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ABSTRACT

This report is on the observation and theory for strong mechanical strain mediated
magneto-electric (ME) coupling in composites of lead zirconate titanate (PZT) and self-biased Y-
or W-type hexagonal ferrites. Polycrystalline Y-type, (Niix Znx)> Y, and W-types, (CoixZnx)> W,
hexagonal ferrites for x = 0-0.4 prepared by ceramic processing techniques showed a large remnant
magnetization due to uniaxial or in-plane magneto-crystalline anisotropy. The strength of ME
coupling in symmetric trilayer composites of the ferrites and PZT was measured by ME voltage
coefficient (MEVC) at low-frequency and at longitudinal electro-mechanical resonance (EMR).
The bias magnetic field H dependence of MEVC at low-frequency in the composites with (Ni,Zn)
Y showed hysteresis with its value under self-bias 90% or more of the value for optimum bias
field. In the case of composites with W-type ferrites, the MEVC under zero-external bias was 60-

80% of its value for optimum bias field. Both types of composites when subjected to an ac



magnetic field at EMR frequency showed an order of magnitude enhancement in the MEVC
compared to low-frequencies and the peak value at EMR for zero bias was 90% of its value under
optimum bias. A model has been developed for the large ME response under the self-bias provided
by the remnant magnetization and estimated values of MEVC are in good agreement with the data.
The hexaferrite-ferroelectric composites showing ME response without the need for an external

magnetic bias are of importance for use as sensors and sensor arrays of magnetic fields.
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1. INTRODUCTION

Single-phase or composite materials with long range ordering of magnetic and electric
dipoles are multiferroic and are of importance for studies on the physics of interaction between the
magnetic and electric subsystems [1-4] and for applications in advanced technologies including
sensors and high frequency devices [5-7]. In the case of two-phase composites consisting of
ferromagnetic and ferroelectric phases it is possible to realize very strong magneto-electric (ME)
coupling with proper choice for the ferroic phases [8-10]. The ME interaction in this case is a
product-property that arises from magnetostriction in the ferromagnetic phase in an applied
magnetic field A and the resulting ferroelectric polarization due to piezoelectric effect in the
ferroelectric phase [11]. The electrical response to H is termed direct-ME effect (DME).
Similarly, the mechanical deformation in the ferroelectric phase in an applied electric field E is
expected to manifest as a change in the magnetization or anisotropy field in the ferromagnetic
phase and is termed converse-ME effect (CME). Composites with 3d-transition metals or rare-
earth metals or alloys, spinel ferrites, and manganites for the ferromagnetic phase and barium
titanate, lead zirconate titanate (PZT) and lead magnesium niobate-lead titanate (PMN-PT) were

studied extensively in recent years [3-10].

The strength of DME in composites could be determined by subjecting the sample to AC
and/or DC magnetic fields and measuring the changes in ferroelectric order parameters such as the
polarization or permittivity [12]. A technique of particular interest in this regard for applications
in magnetic sensors is the measurement of ME voltage coefficient (MEVC) that involves applying
a bias field H and an AC magnetic field 4 to the sample [6,13]. The induced ME voltage v in the
sample is then measured for estimation of MEVC = v/(h t) where t is the composite (or ferroelectric

layer) thickness. The MEVC is directly proportional to the product of the piezomagnetic



coefficient ¢ = dA/dH, where A is the magnetostriction, and d/e where d is the piezoelectric
coupling coefficient and ¢ is the permittivity. The MEVC, therefore, can be considered as an
intrinsic parameter that is a measure of the strength of ME coupling between the ferroic phases.
For comparison of ME responses amongst ferroic composites, however, it is necessary consider
the influence of demagnetizatizion on the magnitude of A and ¢ and similar effects of an electric
field on ferroelectric order parameters. Thus the shape and geometry of the composites do have
an effect on the magnitude of MEVC. A giant low frequency ME effect with MEVC as high as
10 V/(cm Oe) was reported in several composites [13]. A significant enhancement in MEVC
occurs when 7% is applied at frequencies corresponding to electromechanical resonance (EMR) in
the composite [7]. A key ingredient for achieving a large MEVC in the composites is the
application of a bias magnetic field H since the piezomagnetic coefficient g ~ 0 for H = 0 for most
of the ferromagnets [7,13]. Several avenues were explored for achieving a large MEVC under
zero external bias. These include the use of functionally graded ferromagnetic layers in the
composites [7]. Grading the magnetization or compositionally graded ferromagnetic phases were
reported to result in an induced magnetic field that acted as the necessary bias field and gave rise

to strong ME coupling under H=0 [14-17].

This work is aimed at achieving a large zero-field ME coupling in a composite with a ferrite
in which a large remnant magnetization that could potentially act as an internal magnetic field.
Spinel ferrites, in general, have a cubic anisotropy and therefore a rather small magnetocrystalline
anisotropy field and remnant magnetization. Hexagonal ferrites with very high anisotropy fields
are potentially useful for use in composites showing high zero-field ME response. Hexaferrites
consisting of spinel and hexagonal blocks are ferrimagnets with the Curie temperature ranging

from 700 K to 900 K and high anisotropy field H, [18,19]. Based on the arrangement of spinel and



hexagonal blocks in the crystallographic structure, the ferrites are classified into M-, U-, W-, X-
Y-, and Z-type, with either uniaxial or in-plane anisotropy field. Iron ions occupy sites with
octahedral, tetrahedral and trigonal coordination and antiferromagnetic alignment of Fe** in these
sites results in a net ferromagnetic moment and spin-orbit coupling amongst Fe ions results in
uniaxial or in-plane anisotropy field H4 as high as 20 kOe [18]. In a polycrystalline hexaferrite
the high anisotropy field will result in a large remnant magnetization which could act as self-
magnetic bias in a composite with a ferroelectric, leading to a large MEVC in the absence of an
external bias. M-type ferrites are not considered in this study due to low A-values and weak ME
coupling reported for layered composites with PZT [20]. For this study we choose Y- and W-type
hexaferrites a large anisotropy field as well as high magnetostriction [18-20]. Y-type ferrites
Ba; Me» Feiz O (Me2Y with Me = Ni, Fe, ..) have high 4 and ¢g. Ni.Y shows uniaxial anisotropy
field Hs~ 14 kOe and, in particular, has high ¢g. The magnetic order parameters in Y-type ferrite
could be controlled with nonmagnetic substitutions such as Zn. In Zn>Y, when Ni is completely
replaced by Zn, both H4 and A decrease [21,22]. But for partial substitution of Zn for Ni, the
piezomagnetic coefficient ¢, a key ingredient for strong ME coupling, shows an increase.
Therefore we choose Y-type ferrite (Ni,Zn)2Y, Bax(Niix Znx)> Fe2022, with x = 0-0.4 for the
present study. Similarly W-type ferrites with the composition Ba Me> Feis O27 (MexW with Me =
Co and/or Zn) are also of interest for the study. Zn,W has (uniaxial) H4 = 12.5 kOe whereas Co, W
has in-plane H4 =-21 kOe and high A-value. Zn-substitution for Co will allow for control of both
A and Hy4, from in-plane anisotropy to uniaxial anisotropy [21-24]. W-type of the composition

Ba (CoixZny)> Fei6 O27 (x=0-0.4) was used for composites in this study. Zn-substitutions in excess

of 0.4 result in significant reduction in A in both systems.



Polycrystalline (N1,Zn) Y and (Co, Zn) W were prepared by ceramic processing techniques
and were characterized in terms of structural and magnetic parameters. Vendor (American Piezo
Ceramics) supplied PZT (APC 850) with the approximate composition Pb Tig.52 Zro.4g O3 and with

unknown substitutions and d31 =-175 pm/V was used for the ferroelectric phase in our composites.

Symmetric trilayer composites of ferrite- PZT-ferrite were made by epoxy bonding. The strength
of ME interactions was measured by MEVC at low-frequency and at electromechanical resonance.
We measured strong ME coupling for both Y- and W-type hexaferrites systems in composites with
PZT. The overall coupling strength in composites with (Ni, Zn)Y is found to be much stronger
than in W-type hexaferrites and PZT. The zero-bias MEVC at low frequencies and at EMR in
some of the Y-type ferrite based composites is ~ 90% of the MEVC under optimum bias. A model
for ME coupling under self-bias has been discussed and the estimated values of ME voltage
coefficients are in very good agreement with data. The results of the studies are of interest for use
of the composites in magnetic sensors [25-27] and energy harvesting technologies [28,29]. Details

of our studies are provided in the sections that follow.

2. Experiment
Y-type ferrites, Bax (Niix Znx)2 Fei2 Ozwith x = 0 to 0.4 in steps of 0.1, and W-type
hexagonal ferrites, Ba (Co1.xZnx)2 Feis O27 with x = 0, 0.2 and 0.4 were prepared by traditional
ceramic processing techniques. Appropriate amounts of oxides or carbonates of Ba, Ni, Zn, Fe
and Co were mixed in a ball-mill for several hours, followed by presintering at 800 C for 6 hrs.
The presintered powder was then ball-milled for 24 hrs. A polyvinyl alcohol-based binder was
added to dried powder and then pressed into blocks of dimensions 45 mm % 15 mm % 7 mm. Final

sintering was carried out at 1225-1275 C for 6 hrs. It was necessary to set the heating and cooling



rates to 1 C/min in order to avoid surface cracks, blowholes and similar defects in the sintered

ferrite blocks.

The ferrites were characterized by x-ray diffraction (XRD). Room temperature
magnetization versus H data were obtained on thin rectangular platelets with a vibrating sample
magnetometer (VSM). Magnetostriction, a key parameter that determines the strength of ME
coupling, was measured with a strain gage and a strain indicator. For fabrication of composites
with PZT, rectangular platelets of dimensions 35 mm x 5 mm x 0.5 mm were cut from the ferrite
blocks. Vendor supplied pre-poled PZT (American Piezo Ceramics #850) platelets of dimensions
40 mm X 5 mm % 0.5 mm were used. Ferrite-PZT-ferrite trilayers were made by bonding the
platelets with a 2-part epoxy (M-bond 600, Micro Measurements Inc). The epoxy layers were 2
pm in thickness and cured at 125 C for 45 min. Studies on ME coupling were done at low-
frequencies and at electromechanical resonance (EMR). The composite was subjected to a bias
magnetic field / and an ac magnetic field 4, with both fields parallel to each other and along the
sample length. An electromagnet was used for applying H and a pair of Helmholtz coils for the ac
field. Lock-in detection was used to measure the ME voltage v generated across the thickness 7 of
PZT. The ME voltage coefficient (MEVC) = v/(h t) was determined as a function of H and

frequency f of the ac field.

3. Results

Representative XRD data for W- and Y-type ferrites are shown in Fig.1. The data show
peaks belonging to either W- or Y-type ferrites and the samples are free of any impurity phases
[30,31]. We discuss first magnetic and ferroelectric characterization of the ferrites and PZT. This
is followed by results on the nature of ME interactions in the composites. Data on M vs H were

obtained for in-plane fields either parallel to the length or width of rectangular platelets of the



samples and for H perpendicular to the sample plane. Figure 2 shows representative M vs H data
for (Ni,Zn)2 Y for Zn substitutions x = 0, 0.2, and 0.4. The results are for H along the sample
length. A typical hysteresis with the saturation magnetization M; increasing from 23 emu/g for x
= 0 to 32.5 emu/g for x — 0.4 is observed in Fig.2. Past studies reported increase in room

temperature M with Zn substitution, from 23.7 emu/g for Ni,Y to 37.5 emu/g for Zn,Y.
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Fig.1. X-ray diffraction data for polycrystalline W- and Y-type hexagonal ferrites.

Such an increase in M; is similar to the case of spinel ferrites such as MeixZnx Fe;O4 (Me = Ni,
Co...) and is attributed to Zn ion displacing Fe** and occupying the tetrahedral site in the spinel
block of the hexaferrite, thereby increasing the net ferromagnetic moment [18]. The data in Fig.2
also shows an increase in the remnant magnetization M, with Zn substitution, from 7 emu/g for

Ni2Y to 9 emu/g for Nij2Znosg Y.
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Fig.2. Room-temperature magnetization as a function of H for (NijxZny): Y. The field H was
applied parallel to the plane of a rectangular platelet and along the sample length.

Similar H-dependence of M for (Coi-x Znx)> W are shown in Fig.3 for in-plane H parallel

to the length of the sample. Single crystal Co2W has easy plane anisotropy and it becomes uniaxial

anisotropy for high concentration of Zn substitution [18]. Our measurements on the polycrystalline

samples showed a decrease in the H-value for saturation of M with increasing x and M, ~ 60 emu/g

for x=0 and 0.2. A decrease in M, to 50 emu/g is measured for the sample with x = 0.4. These M;

values are in general agreement with reported values for polycrystalline (Co,Zn), W [18, 32]. The

M, values estimated from Fig.3 are 8, 13, and 10 emu/g for x =0, 0.2 and 0.4, respectively.
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Fig.3. Similar room-temperature M vs H data for (Co;.Zny):W. The field H was applied parallel
to the plane of a rectangular platelet and along the sample length.
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The magnetostriction A, an important parameter that determines the strength of the strain
mediated ME coupling in a composite with PZT, was measured on rectangular platelets. With an
in-plane H applied parallel to the sample length (direction-7), in-plane magnetostriction along the
field direction, A;;, and perpendicular to H, A;> were measured as a function of H. Figure 4 shows
such A vs H data for both Y- and W-type hexaferrites. For (N1, Zn)>Y, A;:is negative, increases in
magnitude with H and attains saturation for /> 1 kOe. The magnetostriction A2 is positive and
its magnitude is approximately 50% of A;; as expected. With the substitution of Zn, 1;; shows an
increase for x = 0.1. Further increase in x results in a decrease in the magnitude of 4;;. For x =
0.4 the A-values were quite small and are not shown in Fig.4. Figure 4 also shows A vs H data for
(Coi1xZnx)2 W for x =0, 0.2 and 0.4. Saturation of magnetostriction is not observed for fields up
to 1.2 kOe and A is approximately equal for x=0 and 0.2 and shows a significant decrease for x =
0.4.

The component A;> shows a linear increase with increasing H and has insignificant

dependence on x.
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Fig.4. Room-temperature magnetostriction as a function of H measured parallel to the field

direction (A11) and perpendicular to the field (112) for (a) Y- and (b) W-type hexagonal ferrites.




11

The strengths of ME coupling in symmetric trilayers of hexaferrites and PZT were
measured by MEVC at low frequencies and at longitudinal acoustic resonance. Figure 5 shows
MEVC vs H for (N1,Zn)Y — PZT composites for Zn substitution x =0-0.4. The data are for H and
ac field 7 = 1 Oe (at 30 Hz) parallel to the sample plane and along the length. For the composite
with x=0, a sharp in MEVC to a maximum value of ~ 110 mV/cm Oe for H = 30 Oe is observed
and is followed by a decrease in MEVC to a minimum of zero for H= 1.3 kOe. As H is decreased
back to zero, MEVC is found to increase to a maximum slightly smaller than the peak value for
increasing H. When H is reversed, MEVC also reverses sign and the negative sign indicates a 180
deg. phase change for the MEVC and its value stays the same as for +H. There is also a hysteresis
in the MEVC vs H data. For composites with ferrites with higher Zn, a small decrease in the peak

value of MEVC is measured for x = 0.1 and 0.2, but for x = 0.4, the MEVC drops to a peak value

of 30 mV/cm Oe.
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Fig.5. Low frequency ME voltage coefficient vs bias field H data for composites of (NijxZnx)> Y
and PZT.



12

Similar H-dependence of low-frequency MEVC for trilayer composites with W-type
ferrites are shown in Fig.6. For the sample with CooW (x=0), the MEVC is non-zero for H = 0,
shows a slight increase with increasing H and has a constant value of 27 mV/cm Oe for H > 300
Oe. As H is decreased, MEVC decrease to zero for H = 1000e, reverses sign, and attains a value
of 18 mV/cm Oe for H=0. A hysteresis in MEVC vs H is evident in Fig.6 for composites with x
=0. When Zn is substituted in the W-type ferrite, the data in Fig.6 shows strengthening of ME
response. The peak MEVC increases to 46 and 65 mV/cm Oe for x = 0.2 and 0.4, respectively.

One also notices a decrease in MEVC for H > 200 Oe in the data for x = 0.2 and 0.4.
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Fig.6. Low frequency ME voltage coefficient vs bias field H data for composites of (Co 1xZny): W
and PZT.

The most significant observation in Figs. 5 and 6 is the evidence for strong ME interactions
under zero external bias field. Figure 7 shows the measured MEVC under H = 0 for composites
with W- and Y-type ferrites and are compared with MEVC under optimum bias for maximum
MEVC. The strength of DME is directly proportional to the piezomagnetic coefficient ¢ which in
general is vanishingly small for external bias # = 0. In the present case, however, the large
remnant magnetization acts as self-biasing field and results in a large piezomagnetic coupling

coefficient and strong ME interactions. Among the two systems studied here, composites with
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Fig.7. Maximum values of ME voltage coefficient and MEVC for zero bias field for composites of
PZT and (a) Y-type or (b) W-type hexagonal ferrites. The MEVC values were obtained from data
as in Figs. 5 and 6. Estimated values of MEVC under H = 0 are also shown.

(Ni, Zn)Y ferrites have the strongest the ME coupling under zero-bias with its value more than
90% of the MEVC under optimum bias for all the compositions studied. Samples with (Co,Zn)W-
ferrites show a relatively weak ME interaction for H =0 with the MEVC in the range 55-81% of
the value for optimum bias. According our model discussed in the following section the large
MEVC under self-bias in these composites with the hexagonal ferrites is essentially due to uniaxial

anisotropy and the resulting remnant magnetization in these ferrites.

We measured the frequency f dependence of the MEVC in the composites under two different
conditions, (1) for H corresponding to maximum in MEVC and an ac field, both parallel to each
other and along the length of the sample and (ii) for H =0, and representative results for composites
with Y- or W-type ferrites are shown in Fig.8. A resonance in MEVC vs f'is observed and the
peak in the ME coefficient occurs at the longitudinal acoustic mode frequency f. Under optimum
bias H, the MEVC at f; is higher by an order of magnitude or more compared to the low-frequency

values in Fig.5 and 6. For H =0, the MEVC for both composite systems shows a peak value at f-
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and its value is 90% of the value under optimum bias. For samples with Ni,Y, the peak value of
MEVC decreased with increasing Zn substitution whereas MEVC at f,.. increased with Zn-
substitution for composites with the W-type. The resonance occurs at 50-60 kHz and the change
in f.. is mainly due to any variation overall length of the samples and their average density as

discussed later.
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Fig.8. ME voltage coefficient vs frequency data for (left) Ni2Y and PZT and (right) (Cog.sZno.2):W
and PZT. The results are for (i) optimum H-value corresponding to maximum MEVC and for (ii)
H =0. The insets show MEVC vs f on an expanded scale.

4. Model for ME effects under self-bias and Discussion

A model for the ME effects under self-bias is discussed next and is followed by discussion
of the results. We consider a ferrite/PZT/ferrite trilayer ME composite structure and a coordinate
system (X7, X2, X3) = (1,2,3) as shown in Fig.9. The PZT is poled along the direction 3 and the
composite is subjected to magnetic fields A and 4 parallel to its plane and along direction /. In
this case, the upper and lower surfaces of the composite are equipotential surfaces, therefore, only

the component of the electric field vector E; is nonzero. For PZT polarized along X3 nonzero
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component of piezoelectric tensor are the componentsd,, =d,,, d,, andd,; =d,,. Electric field

along X3 induces either tensile or compressive strains, and shear deformations will be absent in
this case. Since the composite is symmetric, flexural vibrations will also be absent and we can

restrict our consideration to the planar vibrations propagating along the longitudinal direction.

¥ 3
X3 h; Hbias
EEE—
Py
PZT
"t X
L

Fig.9. Cross-sectional view of trilayer ferrite-piezoelectric composite. The length L of trilayer in
the (X1, X3) plane and its thickness along the X3 axis. The "t =2 "™t; and *t represent the total
thickness of magnetostrictive layer and the thickness of piezoelectric layer, respectively. It is
assumed that the PZT layer is polarized along X3 axis. The ME effect was excited by magnetic field
along X; and lead to resulting electric field along X3 axis.

For ferrite layers we have to add the magnetostrictive term in the equation for strain.
Magnetostriction is nonlinear function of magnetization. Near the equilibrium we can represent
this function as a series using the relation:

o’

1
AM)=—
() 2 OM*

1
M2+...:5bM2+.... (1)
Here M = M, + M(H) is magnetization, M, is remnant magnetization, M(H) is induced

magnetization in external magnetic field H = H

was TH 5 H,, 1s bias magnetic field and 4 is ac

bias

magnetic field. For low magnetic fields, the magnetization can be represented as
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M(H) =M, + y(H)(H,,, +h), 2

ias

where y(H) is magnetic susceptibility. Substituting Eq.(2) into Eq.(1) we can represent A as
[
A(h) = qh+E gh®. (3)

Here g and g are linear and nonlinear piezomagnetic coefficients, respectively, and are defined as

q:bZ(Mr-'_lezas)’ g:blz (4)

As one can infer from Eq.(4), ¢ is nonzero when there is either a remnant magnetization M, or

bias magnetic field. Thus, linear ME effect is present under a remnant magnetization, which is
caused by the hysteresis in M vs H hysteresis. It could also be explained by hysteresis in the
magnetostriction vs H [33]. On the contrary, the nonlinear (quadratic) ME effect occurs even when
the bias field is zero [34,35], but its value is usually is weak compared to linear ME effect. Figure

10 shows the H-dependence of ¢ obtained by differentiating the magnetostriction data in Fig. 4.

We assume that the thicknesses of magnetic and piezoelectric layers, "¢ and ##, and the
width w of the layers are much smaller than its length. The surfaces of the sample are free;
therefore, the stresses on the surfaces of the plate are zero. Since the structure is thin and narrow,
it can be assumed that the components of the stress 72 and 73 are zero not only on the surfaces, but
also in the volume of the sample so that only the component of the stress tensor 77 is nonzero.
Taking into account these assumptions, we can write the equations of the strain (Hook's law) for

the piezoelectric and magnetostrictive phase and equation for electric induction in the form:

1
'8, =50 T+ Ay E

: )



m 1 m
S :E T, +q,h,

pDP =gFE, +d,,"T,

(6)

(7
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where 75 and "s, are the strain tensor components of the piezoelectric and magnetostrictive

phases, and » D, represents magnetic induction. The symbols "Y', 7Y, "1, and *7; are the Young’s

modules and component of the stress tensors of the magnetic and the piezoelectric, respectively;

&, 1s the permittivity. The displacement of medium is the function of x;, x2 and x3.
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Fig. 10. Field dependency of linear piezomagnetic coefficient q = dA/dH for (a) Y- and (b) W- type
hexagonal ferrites.

A noticeable change in this function occurs along the length of the composite at distances on the

order of wavelength of acoustic waves. Since the wavelength for frequencies up to 100 kHz (A=1

cm) is much larger than the sample width and thickness, we can neglect any change along these

directions and in the first approximation we can assume that the displacements of the medium of
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the magnetic and the piezoelectric layer are equal, i.e. "u;(x;) =‘ui(x;) =ui(x1). Using this

approximation, we can write equation of motion for the medium as

_62u,__, )
Por " ax’

where p=("p"t+"p?t)/("t+"t), T, =("T,"t+ "T, "t)/("t + "t) are the average values of the
density and stress tensor of the sample. Using the procedure analogous the one in Ref. 36 we get

for the MEVC the following expression:

a. = ,)Ypd31mqll mYmt Zg(K‘) (9)
£ Pe A YT+ Yt k]

Y tg(x)
"YU PY ' K

Py( pd31)2

P
53

where A =1—Kp2 [1— J is dimensionless parameter, K pz = where K, is

the coefficient of electromechanical coupling and x =4L /2 dimensionless parameter, k = %a)

is the wave number, and o is the angular frequency. At low frequencies, using the fact x <<1 and
K > <<1we get
p

Low _ "Y'rd, "q, "Y't
4 e, "Y"t+ PY Pt

(10)

For theoretical estimates we used the material parameters in Table 1. The estimated values
of MEVC for H = 0 are shown in Fig.7 that are in very good agreement with the measured values
in Fig.7. As can be inferred from Eq.(10), H-dependence of MEVC at low frequency is due to the
dependence of g on H. Piezomagnetic coefficient for both (Ni1xZnx)>Y and (CoixZnx)2W ferrites
are rather large at Hpias ~ 0, and therefore MEVC also high at near zero bias magnetic field. With

increasing H saturation of A-value and ¢ ~ 0 are seen for (Ni;-xZnx)2Y. It leads to the fact that
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MEVC for (Ni1xZnx)>Y tends to zero with increasing H, in full accordance with the data in Fig. 5.
For (Coix Znx)>W saturation of A is not observed for H up to 1.2 kOe and, therefore, ¢ and MEVC

have nonzero values at H up to 1.2 kOe. With increasing x the MEVC first increases, then

decreases. In Fig.11 shows the dependence of MEVC vs x.

Table 1: Material parameters for hexagonal ferrites and PZT [18].

Material density Young’s modules
p, glem’ Y, GPa

NiY 54 154

mY 5.46 154

CooaW 5.31 154

Zn, W 5.38 154

PZT 7.5 65

Frequency dependence of MEVC under an optimum bias in Fig.8 is considered next.
According to Eq.(9), frequency dependency of MEVC has a resonance character. At the
electromechanical resonance when the parameter A = 0, MEVC will be maximum. The resonance
frequency is determinate by

1 ["Y"t+"Y "t
f;’ES ~

~— . 11
2L\ "p"t+ P p't ()

Using the parameters in Table 1 we get f ~ 55 kHz. It follows from Eq.(11) that £, will change with

change in the density of composites. The composite density can be estimated from
"p=(1-x)pyy +xp,,, for (NiixZny),Y ferrites and
"p=1=x)peyy + X0z for (CoixZng)2W.

When x varies from 0 to 0.5, the densities of the composites change by less than 0.5% and this

leads to a change in £ by 0.05 kHz. However, a change in the sample length by AL=1 mm leads to
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a change in f, by ~1.5 kHz . The resonance value of MEVC «,” depends both on ¢ and also on

the Q- factor of mechanical resonance for the composite structure. The Q-factor is determined by
the losses in the structures and can be taken into account by expressing the angular frequency in

the form w = ' +i&, where ¢ is damping coefficient. Q-factor and damping coefficient are related

by the ratio £=xf, /Q. Figure 11 shows the frequency dependency of MEVC for various
lengths of composites of PZT and (Ni;.«Zn«).Y hexagonal ferrites calculated for O=200. This value
of O was obtained experimentally from the resonance line width using the relation Q=f../Af,
where Afis the resonance line width. Results in Fig.11 show an order of magnitude higher peak
MEVC compared to measured values in Fig.8. This difference may be due to several reasons. First,
the model does not take into account the presence of epoxy layer between the ferrite and
piezoelectric layers, which could significantly reduce the magnitude of ME voltage [37]. Also for

calculations we used the parameters for bulk samples of ferrite and piezoelectric, which may differ

from their values for thin films due to the presence of space charges at the interfaces [38-42].

10000 -

MEVC (mV/emQOe)

50 52 54 56 58 60
Frequency (kHz)

Fig.11. Frequency dependency of MEVC vs x and various length of sample for composites of
PZT and (Ni,..Zny):Y hexagonal ferrites
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The resonance frequencies /- in Fig.11, however, are in good agreement with the measured values.
Thus there is overall agreement between the model and experiment for ME coupling under self-

bias.

Results in Figs.5-8 clearly show evidence for strong ME response due to self-bias in the
symmetric trilayer composites of PZT and Y- or W-type hexagonal ferrites. Composites with Y-
type ferrite, in particular, have ME coefficients that are 90% or more of the values measured for
optimum values of external DC bias field. Both types of composites also show a similar strong
zero-bias DME effects at EMR. There have been several attempts in the past to design composites
showing strong ME coupling under zero external bias as discussed in detail in Ref. 17. These
included composites with either functionally graded or compositionally graded ferroic phases
[43.,44], exchange-bias provided, for example by an antiferromagnetic layer [45,46], utilization of
hysteresis in the magnetostriction or a built-in stress [47], and non-linear ME effects [48]. In the
case of composites with ferromagnetic layers that are graded in composition/magnetization, the
grading was shown to lead to a built in magnetic field that could act as the bias magnetic field [40].
Grading the ferromagnetic phase with a combination of layers with positive and negative
magnetostriction, such as Metglas and Ni for example, was shown to result in an ME response
under zero bias [41]. Although the MEVC at low-frequency or at EMR for the system studied here
are smaller than for Metglas or Ni-based composite systems [13,44], their self-bias ME
characteristics are of importance for sensors and senor arrays of magnetic fields. The composites
could be miniaturized for use in arrays and the strength of ME interactions could be enhanced by

optimizing the ferroic order parameters for the ferrites and PZT.
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5. Conclusions

The nature ME coupling in hexaferrite-ferroelectric composites has been investigated in ferrite-
PZT-ferrite trilayers. Two types of hexaferrites, (Niix Znx)2 Y and (Coix Zny)» W with Zn
concentration x = 0 to 0.4 were used. Magnetization versus static magnetic data for both types of
ferrites showed a large remnant magnetization that could be attributed to uniaxial or planar
magneto-crystalline anisotropy in the hexaferrites. The ME response of the composites to an
applied ac magnetic field was studied at low frequencies as well as at EMR. In the case of (Ni,
Zn) Y — PZT composites, the MEVC vs bias field A data at low frequency and MEVC vs fresults
at EMR showed evidence for strong ME interactions for zero external bias with MEVC value for
H =0 as high as 90% of the value for optimum bias. In composites with (Co,Zn)W the zero-bias
MEVC was 60-80% of the value under optimum bias at low-frequency and was 90% at EMR. A
model that attributes the zero-bias ME coupling to remnant magnetization in the ferrites has been
developed and estimated values of MEVC are in reasonable agreement with the data.
Ferromagnetic-ferroelectric composites are of interest for use as ac magnetic field sensors in
applications such as biomedical imaging. Such composites, however, may require an external
magnetic bias for sensitivity enhancement. The self-biased hexaferrite-PZT composites discussed
in this work constitutes a significant development for use of the composites in arrays for imaging

applications.
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