function of Zn substitutionx for ferrites and lead
zirconate titanate~PZT! in multilayer composites. The solid line
are lattice constants for bulk nickel zinc ferrite, Ni12xZnxFe2O4

~NZFO!, cobalt zinc ferrite, Co12xZnxFe2O4 ~CZFO!, and PZT. The
triangles and circles in the upper part area values for the cubic
spinels CZFO and NZFO, respectively, in the multilayers. T
middle part shows the tetragonala andc values for PZT in NZFO-
PZT ~circles! and CZFO-PZT~triangles!. The lower part shows the
FWHM values for the~110! diffraction peak for PZT and the~311!
peak for CZFO~triangles! and NZFO~circles! in the composites.
01441
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for NZFO-PZT. Data on ferromagnetic resonance fields w
used to estimate the anisotropy fieldHA . For NZFO-PZT, it
varied from 400 Oe forx50 to 50 Oe for x50.5. For
CZFO-PZT,HA decreased from 3.7 kOe to 400 Oe asx was
increased from 0 to 0.5. Magnetostriction was measured w
the standard strain gage technique and detailed data are
vided in Sec. IV. Measurements of electrical resistanceR and
capacitanceC were carried out to probe the quality of th
composites. TheR andC were smaller than expected value
due to either higher than expected conductivity of PZT film
or the presence of ‘‘shorts’’ in the PZT films. Th
ferroelectric-to-paraelectric transition temperature of 600
agreed with the bulk value.14 Further details on magnetic an
electrical characterization are provided in Refs. 14 and 1

III. MAGNETOELECTRIC EFFECTS

Samples were polished; electrical contacts were m
with silver paint, and poled. The poling procedure involv
heating the sample to 420 K and the application of an elec
field E of 20 kV/cm. As the sample was cooled to 300 K,E
was increased progressively to 50 kV/cm over 30 min. T
piezoelectric coupling coefficient was measured with ad33
meter. The parameter of importance for the multilayers is
magnetoelectric voltage coefficientaE . Magnetoelectric
measurements are usually performed under two distin
different conditions: the induced magnetization is measu
for an applied electric field or the induced polarization
obtained for an applied magnetic field. We measured
electric field produced by an alternating magnetic field a
plied to a biased composite. The samples were placed
shielded three-terminal sample holder and placed betw
the pole pieces of an electromagnet that was used to app
bias magnetic fieldH. The required ac field ofdH51 Oe at
10–1000 Hz parallel toH was generated with a pair o
Helmholtz coils. The resulting ac electric fielddE perpen-
dicular to the sample plane was estimated from the volt
dV measured with a lock-in amplifier. The ME voltage c
efficient aE5dV/tdH where t is the effective thicknessof
PZT. The measurements were done for two different fi
orientations. With the sample plane represented by~1, 2!, the
transverse coefficientaE,31 was measured for the magnet
fields H and dH along direction 1~parallel to the sample
plane! and perpendicular todE ~direction 3!. The longitudi-
nal coefficientaE,33 was measured for all the fields perpe
dicular to the sample plane. Magnetoelectric characteriza
was carried out as a function of frequency and bias magn
field H.

Studies were performed on multilayers with equal thic
ness for ferrite and PZT~10–40mm! and a series ofn val-
ues. First we consider samples of CZFO-PZT. Figure
shows representative data on theH dependence ofaE,31 and
aE,33 for a sample in which 40% Co is replaced by Zn. T
data at room temperature and 100 Hz are for a sample
n510. As the bias field is increased from zero,aE increases
rapidly to a peak value. With further increase inH, the ME
coefficients drop to a minimum or zero value. WhenH is
reversed, we observed~i! a 180° phase difference relative t
the ME voltage for1H and~ii ! a small decrease in the pea
8-3
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value foraE compared to the value for1H. There was no
noticeable hysteresis or remanence inaE vs H. As discussed
later, the H dependence in Fig. 2 essentially tracks t
strength of piezomagnetic couplingq5dl/dH where l is
the magnetostriction for the ferrite. The coupling vanish
when l attains saturation. Consider next theH dependence
of transverse and longitudinal coefficients. Although over
features in Fig. 2 are similar for both cases, one finds
following differences.~i! The initial rate of increase inaE
with H is much higher for the transverse case than for l
gitudinal orientation for the fields.~ii ! The peakaE,31 is a
factor-of-5 higher thanaE,33. ~ii ! The peak value inaE,33
occurs for a higher bias field than for the transverse ca
These observations could be understood in terms ofH varia-
tion of parallel and perpendicular magnetostriction for t
ferrite.

Similar aE vs H data were obtained for samples withx
values varying from 0 to 0.6. BothaE,31 and aE,33 were
measured. Figure 3 shows the room-temperature variatio

FIG. 2. Magnetoelectric~ME! voltage coefficientaE5dE/dH
versus bias magnetic fieldH for a multilayer of CZFO (x50.4)
PZT. The sample contained 11 layers of CZFO and 10 layer
PZT with a thickness of 18mm. The data at room temperature an
100 Hz are for transverse~out-of-planedE perpendicular to in-
planedH) and longitudinal~out-of-planedE anddH) field orien-
tations. There is 180° phase difference between voltages for1H
and2H.

FIG. 3. Transverse ME voltage coefficientaE,31 as a function of
H at room temperature and 100 Hz for multilayers of CZFO-P
with x50, 0.2, and 0.4.
01441
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aE,31 with H for x50 – 0.4. Data on the longitudinal cou
pling are not shown since the coupling was quite weak for
x values except for 0.4. Asx is increased one notices~i! an
increase in the rate at whichaE,31 varies withH at low fields,
~ii ! the peak inaE,31 occurs at progressively decreasingH,
and ~iii ! there is a general increase in the peak value
aE,31. In Fig. 4 the variation of maximumaE with x is
shown for both transverse and longitudinal cases. The p
coefficients were measured for several samples and the fi
shows the range of measured values and their average. A
Zn substitution is increased, one observes a sharp increa
aE,31, from 50 mV/cm Oe forx50 to 280 mV/cm Oe for
x50.4. Further increase inx is accompanied by a substanti
reduction inaE,31. The longitudinal coupling parameter i
very weak for the entire series. One needs to compare
results in Figs. 2–4 with past studies on bulk samples
CFO-BaTiO3 and CFO-PZT and multilayers of CFO-PZT.16

Bulk samples showed very weak ME interactions but laye
CFO-PZT showedaE of 75 mV/cm Oe, comparable to val
ues in Fig. 3.16 It is obvious from the present study that Z
substitution in cobalt ferrite is a key ingredient for stron
ME coupling in multilayers. We attribute the efficient fiel
conversion properties to modification of magnetic para
eters due to Zn~Sec. IV!.

Similar ME studies were performed on nickel zinc ferrit
PZT samples withx50 – 0.5. Figure 5 shows representati
data on theH dependence ofaE for NZFO-PZT samples
with x50 – 0.4. The data were obtained on samples withn
510– 15. For NFO-PZT (x50), aE,31 vs H shows the ex-
pected resonancelike character with a maximum centere
H5400 Oe. When Zn is substituted for Ni, we notice
increase in the peak value ofaE,31 for low x values. Asx is
increased, a downshift is observed in theH value corre-
sponding to maximumaE,31. The magnetic-field range fo
strong ME effects decreases with increasing Zn content. D
on the longitudinal coupling in Fig. 5 shows the followin
important departures from the transverse case.~i! The cou-
pling strength does not show any dependence onx for low
Zn substitution.~ii ! As x is increased, an upshift is observe
for the H value corresponding to peakaE,33. ~iii ! The ME

of

FIG. 4. Variation of peak transverse and longitudinal ME vo
age coefficients with zinc concentrationx in layered CZFO-PZT.
The data at room temperature and 100 Hz were obtained from
files as in Figs. 2 and 3. The bars indicate the range of meas
values. The solid lines are to guide the eyes.
8-4
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MAGNETOELECTRIC EFFECTS IN FERRITE-LEAD . . . PHYSICAL REVIEW B67, 014418 ~2003!
coupling is realized over a wide field interval. SimilaraE vs
H profiles were obtained for otherx values. The variations o
maximum aE with x are plotted in Fig. 6. The range o
measuredaE and the average values are shown. The d
reveal a 60% increase in the transverse ME voltage co
cient asx is increased from 0 to 0.2, followed by a reductio
in aE,31 for higherx. The longitudinal coefficient also show
a similar behavior. TheaE values are significantly highe
than reported values in past studies on bulk or laye
samples. The coupling coefficient must be compared with
for NFO-barium titanate,3 115 for NFO-PZT bulk
composites,6 and 300–400 mV/cm Oe for NFO-PZ
multilayers.5,7,9

Now we compare and contrast the ME voltage coeffici
data for the two series of samples. The strongest ME c
plings are observed for NZFO-PZT. The highest ME volta
coefficients are measured for Zn substitutions in the ra
x50.2– 0.4, depending on the nature of ferrite. Althou

FIG. 5. ME voltage coefficients versusH data as in Fig. 2, but
for multilayer samples of NZFO-PZT.
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both systems show enhancement in the strength of ME c
pling with Zn substitution, the largest increase occurs
CZFO-PZT samples. The ME coupling is present ove
wide H interval in CZFO-PZT. One observes a dramatic sh
in the H value corresponding to peakaE,31 for CZFO-PZT.

IV. DISCUSSION

We first estimate the magnetoelectric voltage coefficie
and their magnetic-field dependence for comparison w
data. Following this, possible causes of zinc-substituti
related effects on ME coupling are considered. Harsheet al.
proposed a model for ME effects in a two-layer structur4

Ideal coupling was assumed at the interface and an exp
sion was obtained for the longitudinal ME voltage coef
cient. The major deficiencies of the model are as follows.~i!
For the longitudinal case, important effects related to fin
magnetic permeability for the ferrite were ignored. A redu
tion in the internal magnetic field and weakening of M
interactions are expected due to demagnetizing fields.~ii !
The model did not consider ME coupling under transve
field orientations for which studies show a giant ME effe
~iii ! It is necessary to consider less-than-ideal interface c
pling. We recently developed a comprehensive theory
which the composite is considered as a homogeneous
dium with piezoelectric and magnetostrictive subsystem10

A novel technique was employed to take into account
actual interface conditions, i.e., by introducing an interfa
coupling parameterk. Using open circuit conditions, one ob
tains the following expressions for the longitudinal a
transverse ME voltage coefficients:

FIG. 6. Zinc concentration dependence of maximum transve
and longitudinal ME coefficients in NZFO-PZT layered sample
The line is to guide the eye.
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Herem denotes the magnetostrictive phase andp the piezo-
electric phase,d and q are the piezoelectric and piezoma
netic coupling coefficients, respectively,s is the compliance
coefficient,«T is permittivity at constant stress,m is the ten-
sor permeability, andv5pv/(pv1mv) with pv and mv de-
noting the volume of piezoelectric and magnetostrict
phases, respectively. The interface coupling parameterk that
describes the actual boundary condition is defined byk
5(pSi2

pSi0)/(mSi2
pSi0) whereSare the strain tensor com

ponents andSi0 is the strain with no friction. Thek value
depends on interface quality, withk51 for ideal coupling
between the layers and 0 for the case with no friction.

Apart from other materials parameters, we require
knowledge of the piezomagnetic coupling constantsq
5dl/dH, wherel is the magnetostriction. One needs t
magnitude ofq and its variation withH for the estimation of
field dependence ofaE . The magnetostrictionl13 ~in-plane
magnetostriction forH perpendicular to the sample plan!
and its derivative withH, q13 were quite small for both
CZFO-PZT and NZFO-PZT, resulting in weakaE,33. The
demagnetization whenH and dH are perpendicular to the
sample plane further reduces the ME voltage coefficien10

Consequently, the longitudinal ME coupling is expected
be much weaker than in the transverse case, as is the ca
data in Figs. 2–6. The discussion to follow is therefore
stricted to the transverse ME effect.

We determinedq values from data onl vs H for pure and
Zn-substituted ferrites. Representative data onl11 ~in-plane
parallel magnetostriction! and l12 ~in-plane perpendicula
magnetostriction! are shown in Figs. 7 and 8 for CZFO an
NZFO, respectively. The measurements were made at r
temperature on ferrites (13130.05 cm) made from thick
films. A ~Measurement Group! strain gage and a strain ind
cator were used. Consider the magnetostriction in Fig. 7
CZFO samples. Forx50, asH is increased, we find a wea
increase in the magnitude ofl for fields up to 2 kOe and it is
followed by a strong increase for higherH. The saturation of
l11 occurs at 5 kOe, but the perpendicular magnetostric
does not show any saturation. When 20% Co is replaced
Zn, one observes a rather dramatic strengthening of low-fi
piezomagnetic coupling in the ferrite. The magnetostrict
increases rapidly withH for fields up to 1.5 kOe. The satu
ration occurs at a much lowerH compared to CFO. Furthe
increase inx results in a decrease inl, but the low-fieldq
remains high since the saturationH decreases progressive
with increasingx. For x50.4, one measures a saturati
value ofl12 that is higher thanl11. Thus the introduction of
Zn in CFO leads to overall strengthening of low-field piez
magnetic coupling. Data on magnetostriction for NZFO-P
are shown in Fig. 8. The changes inl with Zn substitution
are less dramatic than in CFO. Forx50, l11 is negative and
large, but the perpendicular magnetostriction is positive
very small. With increasingx, data show an overall decreas
in the saturationl andH value for saturation. Forx50.2, the
low-field piezomagnetic coupling is stronger than in NFO

We now use the bilayer model for theoretical estimates
aE,31 for comparison with the data. The following bulk va
ues were used in Eq.~2! for the composite parameter
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FIG. 7. Room-temperature in-plane parallel (l11) and perpen-
dicular (l12) magnetostriction versusH for CZFO bulk samples
(x50, 0.2, 0.4) made from thick films.

FIG. 8. Magnetostriction vsH data~as in Fig. 7! for NZFO for
x50 and 0.2.
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ps11515310212, ps12525310212, ms1156.5310212,
and ms12522.4310212 m2/N, and«33/«051750.4,12,13The
measured value ford33 in the bulk and layered samples wa
250 pm/V, corresponding tod315d33/25125 pm/V. Data in
Figs. 7 and 8 were fitted to a polynomial for the estimation
q and itsH dependence. We assumev50.5, corresponding to
equal volume of ferrites and PZT. Calculated values ofaE,31
are compared in Fig. 9 with the data for CZFO-PZT samp
Results onaE,31 vs H are shown as a function of the interfac

FIG. 9. Comparison of theoretical and measured values of
transverse ME voltage coefficientaE,31 for layered samples o
CZFO (x50, 0.2, 0.4)-PZT. The solid curves are theoretical valu
for a series for interface coupling parameterk.
01441
f

s.

coupling constantk for samples withx50, 0.2, and 0.4. For
CFO-PZT (x50), the theory predicts a gradual increase
aE,31 with increasingH. A maximum inaE,31 is expected for
a field of 2.8 kOe and the ME coefficient drops down to ze
for H53.5 kOe, the field at which (q111q12) vanishes.
Above this field the effectiveq is once again nonzero and
gives rise to a ME voltage. Upon increasingx from 0 to 0.2,
significant theoretical predictions concern a rapid increas
the low fieldaE,31, a downshift in the peak position to 40
Oe, and a maximumaE,31 that is 30% smaller than forx
50. Finally, for x50.4, the calculatedaE,31 vs H reveals an
intermediate minimum, as forx50. The maximumaE,31 is
the smallest of the three compositions considered in Fig.

Next we compare the data and theoretical values ofaE,31

for CZFO-PZT. Forx50, we observe a substantial disagre
ment between theory and data. Neither the magnitude
aE,31 for k51 nor itsH dependence agree with the data. T
predicted values for perfect interface coupling are an ord
of-magnitude higher andH values for maximumaE,31 are a
lot smaller than measured values. A weak interface coupl
with k on the order of 0.1, is evident forx50. We notice a
similar behavior forx50.2. Magnitudes of theoreticalaE,31

for k50.2 are in agreement with the data, indicative of
stronger interface coupling than that inx50. A significant
inference from Fig. 9 is further strengthening of coupling f
x50.4. Even though the data does not show the predic
intermediate minimum inaE,31, the estimated magnitud
and H dependence fork50.6 are in reasonable agreeme
with the data. A general improvement in the ME coupling
thus accomplished with Zn substitution in the ferrite.

A similar calculation and comparison for NZFO-PZ
samples, however, indicate very good agreement betw
theory and data for pure nickel ferrite and the entire serie
Zn substitution. Representative results are shown in Fig.
for x50 and 0.2. Theoretical estimates are forq values ob-
tained from magnetostriction data in Fig. 8 and other ma
rial parameters mentioned earlier for ferrites. The data w
obtained on multilayers withn515 and a layer thickness o
15 mm. For NFO-PZT, one observes good agreement
tween theory fork51 and data. There is excellent agreeme
in the magnitude ofaE,31, but the theory predicts a sharpe
drop inaE,31 at high fields than that observed experimenta
For NZFO (x50.2)-PZT, the figure shows theoreticalaE,31

smaller than measured values, but a very good agreeme
evident for theH dependence ofaE,31.

Consider now important features in Figs. 9 and 10 for
two systems. First, for CZFO-PZT, there is total lack
agreement between theory fork51 and data. Although mag
netostriction data imply a strong piezomagnetic coupling,
estimatedaE,31 are factors-of-2–10 higher than measur
values. Second, the introduction of Zn leads to an enhan
ment in the strength of interface couplingk andaE , in par-
ticular for CZFO-PZT. The constantk increases from 0.1 to
0.6 when Zn progressively replaces 40% of Co. The the
implies near perfect coupling for NZFO-PZT. Third, the th
oretical value ofH corresponding to the peak inaE,31 is
smaller than the measured values for all the compositio

e

s
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except for NZFO (x50.2) -PZT. Fourth, estimated high fiel
aE,31 are smaller than the data. The ME coefficient arises
to stress-mediated electromagnetic interactions at the in
face andk is an important parameter for the composite. T
theory and analysis presented here provide an elegant m
to quantify an otherwise complex parameterk. We need to
point out an important limitation of the model used here. T
model is valid for a simple bilayer structure. It is necess
to extend the theory to include a multilayer consisting on
interfaces in a structure with (n11)-ferrites andn-PZT lay-
ers. One expects a stronger interface coupling in multilay
than in bilayers.

Next we comment on the possible causes of inferred p
coupling in CZFO-PZT compared to NZFO-PZT, the syste
in which the coupling appears to be ideal. One expectsk to
be dependent on a variety of factors including structu
mechanical, chemical, and electromagnetic parame
X-ray-diffraction data in Fig. 1 indicate the absence of a
structural abnormalities. The ferrites and PZT retain th
spinel and tetragonal structures, respectively. But the P
diffraction peaks in the multilayers were broadened a
shifted due to a lattice strain, primarily in thec plane. The
distortion leads to a volume reduction that is small and in

FIG. 10. Theoretical and measuredaE,31 versusH for NZFO
(x50, 0.2)-PZT composites.
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pendent of Zn concentration in NZFO-PZT. The volum
change in CZFO-PZT, however, is as high as 2.5% and
certain to influence the mechanical and electrical parame
for PZT and consequentlyk for the composite. With the sub
stitution of Zn in CFO, data in Fig. 1 show a decreasi
strain in PZT, accompanied by an improvement in thek
value. Recall that theoreticalaE,31 values are for bulk values
of the material parameters. These observations reinforce
need for the determination of material parameters, includ
the elastic constants, for the constituent phases in the lay
composites.

Mechanical bonding at the interface that arises due to
high-temperature processing of the composite is another
factor that determinesk. In some recent works, the bondin
between magnetostrictive and piezoelectric media was
complished with the use of silver epoxy.6 The understanding
of interface coupling in such cases is further complicated
the introduction of a foreign material. In our sintered com
posites it is difficult to quantify the strength of mechanic
bonding. Simple peel tests are useful for such informati
for example, in metal-polymer samples. We are not aware
such tests for sintered composites. One also expectsk to be
influenced by the possible presence of chemical inhomo
neities at the interface. An observation of importance
this regard is the deterioration in ME coupling in CZFO-PZ
samples sintered at the high end of the temperature ra
1375–1475 K. Although x-ray-diffraction data did no
indicate any detectable levels of impurities, a ‘‘fused’’ inte
face and sample warping indicate microscopic chemical
homogeneities in CZFO-PZT that will have an adverse i
pact onk.

Finally we address the anticipated effects of electrom
netic parameters onk. Even though the observed structur
deformation of PZT will certainly impactk, one needs to
focus on the effects of magnetostriction and magnetoela
coupling for the following reasons. PZT is the only piez
electric phase used in all the composites and its lattice
strained in both systems. The selection of composites
measurements are directed toward examining the role of
rites on~i! ME voltage and~ii ! the dependence ofaE,31 on H.
There are two types of magnetostriction in a ferromagnet~i!
Joule magnetostriction associated with domain moveme
and ~ii ! volume magnetostriction associated with magne
phase change. The volume magnetostriction is not impor
in the present situation since it is significant only at tempe
tures close to the Curie temperature. In ferrites domains
spontaneously deformed in the magnetization direction. U
der the influence of a bias fieldH and ac fielddH, domain-
wall motion and domain rotation contribute to the Joule ma
netostriction. Since the ME coupling involves dynam
magnetomechanical coupling, key requirements for the
rite are unimpeded domain-wall motion, domain rotatio
and a largel. A soft, high, initial permeability~and low
anisotropy as indicated by FMR studies! ferrite, such as
NFO, is the key ingredient for strong ME effects. In ma
netically hard cobalt ferrite, however, one has the disadv
tage of a large anisotropy field that limits domain rotatio
Our magnetization measurements yielded an initial perm
ability of 20 for NFO vs 3.5 for CFO. Figure 11 shows th
8-8
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composition dependence of the initial permeabilitym i from
Ref. 13 for CZFO and NZFO. With increasing Zn concent
tion in CZFO-PZT,m i increases by a factor of 30 to a max
mum value forx50.5 in agreement with anticipated redu
tion in the anisotropy. Recall that estimatedHA varied from
3.7 kOe to 400 Oe when Zn is varied from 0 to 0.4 in CZF
For NZFO,m i shows an order-of-magnitude increase for t
composition range of importance. Even thoughm i andaE,31
track each other in CZFO-PZT, a similar behavior is abs
in NZFO-PZT. It is clear that the important factor is not ju
m i , but the magnetomechanical couplingkm given by km
5(4pl8m r /E)1/2 wherel8 is the dynamic magnetostrictiv
constant andm r is the reversible permeability, paramete
analogous toq5(q111q12) and m i , respectively, andE is
the Young’s modulus.17 In Fig. 12, we compare maximum
values ofaE,31 and the productm iq as a function ofx for
both systems. The factors rise and fall in tandem and
maxima occur around the same composition, i.e.,x
50.2– 0.3 for NZFO-PZT and 0.3–0.4 for CZFO-PZT. Th
it is logical to associate the strong interface coupling for
entire series of NZFO-PZT and Zn-rich CZFO-PZT with e
ficient magnetomechanical coupling.

FIG. 11. Composition dependence of the initial permeabilitym i

~from Ref. 13! for CZFO and NZFO. The lines are to guide the ey
te
n

p

I.
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V. CONCLUSIONS

Studies on layered samples of zinc-substituted ferrites
PZT show evidence for efficient field conversion charact
istics. The magnetoelectric voltage coefficientaE show an
overall increase with increasing Zn concentrationx in
CZFO-PZT and NZFO-PZT. A maximum inaE occurs for
x50.2– 0.4, depending on the ferrite. Analysis of the d
using our model for a bilayer reveals ideal interface con
tions for NZFO-PZT. The data imply poor coupling in CFO
PZT and a substantial improvement in samples with cob
zinc ferrites. The Zn-assisted enhancement in ME coeffic
is primarily due to low anisotropy and high permeability f
the ferrites that results in favorable magnetomechanical c
pling in the composites.
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FIG. 12. Comparison of Zn-substitution dependence of ma
mum values ofaE,31 and the productqm i for NZFO-PZT and
CZFO-PZT. The parameterq5q111q12 is the net piezomagnetic
coupling constant estimated from the slope ofl vs H data in Figs.
7 and 8.
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