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ABSTRACT

A models is developed for magneto-electric (ME) interactions in coaxial nano-fibers of
hexagonal ferrites and ferroelectrics. Multiferroic nanocomposites with hexagonal ferrites are
of interest for achieving strong ME coupling under zero external magnetic bias due to their high
uniaxial or planar anisotropy field. In this work we considered the ME coupling in core-shell
fibers of lead zirconate titanate (PZT) and ferrimagnetic W- and Y-type hexagonal ferrites with
high magnetostriction and piezomagnetic coupling. Modeling of the direct- ME effects, i.e.,
sample response to an applied magnetic field, is done in terms of the ME voltage coefficients
(MEVC) at low frequencies and at electromechanical resonance (EMR). The converse-ME

effect, response of the fibers to an applied DC electric field, is considered at ferromagnetic
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resonance (FMR). Expressions have been obtained for MEVC at low-frequency and EMR and
for the converse ME coefficient at FMR. The theory predicts strongest direct-ME coupling in
fibers of Ni,Y-PZT and the weakest coupling in ZnoY-PZT. The MEVC at EMR is one to two
orders of magnitude higher than at low-frequency and the peak MEVC remains the same for
fibers of ferrite core-PZT shell as for PZT core-ferrite shell. The converse ME effect is expected
to be the strongest for fibers of CooW-PZT and weakest in Ni2Y-PZT. The model has been
extended to include an assembled array of core-shell fibers and weakening of the ME coupling
is predicted in such arrays due to magnetic and electric dipole-dipole interactions. The theory

presented here is of importance for self-biased sensors of low frequency and RF magnetic fields.

a) Corresponding author email: srinivas@oakland.edu



1. Introduction

Single-phase and composite multiferroics are of interest for studies on the coupling between
magnetic and electric subsystems and for sensors and dual magnetic and electric field controlled
device technologies [1-13]. In such materials the magnetoelectric (ME) interactions lead to an
induced polarization in an applied magnetic field or an induced magnetization/anisotropy field
in an electric field. A majority of single-phase ME materials exhibit either a weak ME coupling
at room temperature or strong coupling at very low temperatures [1-3]. Composites of
magnetostrictive and piezoelectric phases, however, show strong ME interactions that arises
due mechanical deformation in an applied magnetic or electric field [4-8]. Several layered
composites with lead zirconate titanate (PZT), lead magnesium niobate-lead titanate (PMN-
PT), lanthanum gallium tantalate (LGT) or quartz for the ferroelectric/piezoelectric phase and
3d-transition metals or alloys or ferrites for the magnetostrictive phase were found to show
strong ME coupling at room temperature [8-10].

In multiferroic nanocomposites such as nanobilayers and core-shell fibers one expects
strengthening of strain mediated ME interactions due to a large surface area-to-volume ratio that
is orders of magnitude higher than for thick film layered composites. Nanostructures studied so
far include bilayers, core-shell particles, nanopillars, and core-shell fibers. Synthesis of core-
shell particles of ferrites and ferroelectrics by techniques including hydrothermal annealing
process were reported [14,15]. In another study particles of barium titanate (BTO) and cobalt
ferrite were functionalized by attaching complementary chemical coupling groups and a core-
shell particulate composite was formed by covalent bonds between the two particles [16]. We
recently reported on chemical self-assembly and DNA-assisted assembly of core-shell particles
of nickel ferrite (NFO) and BTO [17,18]. Coaxial NFO-PZT or BTO nanowires were
synthesized by techniques including electrospinning [21-23]. The fibers were assembled into

2D and 3D films with magnetic and/or electric fields [23]. Strong ME interactions in core-shell
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particles and coaxial wires were evident from measurements of low-frequency ME effect,
magnetic field induced-induced polarization, and magneto-dielectric effects at 1-40 GHz [23-
25].

Ferromagnetic-ferroelectric nanocomposites such as bilayers and multilayers were
studied in recent years. Systems studied include nanobilayers on a substrate or ferromagnetic
(ferroelectric) films deposited directly on ferroic substrates. Synthesis of nanopillars of ferrites
in BTO, PZT, or BiFeO3 matrix were reported by several techniques including pulsed laser
deposition [19,20]. Although pulsed laser deposition (PLD) was used extensively for bilayer
synthesis, techniques such as RF sputtering, spin coating and atomic layer deposition were also
used. The ferroic heterostructures on substrates in general are expected to have weak ME
coupling due to substrate clamping and the loss of field induced mechanical strain at the
interface. Composites of nanopillars on a host matrix attracted attention in this regard since
substrate clamping could potentially be eliminated in such structures [19,20]. A giant converse
ME effect was reported for nickel zinc ferrite-BTO [19] and BiFeOs-cobalt ferrite-PMN-PT
nanopillars systems [20].

This work is on the theory of ME effects in core-shell multiferroic nanofibers. Theory
of ME interactions in nanocomposites is of importance for selection of appropriate ferroic
phases and for optimizing the nanostructures to achieve the expected strong ME coupling. We
modeled ME coupling at low frequencies and at electromechanical resonance (EMR) in spinel
ferrite-ferroelectric nanobilayers, nanopillars and core-shell fibers [26,27]. The low-frequency
coupling in BTO-NFO core-shell fibers, for example, is predicted to be almost an order of
magnitude higher than for thin film composites if the fiber length is large compared to its radius
[26]. An enhancement in the strength of ME coupling by an order of magnitude or more at EMR
compared to low frequency coupling is expected for BTO-NFO coaxial fibers [27]. We also

extended the model to include ME coupling at magnetoacoustic resonance, i.e., at the overlap
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of EMR and ferromagnetic resonance (FMR) and theory predicts an order of magnitude higher
ME voltage at MAR compared to EMR. We were able to confirm the predicted strong ME
coupling in core-shell spinel ferrite-piezoelectric nanowires [23].

Here we discuss results of our modeling of ME coupling in coaxial nanofibers of
hexagonal ferrites and piezoelectric PZT. Ferrimagnetic hexagonal ferrites, in general, consist
of spinel (S) blocks and hexagonally packed R or T blocks containing divalent Ba or Sr.
Antiferromagnetic alignment of Fe** gives rise to a net magnetization and the ferrites show very
high uniaxial anisotropy field, 10-20 kOe, along the hexagonal c-axis or easy plane anisotropy
perpendicular to c-axis [28]. There are several types of hexaferrites, named M-, U-, W-, X-, Y,
and Z-types depending on the nature of the crystal structure [29]. Since composites of PZT and
M-type Ba- and Sr- ferrites have weak ME interactions due to low magnetostriction and
piezomagnetic coefficient, they are not considered in this work [7]. Hexaferrites of interest for
this report are W-type and Y-type ferrites with high magnetostriction A and piezomagnetic
coefficient ¢ = dA/dH, key ingredients for strong ME interactions. Most of the ferromagnetic
materials have g ~ 0 for external bias magnetic field H =0. Ferromagnetic-piezoelectric
composites, therefore, generally show strong ME coupling only under an external bias field [3-
9]. W-and Y-type hexaferrites, however, have a large remnant magnetization that acts as self-
biasing field [28, 29] and their use in a composite with PZT will result in a strong ME response
under zero-bias. The response of a core-shell composite to an applied magnetic field, i.e., the
direct ME effect, has been modeled in this work in terms of the ME voltage coefficients af at
low frequencies and at frequencies corresponding to electromechanical resonance. The ME
voltage coefficients have been estimated for magnetic field orientations along the fiber axis to
minimum demagnetizing fields and maximum az. Among the system considered the highest

ME coefficient of 170 V/(cm Oe) is predicted for PZT core-Ni,Y shell and Ni2Y core-PZT shell
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nanofibers at EMR. The sample response to an applied electric field £, the converse ME effect,
is considered at the ferromagnetic resonance (FMR) for the ferrite and the strength of ME
coupling is determined by E-induced shift in FMR resonance field. The strongest converse ME
effect is expected for fibers of CooW-PZT. We also considered the ME coupling in an assembly
of hexaferrite core-piezoelectric shell nanofibers. The low-frequency ME voltage coefficient is
predicted to increase with increasing PZT shell thickness that is accounted for by an increase in
ferrite core separation with increasing shell thickness and to a decrease in the magnetic dipole-

dipole interactions.

2. ME Coupling in Hexaferrite-PZT Core-Shell Fibers
The hexagonal ferrites considered in this study and their key magnetic and material parameters
and parameters assumed for PZT are listed in Table 1. W-type ferrites of the composition Ba
Me; Feis O27 with divalent Me = Zn or Co, namely, ZnoW and Co,W, and Y-type ferrites, Ba>
Me; Fei2 O (Me = Zn, Ni) (Zn2Y and Ni2Y) have high magnetostriction A and piezomagnetic
coefficient q = dA/dH. Single crystals of the W-type ferrites, Zn,W and Co.W, have uniaxial
anisotropy field Ha = 12.5 kOe and 21 kOe, respectively [28]. The Y-types, Zn,Y and NipY,
have in-plane anisotropy field of 9 kOe and 14 kOe, respectively [28,29]. Polycrystalline
nanofibers of these systems are expected to show a significant remnant magnetization that acts

as self-biasing field and facilitate strong ME coupling in the absence of an external bias [29].

Table 1. Material parameters for piezoelectric PZT and magnetostrictive hexagonal ferrites [28]

Material p St 47M A qs3 ds3 €33/€0
(g/em?) | (10712 (kGs) (10°) (102 m/V)
m?/N) (102 m/A)




PZT 7.5 15.3 - - 400 1750
CooaW 5.31 6.5 23 -74 -170 - 10
Zn, W 5.38 6.5 1.5 -15 -20 - 10
mY 5.46 6.5 2.58 -10 -7 - 10
NiY 54 6.5 7.51 -19 -625 - 10

2.1 ME coupling at low-frequency and electromechanical resonance
A fiber with the piezoelectric core and magnetostrictive shell as in Fig.1 with length L much
greater than its radius "R is considered. The fiber is subjected to an ac magnetic field of
frequency falong the fiber axis (z-direction or direction 3). In this case, demagnetization effects
vanish. The PZT layer is assumed to be poled along the z-direction. The resulting deformation

due to piezomagnetic effects in the ferrite is transferred to PZT resulting in a voltage response.

LR,

Z(3) I

o Y(2) L

Hexaferrite
Hexaferrite

X (1)

7

TR

Fig. 1. Schematic diagram showing a coaxial nanofiber of length L with a core of lead
zirconate titanate (PZT) of radius PR and a shell of hexagonal ferrite of outer radius "R.

The coordinate system [X (1), Y (2), Z (3)] used in this study is also shown.

For ME coupling at EMR we solve the equation of motion of acoustic waves in the fiber taking

into account the magnetostatic and elastostatic equations, material equations, the Hooke's law,
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and boundary conditions. The ME voltage coefficient which is the ratio of induced electric field
to applied magnetic field is estimated. The model can be used to estimate the ME coefficients
from known material parameters (piezoelectric coefficients, magnetostriction, stiffness, etc.,)
[30-32].
The following /-D approximation of constitutive equations can be written for a

nanofiber subjected to an ac magnetic field along the z-direction (also direction 3) [32]:

PS3 =PsP33 PTs + Pg33PDs;

PE; = -Pg33PTs +1/Pe33PD3; (1)

"S3 = "sB33™T3 + "h33™Bs ;

"Hz=-"h33"T3 + 1/"us3" B3,
where S; and T3 are strain and stress tensor components, £3 and Dj; are the vector components
of induced electric field and electric displacement, H; and B; are the vector components of

applied ac magnetic field and ac magnetic induction, respectively. The terms h33 = g33/133 and

g33 = a33/€33 are piezomagnetic and piezoelectric coefficients, respectively, €33 is the permittivity
and w33 1s the permeability, Sg and sf; are the compliance coefficients at constant electric or

magnetic induction. The superscripts p and m correspond to piezoelectric and piezomagnetic
phases, respectively.

The equation of medium motion for the fiber has the form [27]:

o’u
5 =k, @)

where u3 is displacement in direction z. The wavenumber £ is defined by the expression:

k=a.|p v+"’p(1—v)][va + 1"1—:}‘ 3)

33 S33

with v denoting the piezoelectric volume fraction and @ = 27f (f'is the frequency of ac



magnetic field). The boundary conditions have the following form for a free-standing fiber:
PT3v +"T3(1-v) = 0 at z=L;

PTsv +"T;3(1-v) = 0 at z=0. 4)
Solving the medium motion for the nanofiber by taking into account Egs. (3) — (4) and open
circuit condition enables obtaining the following expression for ME voltage coefficient ar 33.

2tan(k%)pd33 "gari(-r?)

KL e+ ey (1= sy (L= 1) sy 2]

)

Ap33

where 7,=’R/"R. For simplicity, electromechanical and magnetomechanical coupling
coefficients are assumed to be small compared to unity.
For a fiber with the ferrite core and PZT shell, expression for ME voltage coefficient can

be obtained using a similar procedure and is given by:

2tan(KL) dyy " g (1= 1))

(04 = ‘
£33 kL[p833(1—f',j)+nlg33rr3][ps33rnf+ms33(1_r'j)] ( )

with 7»="RFR. Expressions for low-frequency ME voltage coefficient under 1-D
approximation can be obtained from Egs. (5) and (6) and the condition that £k — 0 or @ — 0.
We obtained the following expressions for the piezoelectric core/ferrite shell (Eq. 7) and ferrite
core/piezoelectric shell (Eq. 8) fibers assuming the fiber radius to be small compared to its

length:

- Pdy " gy, (1=1))
aE33 T rp 2 m 2 p 2 m 297 (7)
[Teyur, + e (I=r ) "syuy(L=r, )+ 55,7, ]

pd m 7"2 1_}"2
o, = n dul,(d-1) . 8)

2 2 2 2
[Pe(L=r, )" e5r, 75557, +" 555 (1=1,))]

Estimated low-frequency ME voltage coefficient (MEVC) a3 as a function of r, = ratio
of radius of PZT core-to-ferrite shell are shown in Fig. 2. The estimates are for fibers with PZT

core and shell of W- or Y- type hexaferrites. The MEVC increases with increasing 7, and has a
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maximum at 7,=0.25 that corresponds to PZT volume fraction of 0.063.

0.10-
PZT-NisY
s 20 2 = PZT-ZnpgW
S sl @ 8 (b)
£
o 5 0.05-
% 1.0 S
= 5
= 0.5 = PZT-ZnyY
0.00-
0.0
00 02 04 06 08 1.0

00 02 04 06 08 1.0
RpzT/Rferrite

Rpz1/Rferrite

Fig. 2. Low-frequency ME voltage coefficient ok, 33 as a function of rp, = ratio of core radius -to-
shell radius for nanofibers of PZT core and shells of (a) Co:W- and Ni>Y-type hexaferrites and
(b) ZnW and Zn;Y.

MEVC decreases with further increase in 7, and vanishes for 7, =1. The strongest ME
interactions are expected for fibers with Ni»Y shell and the weakest for fibers with Zn,Y. The
maximum in MEVC-values in Fig.2 scales with the magnitude of the piezomagnetic coefficient
q33 for the hexaferrites (Table 1).

Figure 3 shows similar estimates of MEVC for fibers with ferrite core and PZT shell. The
dependence of MEVC on the specific choice of the ferromagnetic core is the same as for fibers
with PZT core and ferrite shell. The maximum in MEVC occurs for ratio of core-to-shell radius
rm = 0.97 that corresponds PZT volume fraction of 5.91%, close to PZT volume of 6.3% for
fibers with PZT core and ferrite shell. The maximum MEVC of 2.25 V/cm Oe is for fibers with
Ni2Y and minimum of 20 mV/cm Oe for fibers with Zn,Y. Both W- and Y-hexaferrites with

Zn will have a much smaller MEVC than for fibers with Ni2Y or Co,W.
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Fig. 3. Low-frequency ME voltage coefficient ag,s; as a function of rm - ratio of ferrite core
radius -to- PZT shell radius for nanofibers of ferrite core-PZT shell for a series of W- and Y-

type hexaferrites.

Next we consider ME coupling at the electromechanical resonance. A significant
enhancement in ME voltage coefficient is expected when the applied ac magnetic field
frequency is tuned to EMR frequency [4-7]. Here we consider the longitudinal mode along the
fiber length. The ME voltage coefficient was estimated using Egs. (5) and (6). We assumed a
Q-factor of 200 for the EMR mode. The ME voltage coefficient as a function of frequency is
shown in Figs. 4 and 5 for fibers of length L = 1 um and radius R << L. Results for nanostructures
of PZT core- hexaferrite shell for a series of r, = Rpz1/Rferrire are shown in Fig. 4. A peak in the
MEVC is expected at the EMR frequency with the highest value of 170 V/cm Oe for fibers with
Ni2Y core and the smallest value of 1.8 V/cm Oe for fibers with Zn,Y core. Fibers with r,=0.4
is predicted to have the maximum value at 2.65 GHz and differs from 7,=0.25 for maximum
MEVC at low frequencies (Fig.2) and is due to the dependence of high frequency MEVC on

wavenumber k (Eq.5).
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Figure 5 shows similar frequency dependence of MEVC for fibers with ferrite core and
PZT shell for 7, = 0.7 to 0.99. The maximum in ME voltage coefficient is estimated for »,, =
0.95 and differs from the maximum value for r, = 0.4 for fibers with PZT core and ferrite shell.
The peak MEVC at the resonance frequency of 2.65 GHz in Fig.5, however, remains the same
as for fibers with PZT core. Fibers with Ni2Y core has the highest MEVC whereas those with
ZnoY core has the weakest ME response.

In section 3 we discuss in detail results in Figs.2-5 on direct ME effects in core-shell

fibers and their significance.

2.2 Magnetoelectric Effect at Ferromagnetic Resonance

The converse ME effect in the core-shell structures is discussed next [5-9]. A core-shell
fiber when subjected to an electric field £ is expected to show a shift in the FMR
field/frequency due to piezoelectric strain. The shift 6/ in the FMR field due to £ is estimated
and the ME coefficient oy = 0Hg/E is determined [9]. We consider a ferrite-piezoelectric
nanofiber as in Fig.1 with a self-bias or an applied bias field Hy along the z-axis and microwave
magnetic field H perpendicular z. The piezoelectric phase is poled with an electric field Ey
along z direction. We solve the equations of motion of magnetization for the ferrite. It is
assumed that Hj is high enough to saturate the ferrite to a single domain state for minimization
of magnetic losses. The equation of motion of magnetization for the ferrite has the form:

OM/ot = -y [M, He], ©)

where Herr= - 0 ("W)/OM and v is the gyromagnetic ratio. For finding the effective magnetic
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fields in the equation of motion of magnetization, we use the expression for the free-energy
density "W for the ferrite that includes the Zeeman energy, crystalline anisotropy energy,
magnetoelastic energy, and elastic energy. The stress components that appear in the expressions
for magnetoelastic and elastic energy can be expressed in terms of dc electric field applied to
the piezoelectric phase (as in Eq.1). Linearizing Eq. (9) enables one to get an expression for

FMR frequency:

[H3 +Z(N1i1 _N;3)A/[0}{H3 +Z(N£2 _N3i3)lwo}_
2

_[Z NlizMoJ

1/2

0=y , (10)

where N'i, are demagnetization factors describing the shape anisotropy, crystalline
anisotropy, and induced anisotropy due to ME interactions and (/, 2, 3) is a coordinate
system in which the axis 3 is directed along the equilibrium magnetization as shown in Fig.1.
Note that the dc electric field exerts an influence on FMR frequency via stress components
in ferrite and the electric field contribution can be considered as induced magnetic anisotropy
[32]. For the special case of bias field applied along the fiber length, the E-induced shift of

FMR line is obtained as

SH, = , (11)

with A denoting the longitudinal magnetostriction constant and M, is the saturation
magnetization for the ferrite. The term 73 is a function of £ and is determined by Eq. (1). The

shift in the resonance field 6HE is given by

34 PdvE .
OoH , = P — and the ME coefficient o = oHEg/E, (12)
M["s;(1=v)+"s,,v]

where v is the volume fraction of PZT. Equation (12) enables one to obtain the £ dependence
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of FMR line shift and the ME coefficient.

Figure 6 shows estimates of o for fibers of ferrite core and PZT shell. Variation of the
converse ME coefficient with the ratio of core-to-shell radius is shown for fibers with W- and
Y- type ferrites. It is clear from Eq.(12) that a strong ME coupling at FMR is expected when
(1) the piezoelectric volume fraction is sufficiently high, (ii) the piezoelectric component has a
high d33 value and (iii) the magnetic phase has a high magnetostriction. Figure 6 shows that the
highest o is estimated for CooW core-PZT shell structure. This is in contrast to low-frequency
DME coupling strength which is maximum for Ni2Y. This is accounted for by difference in the
nature of direct ME effect at low-frequency and converse ME effect. The low-frequency and
microwave ME effects are determined by piezomagnetic coefficient and magnetostriction
constant, respectively. Fibers with rest of the hexaferrites are expected to have a weak ME effect

compared to CooW-PZT core-shell nanostructure.

50 Co,W-PZT

Zn,Y-PZT

ME Coefficient Ol (Oe cm/kV)
i Y
=]

0- NipY-PZT
00 02 04 06 08 1.0
Rferrite/RpzT

Fig.6. Converse ME coefficient ar vs ratio of core-to-shell radius for hexaferrite -PZT

nanofibers.

2.3 Assembly of Core-Shell Nanofibers
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Superstructures of multiferroic nanofibers can be obtained by several techniques
including magnetic and/or electric field assisted assembly and chemical self-assembly [23,33].
Such 2D- and 3D- structures are of particular interest for use in device technologies [34]. Here
we consider the direct-ME coupling in a parallel array of core-shell fibers. For a free-standing
fiber, magnetic core can be considered as homogeneously magnetized cylinder (with
magnetization M along its axis) in self-bias or applied dc bias field. It is assumed that the
magnitude of bias field corresponds to maximum in piezomagnetic coefficient. For an assembly
of hexaferrite core-piezoelectric shell nanofibers, one should take into account the dipole-dipole
interaction between magnetic cores. For simplicity, we restrict ourselves to the nearest neighbor
approximation. The geometry of fibers is assumed to be uniform and the fibers are parallel to
each other. The angle-dependent free energy includes Zeeman energy and dipole-dipole
interaction energy. Assuming the radius of the fiber to be small compared to its length, one
could use the following expression for interaction energy between two neighboring magnetic

cores [35]

2 -0.5
v =#°VM”VM”{1—[1+2J ] (13)

with 7 and D being the core volume and separation between cores of nearest neighbor fibers
and M, and M>. are the magnetization along the z-direction for the magnetic cores of the two
fibers. Assuming the periodic boundary conditions for the array, we can conclude that the
equilibrium angles ¢, between the applied bias field and magnetization for neighboring
magnetic cores are equal in value and opposite in sign. Minimization of free energy density in

@m results in equilibrium magnetization direction.

The piezomagnetic coefficient ¢33 of ferrite core is proportional to Z-component of

magnetization and thus proportional to cos ¢,. The induced voltage due to ME coupling
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decreases in an array because of magnetic dipole interaction. Similarly, equilibrium orientation
of PZT polarization is at an angle ¢. to the Z-axis. As a result, piezoelectric coefficient d;3
decreases due to electric dipole interaction. Thus the ME voltage coefficient for an array is

weaker by a factor ¢ = cos pm cos gp. compared to a free standing fiber.

As an example, Fig.7 shows the low-frequency ME voltage coefficient oz 33 for NiY
core-PZT shell nanofiber with a core radius of 100 nm and shell thickness varying from 10 nm
to 100 nm. For the array of fibers the model predicts a reduction in the rate of increase in ME
voltage coefficient with the shell thickness compared to free standing fiber. This is related to
the fact that decreasing the shell thickness gives rise to a decrease in ferrite core separation and
thus to an increase in magnetic dipole coupling strength. ME coefficient will approach the value

for a free standing fiber for larger value of PZT shell thickness.

NioY-PZT

20 2
@
O
E 1.5
L
2
g 1.0
=

0.5-

Fiber Assembly
0.0+ : . : : : ,
0.2 0.4 0.6 0.8

Rferrite/RPZT

Fig. 7. Low-frequency ME voltage coefficient versus the ratio of ferrite-to-PZT radius for an
assembly of nanofibers with 100 nm radius Ni2Y core and PZT shell. ME voltage coefficient for

a free standing Ni>Y-NFO nanofiber is shown for comparison.
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3. Discussion

We discuss next the modeling results presented in Sec.2 for direct- and converse-ME
interactions in coaxial fibers of hexagonal ferrite and PZT. For direct-ME effect the key
parameter of importance for the W- and Y-type hexaferrites is the piezomagnetic coefficient g.
For converse-ME effect, hexaferrites with high magnetostriction and low FMR line-width are
preferred since the measurements involve shift in FMR. Figures 2 and 3 show the low-
frequency MEVC as a function of ratio of core radius-to-shell radius. The MEVC is the highest,
2.5 V/em Oe, for fibers with Ni2Y due to high ¢ and the lowest, 100 mV/cm Oe, for fibers with
ZnyY. The maximum value for MEVC is the same for fibers with PZT core or ferrite core.
Another key inference from Figs. 2 and 3 is the prediction of maximum MEVC for PZT volume
fraction of v, ~ 0.06 for both kind of fibers, either with PZT-core or with PZT-shell. This
relatively small volume fraction for PZT has to be compared with v, = 0.5 for layered composites
and can be attributed to the nature of mechanical connectivity, (3,1) for fibers and (2,2) for
layered composites [30-32, 26]. The MEVC-values in Figs. 2 and 3 are much higher than
theoretical estimates for bulk spinel ferrite-PZT composites with nm-sized inclusions of ferrite
or PZT [36] and nickel ferrite-PZT nano bilayer, nanopillars or coaxial wires [27].

Enhancement in the ME coupling strength is anticipated for an ac magnetic field at the
frequency of resonance modes. Results in Figs. 4 and 5 are for the direct-ME effect at EMR in
the systems. For fibers of length 1 um the MEVC at ~ 2.65 GHz is one to two orders of
magnitude higher than the ME response of the systems at low frequency. Fibers with Ni2Y
have the strongest ME coupling and Zn,Y systems have the weakest coupling, as is the case for
low-frequency coupling. Results in Figs. 4 and 5 also have the following features that depart
from those for the low-frequency ME coupling in the systems. For fibers with PZT-core, the
maximum in MEVC occurs for r, = 0.4, corresponding to a PZT volume fraction v, = 0.16

whereas fibers with PZT-shell MEVC is the highest for v, = 0.1. These v, -values are much
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higher than v, ~ 6% for low-frequency ME coupling and is due to the dependence of v, on the
wavenumber k for acoustic modes associated with EMR (Eq.5). The peak MEVC for the
hexaferrite-PZT fibers are comparable to predicted values for core-shell wires or nanopillars of
NFO and PZT [26].

We modeled the strength of the converse ME effect in terms of the shift 6Hg in the FMR
absorption versus H profile due to a DC electric field £E. Results in Fig.6 show an = OHE/E as
a function of Ryie/Rpzr for fibers of hexaferrite core and PZT shell. One notices the highest oz
for fibers with very high shell radius (or volume fraction of v, PZT) and is followed by a
decrease ar with decrease in v,. Since ag is directly proportional to the magnetostriction A, ag
values in Fig.6 is maximum for fibers with CooW and is minimum for Ni2Y. The key parameter
for experiments on determination of oy, however, is the line-width AH for FMR. Any E-
induced shift 0Hr in FMR has to be comparable or higher than A4H. Amongst the hexaferrites
considered in this work, single crystal Zn,Y has the lowest AH~ 50 Oe [37] and is 210 Oe for
Ni2Y [38]. A recent study on FMR in polycrystalline Co-Zn-W reported AH = 1-4 kOe,
depending on the concentration of Co and Zn [39]. Values of ay in Fig.6 are orders of
magnitude higher than measured values for layered composites of barium ferrite-PZT and nickel
ferrite or yttrium iron garnet and PZT [9, 40].

Although the nanofibers considered are expected to show significantly stronger direct- and
converse ME effects than bulk or thick film layered composites, device applications for the
fibers may require assembly of the fibers into 2D- or 3D-films or similar superstructures that
could be accomplished by techniques such as magnetic field and/or electric field assisted
assembly. It is therefore necessary to model the ME interactions in such superstructures. In
this work we considered the specific case of low-frequency ME effects in such assembly.

Results in Fig.7 indicate a reduction in MEVC compared to free-standing fiber and is due to
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magnetic and electric dipole-dipole interactions.

The theory and results in Sec.2 are based on the assumption of bulk material parameters for
the fibers. It is therefore necessary to modify the theory with available magnetic and
ferroelectric parameters for nanocrystalline ferrites and PZT. Feasibility of synthesis of the core-
shell fibers is a key issue that needs to be addressed here. Coaxial fibers of spinel ferrites and
PZT or barium titanate were reported in recent years by several techniques including
electrospinning [21-23]. Puller, et al., reported on the synthesis of aligned fibers of M-, W-, Y-
and Z-type hexaferrites [41]. In view of past success with synthesis of hexagonal ferrite fibers
and coaxial fibers of spinel ferrites and PZT, one has to anticipate similar success in the

synthesis of the core-shell nanowires considered in this study.

4. Conclusion

A model has been developed for ME interactions in a free-standing hexaferrite-
piezoelectric nanofiber in the low-frequency, EMR, and FMR regions. Fibers of PZT and Ni2Y
are expected to have the highest ME voltage coefficient at low-frequency and at EMR. The
strength of converse ME effect is characterized in terms of the shift of FMR in an electric field
and is predicted to be maximum for CooW core-PZT shell structure. For an assembly of parallel
hexaferrite-piezoelectric core-shell nanofibers, the low-frequency ME voltage coefficient is
anticipated to increase with increasing PZT shell thickness due to the fact that increasing the
shell thickness gives rise to an increase in ferrite core separation and thus to a decrease in
magnetic dipole-dipole interactions. ME coefficient will approach the value for a free standing
fiber for further increase in PZT shell thickness. The hexaferrite-PZT fibers are also expected
to show the predicted ME responses under a self-bias due to high uniaxial or planar anisotropy

field and are of importance for applications in sensors of magnetic fields.
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