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Magnetoelectric effects in ferrite-lead zirconate titanate layered composites:
The influence of zinc substitution in ferrites
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The observation of strong magnetoelectfE) coupling is reported in zinc-substituted layered composites
of ferrites and lead zirconate titanaf@ZT). Multilayer samples contained cobalt zinc ferrite;,CgZn,Fe,O,
(CZFO) (x=0-0.6) or nickel zinc ferrite Ni_,Zn,Fe,0, (NZFO) (x=0-0.5) and were prepared by lami-
nating and sintering ferrite and PZT thick films obtained by tape casting. The ME voltage coeffigiergs
measured for transverse and longitudinal field orientations for frequencies 10—1000 Hz. A substantial enhance-
ment in ag 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,
ag increases and shows a maximum xar 0.2—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 parameteis 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.
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[. INTRODUCTION The largesteg ever achieved was reported recently in trilay-
ers of terfenol and lead zirconate titana®ZT).6

The magnetoelectriGME) effect is defined as the dielec- Ferrite-based layered systems studied so far include co-
tric polarization of a material in an applied magnetic field orbalt ferrite (CFO) or nickel ferrite (NFO) with PZT*"° In
an induced magnetization in an external electric field. Theparticular, composites with CFO are of interest because of
induced polarizatiorP is related to the magnetic field by  high magnetostriction. Such samples are prepared either by
the expressiorP=aH, where « is the second-order ME- laminating and sintering thick films of ferrites and PZT or by
susceptibility tensor. The effect, first observed in antiferro-gluing ferrite and PZT discs with silver epo%yStudies on
magnetic CsO;, is weak in single-phase compourfd8om-  CFO-PZT showedag on the order of 75 mV/cm Oe, an
posites are desirable for the synthesis of materials wittorder-of-magnitude larger than in bulk composites. But the
unique or improved properti€s. A composite of measured values, however, are an order-of-magnitude
piezomagnetic-piezoelectric phases is expected to be magnemaller than theoretical values. Thus composites with mag-
toelectric sincee= §P/S5H is the product of the piezomag- netically hard CFO showed weak ME coupling in spite of
netic deformationsz/SH and the piezoelectric charge gen- high magnetostrictiod Nickel ferrite, on the other hand, is a
eration5Q/ 5z. We are interested in the dynamic ME effect; soft ferrite with a much smaller anisotropy and magnetostric-
for an ac magnetic fieldH applied to a biased sample, one tion than in CFO. In a very recent study on layered samples
measures the fielddE. The ME voltage coefficientag ~ 0f NFO-PZT, we reported a giant ME coupling on the order
=SE/SH, and a=¢g,e,ag Wheree, is the relative permit- of 1500 mV/cm Oe andvg values in excellent agreement
tivity. with theory! These observations are indicative of the influ-

Studies on ME composites were initiated in the earlyence of magnetic parameters such as anisotropy, initial per-
1970s and were primarily on bulk samples of ferrimagneticmeability, and magnetostriction on ME effects. In particular,
spinel ferrites and piezoelectric barium titan&talthough  the magnetomechanical coupling that gives rise to ME ef-
ferrites are not piezomagnetic, magnetostriction in an adects is dependent on the domain dynamics and ac magneto-
magnetic field gives rise to pseudopiezomagnetic effectsstriction.
The bulk composites yieldedg values that were two to This work is directed toward an understanding of the ef-
three orders-of-magnitude smaller than theoretical predicfects of magnetic parameters of ferrites on ME coupling in
tions. Such low values are primarily due to low resistivity for multilayers with PZT. It is possible to accomplish controlled
ferrites, which(i) limits the electric field used for poling the variations in the ferrite parameter with Zn substitution. The
composite and consequently a poor piezoelectric couplindpllowing oxides were used for the magnetic phase: cobalt
and (ii) produces a leakage current that results in the loss dfinc ferrite Cq_,ZnFe,0, (CZFO) (x=0-0.6) and nickel
induced voltage. These difficulties could easily be eliminatedzinc ferrite Ni,_,Zn,Fe,0, (NZFO) (x=0-0.5). Commer-
in a layered composit&® The ease of poling allows en- cially available PZT was used for the piezoelectric phase.
hancement of piezoelectric, and therefore, ME effects. Thekayered samples were prepared by lamination and sintering
oretical estimates ok for a bilayer of ferrite-lead zirconate of ferrite and PZT thick films obtained by tape casting.
titanate are comparable to values for bulk compo$itds. X-ray-diffraction studies indicated the absence of any impu-
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rities, but the PZT lattice was strained. The strain was large¢he low end of the sintering temperature range to minimize
in CZFO-PZT compared to NZFO-PZT and it decreased withwarping. The samples were characterized in terms of struc-
increasing Zn substitution. Magnetic and electrical param+ural, electric, magnetic, and magnetoelectric parameters.
eters for the composites were in general agreement with bulk The surface morphology and cross section of the samples
values. Magnetoelectric voltage coefficients were measurelere examined with a high-resolutigx 1000 metallurgi-
for transverse §E perpendicular tosH) and longitudinal  cal microscope. Samples contained fine grains and some
(E parallel to 6H) field orientations for frequencies 10— open pores. The porosity ranged from 5% to 10% depending
1000 Hz. on the processing temperature. In particular, CZFO-PZT
The present study provides clear evidence for strengthensamples showed high porosity. The cross-section studies
ing of ME effects with the substitution of Zn, with the largest showed well-bonded structure with uniform thickness for
increase for CZFO-PZT and the smallest increase for NZFOterrite and PZT. Structural characterization was carried out
PZT. In most of the samples studied, we observe a transvers sintered multilayers and powdered samples using an x-ray
ME coupling that is an order-of-magnitude stronger than thejiffractometer. Data for sintered composites did not show
longitudinal coupling due to relative strengths of the piezo-any epitaxial or textured nature for the films. Data for pow-
magnetic effects. In CZFO-PZ & increases as the Zn con- dered samples showed two sets of well-defined peaks; the
centration is increased and shows a maximumxer0.4.  first set of narrow peaks corresponded to the magnetic phase
The coupling weakens with further increase in Zn concentra¢gNzZFO or CZFQ, while the second set of relatively broad
tion. A similar but a smaller Zn-substitution-related increasepeaks was identified with the piezoelectric phd&®ZT).
of ag is evident in NZFO-PZT. These data were analyzed\vain peaks of both sets were of nearly equal intensity. The
using our recent model for a bilayer of ferrite-PZT. The key inference from x-ray-diffraction studies is that no detect-
model facilitates the estimation of the Strength of interfac&ab|e nev\(impurity) phases are formed because of anticipated
coupling k between the two phases, wiki=1 for an ideal {iffusion at the interface.
interface and O for a frictionless case. For CZFO-PKT,  The structural parameters for bulk ferrites, and ferrite and
values are small and show an increase with Zn concentratioRzT films in the layered samples, were calculated from the
A perfect coupling is inferred for NZFO-PZT. These resultsx-ray data and are shown in Fig. 1. The figure also shows the
are discussed in terms of dependencé oh structural, me-  zn concentration dependence of the full width at half maxi-
chanical, chemical, and electromagnetic parameters for thgum (FWHM) for the most intense ferrite and PZT diffrac-
two phases. We infer from the analysis that enhancement ifion peaks for the composites. Both bulk and thick films of
ME coupling with Zn substitution is related to a reduction in ferrites have a cubic spinel structure and the lattice constants
magnetic anisotropy, leading to high permeability and, thereincrease linearly with Zn concentration, in very good agree-
fore, a strong magnetomechanical effect in the ferrite. Thenent with reported value's. The narrowness of the peaks
multilayer ferrite-PZT composites studied here are of interesind the estimated lattice parameters indicate that the spinel
for use as sensors and in high-frequency devices. structure is preserved and that the ferrite layers are free of
interface strain. But the situation is different for PZT. Bulk
PZT is found to be tetragonal wita=0.4062(5) andc
=0.4105(6) nm, and a FWHM of 0.3° for thd10 peak.
The data in Fig. 1 show a general broadening of the PZT
Multilayer samples of NZFO-PZT and CZFO-PZT were peaks in the composites. Although tkevalue for PZT is
synthesized using thick films of ferrites and PZT obtained byunchanged in the layered samples, the data shows a smaller
tape casting! The ferrite powder necessary for tape castingvalue for both series of multilayers. In NZFO-PZT, the re-
was prepared by the standard ceramic techniques that imluction ina amounts to 1% in the unit-cell volume of PZT
volved mixing the oxides or carbonates of the constitueneand it remains independent of Zn. A larger volume reduction,
metals, followed by presintering and final sintering. A ball as much as 2.5%, occurs in CZFO-PZT. One also notices a
mill was used to grind the powder to submicron size. Forlinear increase in thea value with Zn concentration in
PZT films, we used commercially available pow#feThe =~ CZFO-PZT. Thus x-ray data imply a strained PZT in the
fabrication of thick films contained the following main steps: heterostructures. The strain is rather large in CZFO-PZT
() preparation of cast of constituent oxidés) deposition of compared to NZFO-PZT.
10—-40um-thick-film tapes by doctor blade techniques, and Magnetic characterization included magnetization with a
(iii) lamination and sintering of composites. Ferrite or PZTFaraday balance and a vibrating sample magnetometer, fer-
powders were mixed with a solveféthyl alcoho], plasti- romagnetic resonance at theband, and magnetostriction
cizer (butyl benzyl phthalate and binderpolyvinyl butyra)  with a strain gage. The saturation magnetizatiddg was
in a ball mill for 24 h. The slurries were cast into 10-46a  found to agree with bulk values and increased initially with
tapes on silicon-coated mylar sheets using a tape caster. TE& substitution forx=0-0.4, followed by a decrease for
films were dried in air for 24 h, removed from the mylar higher Zn substitution® For CZFO-PZT samples, there was
substrate, and arranged to obtain the desired structure. Thaysignificant dependence of magnetization on magnetic-field
were then laminated under high press(8800 psj and high  orientation due to the expected high magnetic anisotropy.
temperaturg400 K), and sintered at 1375-1475 K. Multi- Investigation of ferromagnetic resonan&MR) in compos-
layers consisted ofn(+ 1) layers of ferrites ana layers of ites was carried out using a spectrometer operating at 9.8
PZT (n=5-30). Samples of CZFO-PZT were sintered atGHz. The derivative of the microwave absorption line as a

Il. SAMPLE PREPARATION AND STRUCTURAL,
MAGNETIC, AND ELECTRICAL CHARACTERIZATION
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;

for NZFO-PZT. Data on ferromagnetic resonance fields were
used to estimate the anisotropy fiéfd, . For NZFO-PZT, it

0.842 - CZFO-PZT 1 varied from 400 Oe forx=0 to 50 Oe forx=0.5. For
CZFO-PZT,H, decreased from 3.7 kOe to 400 Oexasas
increased from 0 to 0.5. Magnetostriction was measured with
the standard strain gage technique and detailed data are pro-
vided in Sec. IV. Measurements of electrical resistaResd

>

stant for Ferrite (hm)
g o
g8 2

g 0.836 capacitanceC were carried out to probe the quality of the
composites. Th&® and C were smaller than expected values

_.3; 0.834 | due to either higher than expected conductivity of PZT films

3 9 or the presence of “shorts” in the PZT films. The

0.832 . . . : : ferroelectric-to-paraelectric transition temperature of 600 K
) ) ) ) agreed with the bulk valu¥. Further details on magnetic and

0.412 3 ;) ' ' T electrical characterization are provided in Refs. 14 and 15.
T ¢ )
c
E omr :}M e W czrofzr | ll. MAGNETOELECTRIC EFFECTS
8 0.408 1 1 Samples were polished; electrical contacts were made
£ 0406 with silver paint, and poled. The poling procedure involved
g e / heating the sample to 420 K and the application of an electric
§ 0.404 | bulk gM AAAAAA . field E of 20 kV/cm. As the sample was cooled to 300K,
2 L B ¢ L 2 was increased progressively to 50 kV/cm over 30 min. The
£ 0402} 3 cror piezoelectric coupling coefficient was measured wittlza
3 meter. The parameter of importance for the multilayers is the

0-40 :1 0'2 0'3 0'4 0'5 06 magnetoelectric voltage coefficientz. Magnetoelectric

measurements are usually performed under two distinctly
different conditions: the induced magnetization is measured

05 ' ' ' ' ' for an applied electric field or the induced polarization is
) obtained for an applied magnetic field. We measured the
04l PZT(110) - peak ] electric field produced by an alternating magnetic field ap-
o l } * plied to a biased composite. The samples were placed in a
3 + # shielded three-terminal sample holder and placed between
g 03 E the pole pieces of an electromagnet that was used to apply a
2 bias magnetic fieldH. The required ac field ofH =1 Oe at
ferrite (311)-peak 10-1000 Hz parallel ttH was generated with a pair of
02‘; § # % ‘ # '0 Helmholtz coils. The resulting ac electric fieBE perpen-
dicular to the sample plane was estimated from the voltage
04 N . 8V measured with a lock-in amplifier. The ME voltage co-

0 01 02 03 04 05 06 efficient ag= 6V/téH wheret is the effective thicknessf
PZT. The measurements were done for two different field
orientations. With the sample plane representedlhy), the

FIG. 1. Lattice constants and the full width at half maximum transverse coefficientg 3; was measured for the magnetic
(FWHM) as a function of Zn substitutior for ferrites and lead fields H and SH along direction 1(parallel to the sample
zirconate titanat€PZT) in multilayer composites. The solid lines plang and perpendicular téE (direction 3. The longitudi-
are lattice constants for bulk nickel zinc ferrite,|NiZn,F&,0,  nal coefficientag 33 was measured for all the fields perpen-
(NZFO), cobalt zinc ferrite, Co_,ZnFe,0, (CZFO), and PZT. The  dicular to the sample plane. Magnetoelectric characterization
tl’iangles and circles in the upper part aevalues for the cubic was Car”ed out as a functlon Of frequency and b|as magnet|c
spinels CZFO and NZFO, respectively, in the multilayers. Thefig|d H.
middle_ part shows the tetrago_rmbndc values for PZT in NZFO- Studies were performed on multilayers with equal thick-
PZT (circles and CZFO-PZ'I_(trlangIes). The lower part shows the ness for ferrite and PZT10—40um) and a series of val-
FWHM values for the110) diffraction peak for PZT and the811) oo First we consider samples of CZFO-PZT. Figure 2
peak for CZFQO(triangles and NZFO(circles in the composites. shows representative data on #alependence kg 3; and

ag 33 for a sample in which 40% Co is replaced by Zn. The

function of the magnetic field was registered for the staticdata at room temperature and 100 Hz are for a sample with
field H parallel and perpendicular to the sample plane. Abn=10. As the bias field is increased from zeag, increases
sorption spectra for CZFO-PZT had a very wide and irregu+apidly to a peak value. With further increaseHin the ME
lar shape, while NZFO-PZT had rather narrow and sym-oefficients drop to a minimum or zero value. Whidnis
metrical lines. This correlates with observed hysteresis anteversed, we observed a 180° phase difference relative to
coercivity in magnetization for CZFO-PZT and their absencethe ME voltage for+ H and(ii) a small decrease in the peak

Zn Concentration x
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Static Magnetic Field (Oe) FIG. 4. Variation of peak transverse and longitudinal ME volt-

. - _ age coefficients with zinc concentrationin layered CZFO-PZT.
FIG. 2. Magnetoelectri¢cME) voltage coefficiente = 58/ 5H The data at room temperature and 100 Hz were obtained from pro-

versus bias magnetic field for a multilayer of CZFO x=0.4) . - g
PZT. The sample contained 11 layers of CZFO and 10 layers Ol;lles as in Figs. 2 and 3. The bars indicate the range of measured

PZT with a thickness of 1&m. The data at room temperature and values. The solid lines are to guide the eyes.
100 Hz are for transvers@ut-of-plane SE perpendicular to in-
plane 8H) and longitudinal(out-of-planesE and 5H) field orien-  ag 3; with H for x=0-0.4. Data on the longitudinal cou-
tations. There is 180° phase difference between voltages-fér pling are not shown since the coupling was quite weak for all
and—H. x values except for 0.4. Ag is increased one noticép an
increase in the rate at whiekh: 3, varies withH at low fields,
value for ag compared to the value fot H. There was no (ii) the peak inag 3; occurs at progressively decreasiHg
noticeable hysteresis or remanencerinvs H. As discussed and (iii) there is a general increase in the peak value of
later, the H dependence in Fig. 2 essentially tracks theagsi. In Fig. 4 the variation of maximumye with x is
strength of piezomagnetic couplirg=d\/dH where\ is  shown for both transverse and longitudinal cases. The peak
the magnetostriction for the ferrite. The coupling vanishescoefficients were measured for several samples and the figure
when\ attains saturation. Consider next thedependence shows the range of measured values and their average. As the
of transverse and longitudinal coefficients. Although overallZn substitution is increased, one observes a sharp increase in
features in Fig. 2 are similar for both cases, one finds thegz1, from 50 mV/cmOe forx=0 to 280 mV/cm Oe for
following differences.(i) The initial rate of increase img  X=0.4. Further increase iis accompanied by a substantial
with H is much higher for the transverse case than for lon+eduction inag 3;. The longitudinal coupling parameter is
gitudinal orientation for the fields(ii) The peakags; is a  very weak for the entire series. One needs to compare the
factor-of-5 higher thamxg s3. (i) The peak value imvg 3 results in Figs. 2—4 with past studies on bulk samples of
occurs for a higher bias field than for the transverse casé;FO-BaTiQ and CFO-PZT and multilayers of CFO-PZ.
These observations could be understood in ternid efria-  Bulk samples showed very weak ME interactions but layered
tion of parallel and perpendicular magnetostriction for theCFO-PZT showedyg of 75 mV/cm Oe, comparable to val-
ferrite. ues in Fig. 3% It is obvious from the present study that Zn
Similar ag vs H data were obtained for samples with ~ substitution in cobalt ferrite is a key ingredient for strong
values varying from 0 to 0.6. Botlxg 3, and ag 33 were ~ ME coupling in multilayers. We attribute the efficient field

measured. Figure 3 shows the room-temperature variation ¢onversion properties to modification of magnetic param-
eters due to ZriSec. V).

Similar ME studies were performed on nickel zinc ferrite-

N3 300 _'M ' ' ' PZT samples withk=0-0.5. Figure 5 shows representative
35 Tt CZFO-PZT data on theH dependence ofrg for NZFO-PZT samples
E% 200 L ‘f \ i with x=0-0.4. The data were obtained on samples wwith
W= ¢ *,\ =10-15. For NFO-PZTX=0), ag3; vs H shows the ex-
@ , . pected resonancelike character with a maximum centered at
SE 100 1 sl x=02 i H=400 Oe. When Zn is substituted for Ni, we notice an
2 PR e x=0 increase in the peak value af 3; for low x values. Asx is
E§ b W increased, a downshift is observed in thevalue corre-

° iy 1 L sponding to maximumrg 3;. The magnetic-field range for

0 1000 2000 3000 4000 5000 strong ME effects decreases with increasing Zn content. Data

on the longitudinal coupling in Fig. 5 shows the following

important departures from the transverse cé&geThe cou-
FIG. 3. Transverse ME voltage coefficiemt 5, as a function of ~ pling strength does not show any dependencex éor low

H at room temperature and 100 Hz for multilayers of CZFO-PZTZn substitution(ii) As x is increased, an upshift is observed

with x=0, 0.2, and 0.4. for the H value corresponding to peakg 3. (iii) The ME

Static Magnetic Field H (Oe)

014418-4



MAGNETOELECTRIC EFFECTS IN FERRITE-LEAD. .. PHYSICAL REVIEW B7, 014418 (2003

700 T

1
800 100
-02 NZFO- —_ T T T T T _
,"\x o transverse S NZFO-PZT * longitudinal é
525 |- /‘ » y § ool 17 =8
E —e— transverse E

Maximum Transverse ME Voltage
1
&
o
1
[
o
Maximum Longitudinal ME Voltage
E33

8
§
T ¢ g
et 5 5
At T 200 {25 J3
(=] "..d:’ %
20 Q -1
-2 (] o 1 1 1 1 1 o o
§ 0 0 01 02 03 04 05 06
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% //:\-.\ x<0 FIG. 6. Zinc concentration dependence of maximum transverse
> \ N longitudinal and longitudinal ME coefficients in NZFO-PZT layered samples.
2 / \\ The line is to guide the eye.
g ;oo
] 3B /” AN 7 both systems show enhancement in the strength of ME cou-
s x=0.2 // N pling with Zn substitution, the largest increase occurs for
§ Y_ x=04 W, CZFO-PZT samples. The ME coupling is present over a
= & S wide H interval in CZFO-PZT. One observes a dramatic shift
0 L L b in the H value corresponding to pealkg 3, for CZFO-PZT.
0 1000 2000 3000

IV. DISCUSSION

Static Magnetic Field H (Oe) We first estimate the magnetoelectric voltage coefficients
and their magnetic-field dependence for comparison with
data. Following this, possible causes of zinc-substitution-
related effects on ME coupling are considered. Haesha.
proposed a model for ME effects in a two-layer structure.
coupling is realized over a wide field interval. Similag vs  Ideal coupling was assumed at the interface and an expres-
H profiles were obtained for othervalues. The variations of sion was obtained for the longitudinal ME voltage coeffi-
maximum ag with x are plotted in Fig. 6. The range of cient. The major deficiencies of the model are as follaiis.
measuredeg and the average values are shown. The dat#&or the longitudinal case, important effects related to finite
reveal a 60% increase in the transverse ME voltage coeffimagnetic permeability for the ferrite were ignored. A reduc-
cient asx is increased from 0 to 0.2, followed by a reduction tion in the internal magnetic field and weakening of ME
in ag 31 for higherx. The longitudinal coefficient also shows interactions are expected due to demagnetizing figlids.
a similar behavior. Thexg values are significantly higher The model did not consider ME coupling under transverse
than reported values in past studies on bulk or layeredield orientations for which studies show a giant ME effect.
samples. The coupling coefficient must be compared with 8@iii ) It is necessary to consider less-than-ideal interface cou-
for NFO-barium titanatd, 115 for NFO-PZT bulk pling. We recently developed a comprehensive theory in
composite$, and 300-400 mV/cmOe for NFO-PZT which the composite is considered as a homogeneous me-
multilayers>’:° dium with piezoelectric and magnetostrictive subsyst&ins.
Now we compare and contrast the ME voltage coefficientA novel technique was employed to take into account the
data for the two series of samples. The strongest ME couactual interface conditions, i.e., by introducing an interface
plings are observed for NZFO-PZT. The highest ME voltagecoupling parametek. Using open circuit conditions, one ob-
coefficients are measured for Zn substitutions in the rangeains the following expressions for the longitudinal and
x=0.2-0.4, depending on the nature of ferrite. Althoughtransverse ME voltage coefficients:

FIG. 5. ME voltage coefficients versii$ data as in Fig. 2, but
for multilayer samples of NZFO-PZT.

_ —2uok(1—v)Pds; "Mgsy
¥E33 2(Pd3p)(1— v)k+Pe T3 (Psy1+Ps1o) (v —1) — kv (s +Ms15)]

v [(Ps11tPs10) (v —1) —kv(Msy3+Ms15) ]
[1o(v —1) = "ragv ITkv (MSy1+"S12) — (PS1+Ps10) (v — 1) ]+ 2(Mdzy) ko’

(D

- —k(v—1)Pd3(Mq11+ M051)
3L (Ms11+ M1, Pedokv + (PS4 Ps1o)Pedo(1—v) — 2(Pd3y) 2k(1—v)

2
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Herem denotes the magnetostrictive phase arttie piezo- 50 T T T T
electric phased and g are the piezoelectric and piezomag- CZFO (x = 0)

netic coupling coefficients, respectiveljjs the compliance
coefficient,e T is permittivity at constant stresg, is the ten-
sor permeability, and =Puv/(Pv+"v) with Pv and ™v de-
noting the volume of piezoelectric and magnetostrictive
phases, respectively. The interface coupling paranietieat
describes the actual boundary condition is definedkby
=(PS—PS;p)/ (™S —PS,y) whereSare the strain tensor com-
ponents ands,; is the strain with no friction. Thé value
depends on interface quality, witk=1 for ideal coupling

between the layers and 0 for the case with no friction. £

Apart from other materials parameters, we require theg
knowledge of the piezomagnetic coupling constamis < _y50 1 L L L
= 0N SH, where\ is the magnetostriction. One needs the § o 1000 2000 3000 4000 5000
magnitude ofg and its variation wittH for the estimation of 'g 60 .
field dependence akg. The magnetostriction 15 (in-plane > CzFO X202 oo O o=
magnetostriction foiH perpendicular to the sample plane % 40 ol ;e;n_ e 7: o
and its derivative withH, g,3 were quite small for both  §, R =04
CZFO-PZT and NZFO-PZT, resulting in weake ;3. The & 20T m,”f Pl 7

demagnetization whehl and éH are perpendicular to the
sample plane further reduces the ME voltage coefficignt.
Consequently, the longitudinal ME coupling is expected to
be much weaker than in the transverse case, as is the case fi
data in Figs. 2—6. The discussion to follow is therefore re-
stricted to the transverse ME effect.

We determined) values from data on vs H for pure and
Zn-substituted ferrites. Representative datanep (in-plane
parallel magnetostrictionand A4, (in-plane perpendicular
magnetostrictionare shown in Figs. 7 and 8 for CZFO and :
NZFO, respectively. The measurements were made at roon 0 1000 2000 3000
temperature on ferrites (41Xx0.05cm) made from thick Static Magnetic Field H (Oe)
films. A (Measurement Groypstrain gage and a strain indi-
cator were used. Consider the magnetostriction in Fig. 7 for FIG. 7. Room-temperature in-plane parallal;{) and perpen-
CZFO samples. Fax=0, asH is increased, we find a weak dicular (\15) magnetostriction versubl for CZFO bulk samples
increase in the magnitude affor fields up to 2 kOe and itis (x=0, 0.2, 0.4) made from thick films.
followed by a strong increase for highldr The saturation of
N1 Occurs at 5 kOe, but the perpendicular magnetostriction
does not show any saturation. When 20% Co is replaced with 10 T T
Zn, one observes a rather dramatic strengthening of low-field
piezomagnetic coupling in the ferrite. The magnetostriction
increases rapidly withd for fields up to 1.5 kOe. The satu-
ration occurs at a much lowét compared to CFO. Further
increase inx results in a decrease i, but the low-fieldq
remains high since the saturatibhdecreases progressively
with increasingx. For x=0.4, one measures a saturation
value of\ (, that is higher tham 1;. Thus the introduction of
Zn in CFO leads to overall strengthening of low-field piezo-
magnetic coupling. Data on magnetostriction for NZFO-PZT
are shown in Fig. 8. The changesnwith Zn substitution
are less dramatic than in CFO. Eo#0, \ 141 is negative and
large, but the perpendicular magnetostriction is positive and
very small. With increasing, data show an overall decrease .
in the saturationn andH value for saturation. For=0.2, the 0 1000 2000 3000
low-field piezomagngtic coupling is stronger than irj NFO. Static Magnetic Field H (Oe)

We now use the bilayer model for theoretical estimates of
ag 3; for comparison with the data. The following bulk val-  FIG. 8. Magnetostriction v8i data(as in Fig. 7 for NZFO for
ues were used in Eq2) for the composite parameters: x=0 and 0.2.

Magnetostriction A (ppm)
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700

r — = r coupling constank for samples wittk=0, 0.2, and 0.4. For
CZFO-PZT CFO-PZT (=0), the theory predicts a gradual increase in
ag 31 With increasingH. A maximum inag 3, is expected for

a field of 2.8 kOe and the ME coefficient drops down to zero
for H=3.5kOe, the field at which qj;+q,,) vanishes.
Above this field the effectivel is once again nonzero and it
gives rise to a ME voltage. Upon increasixdgrom 0 to 0.2,
significant theoretical predictions concern a rapid increase in
the low field ag 3;, @ downshift in the peak position to 400

525

350

i 175 Oe, and a maximung 3; that is 30% smaller than fox
O =0. Finally, forx=0.4, the calculated 3; vs H reveals an
g intermediate minimum, as for=0. The maximumag 3, is
S 0 the smallest of the three compositions considered in Fig. 9.
3 500 . : Next we compare the data and theoretical values©f;
o for CZFO-PZT. Forx=0, we observe a substantial disagree-
1]

ment between theory and data. Neither the magnitude of
ag 31 for k=1 nor itsH dependence agree with the data. The
predicted values for perfect interface coupling are an order-
of-magnitude higher anti values for maximunug 3, are a

lot smaller than measured values. A weak interface coupling,
with k on the order of 0.1, is evident for=0. We notice a
similar behavior forx=0.2. Magnitudes of theoreticalg 3;

for k=0.2 are in agreement with the data, indicative of a
stronger interface coupling than that 0. A significant
inference from Fig. 9 is further strengthening of coupling for
x=0.4. Even though the data does not show the predicted
intermediate minimum inag 3;, the estimated magnitude
500 : : and H dependence fok=0.6 are in reasonable agreement
with the data. A general improvement in the ME coupling is
thus accomplished with Zn substitution in the ferrite.

300

200 {

100

Transverse ME Voltage Coefficient o

400 T A similar calculation and comparison for NZFO-PZT
samples, however, indicate very good agreement between
300 g theory and data for pure nickel ferrite and the entire series of
Zn substitution. Representative results are shown in Fig. 10

200 1 for x=0 and 0.2. Theoretical estimates are pvalues ob-

. tained from magnetostriction data in Fig. 8 and other mate-
. rial parameters mentioned earlier for ferrites. The data were

100 f * e, A obtained on multilayers with=15 and a layer thickness of

15 um. For NFO-PZT, one observes good agreement be-
. tween theory fok=1 and data. There is excellent agreement
1000 1500 in the magnitude otvg 3;, but the theory predicts a sharper
Static Magnetic Field H (Oe) drop inag 3; at high fields than that observed experimentally.
For NZFO (x=0.2)-PZT, the figure shows theoreticaf 3,
FIG. 9. Comparison of theoretical and measured values of thgmaller than measured values, but a very good agreement is
transverse ME voltage coefficientg 5, for layered samples of evident for theH dependence ofg 3;.
CZFO (x=0, 0.2, 0.4)-PZT. The solid curves are theoretical values Consider now important features in Figs. 9 and 10 for the
for a series for interface coupling parameker two systems. First, for CZFO-PZT, there is total lack of
agreement between theory for=1 and data. Although mag-
Ps,=15x 10712 Ps,=—5x10"1% ™Ms,=6.5x10° 1%  netostriction data imply a strong piezomagnetic coupling, the
and™s;,= —2.4x10 2 m?/N, andez3/eq=1750*"*'*The  estimatedag 5; are factors-of-2—10 higher than measured
measured value fadsz in the bulk and layered samples was values. Second, the introduction of Zn leads to an enhance-
250 pm/V, corresponding td;;=d33/2=125 pm/V. Data in ment in the strength of interface couplikgand g, in par-
Figs. 7 and 8 were fitted to a polynomial for the estimation ofticular for CZFO-PZT. The constatincreases from 0.1 to
g and itsH dependence. We assume: 0.5, corresponding to 0.6 when Zn progressively replaces 40% of Co. The theory
equal volume of ferrites and PZT. Calculated valuespg;  implies near perfect coupling for NZFO-PZT. Third, the the-
are compared in Fig. 9 with the data for CZFO-PZT samplesoretical value ofH corresponding to the peak iag 3; is
Results orwg 3, vs H are shown as a function of the interface smaller than the measured values for all the compositions,
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400 T T pendent of Zn concentration in NZFO-PZT. The volume
NZFO-PZT change in CZFO-PZT, however, is as high as 2.5% and is
x=0 certain to influence the mechanical and electrical parameters

i for PZT and consequently/for the composite. With the sub-
stitution of Zn in CFO, data in Fig. 1 show a decreasing
strain in PZT, accompanied by an improvement in the
value. Recall that theoretical 3, values are for bulk values

of the material parameters. These observations reinforce the
need for the determination of material parameters, including
the elastic constants, for the constituent phases in the layered
- composites.

Mechanical bonding at the interface that arises due to the
high-temperature processing of the composite is another key
factor that determinek. In some recent works, the bonding
between magnetostrictive and piezoelectric media was ac-
v complished with the use of silver epoXjhe understanding
of interface coupling in such cases is further complicated by
. the introduction of a foreign material. In our sintered com-
. posites it is difficult to quantify the strength of mechanical
S0 o ° . bonding. Simple peel tests are useful for such information,
for example, in metal-polymer samples. We are not aware of
7 such tests for sintered composites. One also expettishe
influenced by the possible presence of chemical inhomoge-
7 neities at the interface. An observation of importance in
this regard is the deterioration in ME coupling in CZFO-PZT
] samples sintered at the high end of the temperature range
1375-1475 K. Although x-ray-diffraction data did not
indicate any detectable levels of impurities, a “fused” inter-
face and sample warping indicate microscopic chemical in-
homogeneities in CZFO-PZT that will have an adverse im-
pact onk.

Static Magnetic Field H (Oe) Finally we address the anticipated effects of electromag-
netic parameters ok. Even though the observed structural

FIG. 10. Theoretical and measureg ; versusH for NZFO  deformation of PZT will certainly impack, one needs to
(x=0, 0.2)-PZT composites. focus on the effects of magnetostriction and magnetoelastic

coupling for the following reasons. PZT is the only piezo-
except for NZFO x=0.2) -PZT. Fourth, estimated high field electric phase used in all the composites and its lattice is
ag 3; are smaller than the data. The ME coefficient arises dustrained in both systems. The selection of composites and
to stress-mediated electromagnetic interactions at the intemeasurements are directed toward examining the role of fer-
face andk is an important parameter for the composite. Therites on(i) ME voltage andii) the dependence afg 3; on H.
theory and analysis presented here provide an elegant meafikere are two types of magnetostriction in a ferromagfigt:
to quantify an otherwise complex parameketVe need to  Joule magnetostriction associated with domain movements
point out an important limitation of the model used here. Theand (ii) volume magnetostriction associated with magnetic
model is valid for a simple bilayer structure. It is necessaryphase change. The volume magnetostriction is not important
to extend the theory to include a multilayer consistingnof in the present situation since it is significant only at tempera-
interfaces in a structure witm(1)-ferrites anch-PZT lay-  tures close to the Curie temperature. In ferrites domains are
ers. One expects a stronger interface coupling in multilayerspontaneously deformed in the magnetization direction. Un-
than in bilayers. der the influence of a bias field and ac fieldsH, domain-

Next we comment on the possible causes of inferred poowall motion and domain rotation contribute to the Joule mag-
coupling in CZFO-PZT compared to NZFO-PZT, the systemnetostriction. Since the ME coupling involves dynamic
in which the coupling appears to be ideal. One expkdts  magnetomechanical coupling, key requirements for the fer-
be dependent on a variety of factors including structuralyite are unimpeded domain-wall motion, domain rotation,
mechanical, chemical, and electromagnetic parameterand a large\. A soft, high, initial permeability(and low
X-ray-diffraction data in Fig. 1 indicate the absence of anyanisotropy as indicated by FMR studjieferrite, such as
structural abnormalities. The ferrites and PZT retain theilNFO, is the key ingredient for strong ME effects. In mag-
spinel and tetragonal structures, respectively. But the PZThetically hard cobalt ferrite, however, one has the disadvan-
diffraction peaks in the multilayers were broadened andage of a large anisotropy field that limits domain rotation.
shifted due to a lattice strain, primarily in tleeplane. The  Our magnetization measurements yielded an initial perme-
distortion leads to a volume reduction that is small and indeability of 20 for NFO vs 3.5 for CFO. Figure 11 shows the

Transverse ME Voltage Coefficient o, (mVicm Oe)

1500
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FIG. 12. Comparison of Zn-substitution dependence of maxi-
FIG. 11. Composition dependence of the initial permeabjlity  mum values ofag 5, and the productu; for NZFO-PZT and
(from Ref. 13 for CZFO and NZFO. The lines are to guide the eye. czFo-pzT. The p’arametel=q11+q12 is the net piezomagnetic
coupling constant estimated from the slopenofs H data in Figs.
composition dependence of the initial permeabijityfrom 7 and 8.
Ref. 13 for CZFO and NZFO. With increasing Zn concentra-
tion in CZFO-PZT,u; increases by a factor of 30 to a maxi-

mum value forx=0.5 in agreement with anticipated reduc- _ _ ) )
tion in the anisotropy. Recall that estimatelg, varied from Studies on layered samples of zinc-substituted ferrites and
3.7 kOe to 400 Oe when Zn is varied from 0 to 0.4 in czF0.PZT show evidence for efficient field conversion character-
For NZFO, u; shows an order-of-magnitude increase for theiStics. The magnetoelectric voltage coefficient show an
composition range of importance. Even thoyghand ag 3; overall increase with increasing Zn concentratianin
track each other in CZFO-PZT, a similar behavior is absenfZFO-PZT and NZFO-PZT. A maximum iae occurs for

in NZFO-PZT. It is clear that the important factor is not just X=0-2—0.4, depending on the ferrite. Analysis of the data
wi, but the magnetomechanical couplikg, given by k,, ~ USIng our model for a bilayer reveals ideal interface condi-
= (47N’ p, IE)Y2 where)\ " is the dynamic magnetostrictive tions for NZFO-PZT. The data imply poor coupling in CFO-

constant andu, is the reversible permeability, parameters PZT and a substantial improvement in samples with cobalt
analogous tay=(qy4+d;,) and u;, respectively, anc is ~ 2iNC ferrites. The Zn-assisted enhancement in ME coefficient

the Young's modulu&’ In Fig. 12, we compare maximum is primgrily due to low gnisotropy and high permeabi_lity for
values ofag 51 and the producisq as a function ofk for thg fe_rrltes that resu_lts in favorable magnetomechanical cou-
both systems. The factors rise and fall in tandem and th&!ing in the composites.

maxima occur around the same composition, i.B.,
=0.2-0.3 for NZFO-PZT and 0.3-0.4 for CZFO-PZT. Thus
it is logical to associate the strong interface coupling for the
entire series of NZFO-PZT and Zn-rich CZFO-PZT with ef-
ficient magnetomechanical coupling.

V. CONCLUSIONS
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