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Abstract: This report is on magneto-electric (ME) interactions in bulk composites with coaxial
nanofibers of nickel zinc ferrite and PZT. Core-shell fibers of PZT and Niix Znx Fe2 O« (NZFO) with
x = 0-0.5 were made by electrospinning. Both kind of fibers, either with ferrite- or PZT-core and with
diameters in the range 1-3 um were made. Electron- and scanning probe microscopy images
indicted well-formed fibers with uniform core and shell structures and defect free interface. X-ray
diffraction data for fibers annealed at 700-900 C did not show any impurity phases. Magnetization,
magnetostriction, ferromagnetic resonance, and polarization P versus electric field E measurements
confirmed the ferroic nature of the fibers. For ME measurements the fibers were pressed into disks
and rectangular platelets and then annealed at 900-1000 C for densification. Strengths of strain
mediated ME coupling were measured by H-induced changes in remnant polarization Pr and by
low-frequency ME voltage coefficient (MEVC). The fractional change in Pr under H increased in
magnitude, from +3% for disks of NFO- PZT to -82% for NZFO (x=0.3)-PZT, and further increase in
x resulted in a decrease to a value of -3% for x=0.5. Low-frequency MEVC measured in disks of the
core-shell fibers ranged from 6 mV/cm Oe to 37 mV/cm Oe. The fractional changes in Pr and the
MEVC values were an order of magnitude higher than for bulk samples containing mixed fibers
with random distribution of NZFO and PZT. The bulk composites with coaxial fibers have the
potential for use as magnetic field sensors and in energy harvesting applications.

Keywords: ferrite; ferroelectric; PZT: nanofiber; direct magnetoelectric effects

1. Introduction

Ferromagnetic-ferroelectric composites have been studied extensively for an understanding of
the nature of magneto-electric (ME) interactions between the two ferroic phases and for their
potential for use in a variety of applications [1-4]. Most of the studies in the past on the mechanical
strain mediated coupling were on composites with 3d-transition metals/alloys, rare-earths, or
ferrimagnetic oxides for the magnetic phase and PZT or PMN-PT for the ferroelectric phase and were
aimed at achieving composites with strong ME coupling for use in sensors, energy harvesting,
gyrators, and high frequency devices [5-10]. A variety of thin films, thick films, bilayers, and
multilayer composites were investigated [1-4,11,12]. Thin films and nanopillars on a substrate in
particular are susceptible to clamping due to the substrate, resulting in a reduction in the strength of
magnetostrictive or piezoelectric deformation in the films and weakening of ME coupling strengths.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Nanowires and core-shell composites that are free of such clamping are of importance in this regard
[13-15]. In addition, a very high surface area to volume ratio in these structures is a key ingredient
for achieving strong ME coupling.

Nanowires, nanotubes, and coaxial fibers can be prepared by a variety of techniques including
template-assisted electro-deposition, chemical vapor deposition, and electrospinning.[15-17]. These
techniques were widely employed for the synthesis of magnetic materials [18,19], ferroelectrics
[20,21], and core-shell ferroic composites [22-25]. The primary focus of this report is on the nature of
ME interactions in ferromagnetic-ferroelectric bulk composites consisting of core-shell structures.
Early reports on core-shell fibers were on cobalt substituted nickel ferrite and barium titanate
prepared by sol-gel and thermal decomposition processes [26,27], nickel ferrite-PZT nanowires
prepared by template assisted sol-gel-electrodeposition [28], and spinel ferrite-PZT fibers by
electrospinning [29,30]. Xie, et.al., utilized piezoresponse force microscopy (PFM) to measure the ME
coupling in individual spinel ferrite-PZT fibers [29]. The PFM techniques were also used for estimates
of ME coupling in a core-shell fiber of nickel ferrite-PZT and PVDF- FesOs [31].

We previously reported on the synthesis of coaxial fibers of spinel ferrites or hexagonal M-, Y-,
and W-type ferrites and ferroelectrics by electrospinning [25,31,32]. The core-shell structure was
confirmed by electron microscopy and scanning microwave microscopy (SMM). The strength of
direct ME effects (influence of magnetic field H on ferroelectric order parameters) and the converse
ME effects (influence of electric filed E on magnetic parameters) were measured by low-frequency
ME voltage coefficient (MEVC), H induced variations in the ferroelectric remanant polarization P,
magneto-dielectric effects, and E-induced variations in the ferromagnetic resonance (FMR) frequency
or field. Evidence for strong ME interactions were inferred from measurements on individual fibers
and on 2D- and 3D-films of the fibers assembled in a magnetic field.

Here we report on a giant H-induced variation in Pr in a bulk composite with ferrite-ferroelectric
core-shell fibers. There have been very few studies so far on such composites. Heinrichs, et al.,
recently reported on in-situ synthesis of a bulk composite with cobalt ferrite (CFO) cores and shells
of a lead-free ferroelectric [33]. They inferred strong ME effects from piezo-force microscopy and
reported evidence for a ferroelectric polarization in the ferrimagnetic CFO cores. In this work bulk
composites of NZFO-PZT were prepared using core-shell fibers synthesized by electrospinning.
Measurements of ME coupling by P vs E under H on disks of the composites revealed variations in
P:r as high as -82%. Low-frequency MEVC data were also indicative of strong ME interactions in the
system. The ME coupling strengths were found to be much stronger than in bulk composite made of
mixed fibers with random distribution of NZFO and PZT. Details on the synthesis of the fibers and
structural, magnetic, ferroelectric, and ME characterization are provided in the sections that follow.

2. Experiment

The procedure employed for the synthesis of the fibers was similar to the ones described in detail
in our previous reports [32,34]. Briefly, the synthesis was done in three steps: preparation of
individual sol-gels of PbZros2 Ti 04s Os and Niix Znx Fe204 (x = 0-0.5), dispensing the sols in syringes
with a syringe pump through a metallic coaxial needle, and collection of fibers formed in the presence
of a strong electric field on a rotating aluminum drum. The NZFO sol was prepared by dissolving a
mixture of metal acetates or nitrates and poly(vinylpyrroli-done) (PVP, Mw~1,300,000) in a solution
of ethanol and distilled water, followed by magnetic stirring for several hours until a homogeneous
sol was formed. Similarly, PZT sol was prepared by dissolving a mixture of lead acetate, zirconium
n-propoxide, titanium isopropoxide, and PVP in a solution of methanol and ethanol and was stirred
for several hours.

Fiber synthesis was carried out in an enclosed, humidity-controlled chamber. For core-shell
fibers, the PZT and NZFO sols were loaded on to two separate syringes and mounted in a syringe
pump capable of dispensing the sols at a set rate through a coaxial stainless-steel needle. Fibers were
formed under an electric field E=1.5-2.0 kV/cm present in the region between the needle and a rotating
aluminum that served as the collector. The chamber humidity was kept at 30-40%. The fiber
parameters such as the diameter of the core and shell thickness was dependent on the needle inner
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and outer diameters, sol viscosity, sol pumping rate, electric field E, and chamber humidity. For
mixed fibers with random distribution of NZFO and PZT equal volumes of the two sols were mixed
together and dispensed through a needle. The fibers were dried at 40 C for 24 hours and annealed for
1 hour at a temperature 700-900°C in air under a heating and cooling rate of 1°C/min. For magnetic,
ferroelectric, and ME measurements on bulk composites the fibers were pressed into disks and
rectangular platelets and annealed at 900-1000 C.

Structural measurements were carried out on annealed fibers by X-ray diffraction, SEM, SPM,
and scanning microwave microscopy (SMM). Ferromagnetic characterization involved both
magnetization with a Faraday balance and FMR with the use of a coplanar waveguide and vector
network analyzers (VNA). Ferroelectric polarization vs electric field E was measured with a (Radiant
Technologies) Ferroelectric Tester. Strengths of direct-ME effects were measured through (i) changes
in remnant polarization Pr caused by a static magnetic field H and (ii) low-frequency ME voltage
coefficient.

3. Results
3.1. Structural Measurements

Results of structural measurements with XRD and SEM for representative core-shell fibers are
shown in Figure 1 (also in Supplement: Figures S1-54). The XRD patterns in Figure 1a,b for annealed
fibers of NZFO with x=0 and 0.3 and PZT show diffraction peaks corresponding to the ferrite and
PZT and are labeled in the figures. There was no indication of the presence of impurity phases in the
data. The SEM image for a collection of fibers are shown in Figure 1c. Fibers with diameters ranging
from 250 nm to 3 um and of various lengths are seen. The measurements revealed that 60% of the
fibers had diameters over a narrow 500 to 1500 nm range, but were free of any defects such as bubbles
or discontinuities. It is also evident from the SEM image for a single fiber in Figure 1d that a uniform
core and shell structure with a well-defined interface is present in the fibers.
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Figure 1. X-ray diffraction patterns for coaxial nanofibers of (a) NZFO (x=0)-PZT and (b) NZFO
(x=0.3)-PZT. (c) SEM image showing a collection of fibers of NFO-PZT. (d) SEM image showing the
core and shell structure for a NFO-PZT fiber.

Scanning probe microscopy was utilized to examine the annealed fibers. Figure 2 shows such
images for a single fiber of NFO shell-PZT core. The AFM topography image in Figure 2a reveals a
well-formed uniform, defect-free fiber. The core-shell structure with PZT core and NFO shell is seen
in the magnetic force microscopy (MFM) image in Figure 2b. Both the core diameter and the shell
thickness are uniform throughout the length of the fiber. The capacitance image at 10 GHz in Figure
2c acquired with a SMM also shows the desired core and shell structure for the fiber. Similar scanning
probe microscopy images were seen for NZFO (x=0.1-0.5)-PZT fibers.
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Figure 2. (a) Atomic force microscopy image of an isolated coaxial fiber of NFO-PZT. (b) Magnetic
force microscopy for a fiber of NFO shell-PZT core. (c) Scanning microwave microscopy (SMM)
capacitance image at 10 GHz for NFO-PZT fiber.

3.2. Magnetic Characterization

For characterization in terms of magnetization, FMR, and magnetostriction, the fibers were
pressed into thin platelets or circular discs and annealed at 1000 C. Samples with fibers of both ferrite
cores as well as PZT cores were made for these measurements. A Faraday balance was used to
measure the magnetization M as a function of static magnetic field H. Data on M vs H are shown in
Figure 3 for representative samples with ferrite core and PZT shell. Similar magnetization data for
fibers with PZT cores and for all other fibers studied are shown in the supplement figures F5 and F6.
A typical M vs H expected for a ferromagnet is seen in the figures and the saturation of M occurs for
most of the fibers for H > 2 kOe. The saturation magnetization Mo values for the fibers (from Figures
3, S5 and S6) vary from 5 emu/g to 24 emu/g that are smaller than reported values of 50 emu/g for
x=0 to 80 emu/g for x=0.5 for bulk polycrystalline ferrites NiZn-ferrites vary from [35]. A comparison

of Mo-values for the NIZn ferrite-PZT fibers with reported values for polycrystalline ferrites is
complicated by the fact that there is a significant variation in the NZFO content among the fibers with
a specific Zn substitution as well as in fibers with different Zn substitutions.
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Figure 3. Magnetization vs static magnetic field H data for bulk samples with fibers of (a) NFO-PZT,
(b) NZFO (x=0.2) —-PZT, and (c) NZFO (x = 0.4)- PZT. The data are for samples with ferrite core and
PZT shell.

Ferromagnetic resonance was done on NZFO-PZT fibers pressed into a thin rectangular platelet
and annealed at 1000 C. The sample was placed on top of a coplanar waveguide. With a static
magnetic field H applied parallel to the sample plane, a VNA was used for excitation with the
microwave power and to record the amplitude of the scattering matrix Sz as a function of the
frequency f of the microwave power. Figures 4 and 5 show profiles of S21 vs f for a series of H-values
for samples of NZFO core-PZT shell for x=0.2 and 0.3, respectively. FMR is seen as absorption of
microwave power in the profiles and power absorbed increases with increase in H and is
accompanied by narrowing of the absorption peaks. The half-power frequency-widths of the
resonances are on the order of 5-8 GHz that are very high as expected for nanofibers of NZFO.
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Figure 4. (Left) Scattering matrix parameter Si1 vs frequency f for ferromagnetic resonance (FMR) for
a series of in-plane static magnetic field H. The data are for a rectangular platelet of coaxial fibers of
NZFO (x=0.2) and PZT. (Right) Fitting of the resonance frequency f: vs H to the Kittel’s equation to
determine the gyromagnetic ratio y and the effective saturation induction 47tMet.
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Figure 5. Profiles showing FMR and fitting of f- vs H data to Kittel’s equation as in Figure 4 for a
platelet with fibers of NZFO(x=0.3)-PZT.

Similar characteristics are also observed in the FMR profiles for NZFO-PZT that are shown in
the supplement (Figures S7-59). One can determine the gyromagnetic ratio y and the effective
magnetization 4tMeit = 47tMo + Ha, where Hais the anisotropy field, by fitting the resonance frequency
f: versus H data (obtained from the profiles as in Figures 4 and 5) to the Kittle equation,

(f:/y)2 = H (H + 47tMerr ). 1)

The gyromagnetic ratio y values for fibers are in the range from 2.54 GHz/kOe to 3.13 GHz/kOe
and are comparable to 3.0 to 3.2 GHz/kOe reported for polycrystalline nickel zinc ferrites [35-37]. The
values of 4mtMet for the fiber samples vary from a minimum of 250 G for x=0 to a maximum of 3.07
kG for x=0.2. We did not estimate Ha from 47tMett and measured values of Mo due to the fact that the
powder samples of fibers used for magnetization measurements could have significantly different
ferrite contents than the platelet used for FMR.

Magnetostriction is a key parameter that determines the strength of ME coupling in NZFO-PZT
composites and was measured in the platelets of the fiber samples. A strain gage, bonded to the
sample surface with a thin 2-part epoxy (M-bond 600, Micro Measurements) and a strain indicator
were used for the measurements of magnetostriction Au parallel to the sample length and to the
applied static magnetic field H. Figure 6 shows A1 vs H data for samples of NZFO (x=0.5) - PZT and
NZFO (x=0.4) and for fibers with both ferrite cores as well as PZT cores. The magnetostriction for
NZFO(x=0.5)-PZT with ferrite core is negative, as is the case for bulk polycrystalline samples, and
increases in magnitude with increasing H [38]. When H is decreased back to zero a hysteresis in A1
is evident. When H is reversed is A1 is negative and its overall field dependence stays the same as for
H> 0. For the composite of x=0.5 with PZT core, however, A1 is positive with its magnitude increasing
with H to 11 ppm for H = 2.5 kOe. When H is decreased back to zero, A continues to increase to a
maximum of 13 ppm for H = 1 kOe and then decreases to a remnant value of 10 ppm. Upon reversal
of the direction of H, Au continues to decreases to 5 ppm for H = -2.5 kOe. For fibers with x=0.4 and
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NZFO core the magnetostriction is negative with a maximum value of -5 ppm, and its H-dependence
is the same as for the fibers with x=0.5. For fibers of x=0.5 with PZT core A11is negative and increase
in magnitude 3 ppm for H= 2.5 kOe. When H is decreased to zero, A1 decreases to zero for H ~ 1 kOe,

and shows a sign reversal and a peak value of 5 ppm for H~ 0. Upon reversal of direction of H A1
decreases to zero as H is increased to -2.5 kOe.
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Figure 6. Magnetostriction A11 measured parallel to the applied in-plane static magnetic field H. The
data are for a rectangular platelet made of coaxial fibers of NZFO (x=0.5)- PZT [(a) and (b)] and NZFO

(x=0.4) — PZT [(c) and (d)]. Arrows indicate increasing or decreasing H direction.

Similar A1 vs H data for NZFO-PZT with x = 0.3 and 0.2 are shown in Figure 7. The key features
of the results are as follows. (i) Samples with x = 0.3 show a hysteresis in An1vs H data with a maximum
value of around -2 ppm and a sign reversal to a peak value of 1 ppm. (ii) Fibers with x = 0.2 shows
the maximum value of A= - 8 ppm for fibers with ferrite core and -11 ppm for fibers sample with
PZT core. The results in Figures 6 and 7 also indicate an overall increase in the maximum value of A1
with decreasing Zn content in NZFO. Finally, the magnetostriction data for x = 0.1 (shown in the
supplement Figure S10) show similar hysteresis in its H-dependence and a variation in the peak

values of from -6 ppm to + 6 ppm for the sample with the ferrite core whereas the sample with PZT
core has a maximum magnetostriction of around 2 ppm.
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3.3. Ferroelectric and Magneto-Electric Characterization

Discs made of the core-shell fibers were used for studies on ferroelectric characterization by
measuring the polarization P as a function of applied static electric field E using a (Radiant
Technologies) ferroelectric tester. The strength of direct-ME interactions, i.e., the influence of H on
ferroelectric order parameters, was determined by measuring the fractional change in the remnant
polarization AP:/Pr under H by measuring P vs E as a function of H. Figure 8a—d show P vs E for a
series of H values for NZFO (x = 0.5) -PZT for samples with both ferrite core as well as PZT core and
for increasing and decreasing magnitudes of +H. Variation in P with E in Figure 8 is typical of
ferroelectrics, but the P-values are rather small compared to reported values for pure PZT nanofiber
samples and thin films [20,21]. The maximum value of P in Figure 8 is 8 nC/cm? for samples
containing ferrite or PZT cores. The low P-values could be attributed to anticipated large leakage
currents since the samples are essentially bulk composites with low resistivity ferrite cores or shells.
Figure 8e shows the fractional H-induced variation AP:/Pr with H determined from P vs E data. A
general decrease in Prwith H is evident from the data except for APy/Pr = +2.5% at H = 2 kOe for the
sample with ferrite core.
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Figure 8. Polarization P as a function of electric field E for a series of applied static magnetic field H
for a disc with fibers of NZFO (x=0.5) core-PZT shell for (a) increasing H and (b) decreasing H. (c) and
(d) show similar results for fibers with PZT core and NZFO (x=0.5) shell. The insets show P vs E in
expanded scale. (e) Fractional change in the remnant polarization Pr as a function of H for increasing
and decreasing H.

Measurements on discs of fibers with NZFO (x=0.4)-PZT and NZFO (x=0.3)-PZT show evidence
for a giant H-induced variation in AP:/Pr as discussed next. Figure 9 shows results on P vs E as a
function of H and AP:/Pr vs H for samples of NZFO (x=0.4)-PZT. The maximum values of P are 15
nC/cm? for samples with ferrite core and 20 nC/cm? for the disc with PZT cores and are much higher
than for the samples with x=0.5. For both samples there is a decrease in Pr upon the application of H.
Figure 9e shows estimated AP:/Pr vs H. For the sample made of fibers with ferrite core, one observes
a near-linear decrease in Pr with increasing H and AP:/Pr reaches a value of -15% for H=5 kOe. When
H is decreased from 5 kOe to 0, AP:/Prshows a further linear decrease to -24 % for H=0. A much higher
decrease in AP:/P: with H is observed Figure 9e for the sample containing fibers with PZT core. With
increasing H, AP:/Pr decreases rapidly to a value of -44% at H=5 kOe and then a further decline to -
64% when H is decreased back to zero.
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Figure 10 shows P vs E under H and results on AP:/Pr vs. H for discs with NZFO (x=0.3)-PZT
fibers. The maximum P-value of 80 nC/cm?is a factor 2 to 4 higher than for samples with fibers of x =
0.5 and 0.4. Application of H leads to a sharp decrease in Pr and AP:/P: for the sample with ferrite core
decreases by 70% as H is increased to 5 kOe. With a subsequent decrease in H AP:/P: decreases by
83% for H=0. The sample with PZT core shows a similar behavior with an identical decrease in P:
with a net decrease of 83% in AP:/P:.
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Figure 10. Results as in Figure 8 for a platelet with core-shell fibers of NZFO (x=0.3) -PZT.

We carried out similar measurements on discs with fibers of NZFO (x=0.2,0.1 and 0)-PZT and
the results are shown in the supplement Figures 511-513. The maximum P-value decreases to
20nC/cm? and 8 nC/m?, respectively, or samples with x=0.2 and 0.1 and AP:/Prvalues are found to be
in the range -2% to + 5%, much smaller than for samples with x=0.3 and 0.4 and. Figure 11 summarizes
results of H induced variations in Pr for NZFO-PZT fibers with Zn concentration from 0 to 0.5. The
maximum change in AP:/Pris plotted as a function of x. The ferroelectric remnant polarization for the
fiber discs under a static magnetic field shows a relatively small change with Zn content in the ferrite
with the exception of Zn content x = 0.3 and 0.4. Thus there is evidence for a giant ME coupling in the
bulk composites with NZFO-PZT fiber, in particular for Zn concentration x=0.3 and 0.4.
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Figure 11. Zn concentration x dependence of the maximum fractional variation in the remnant
polarization in bulk composites with NZFO-PZT core-shell fibers.

We also performed low-frequency magneto-electric voltage coefficient (MEVC) for
characterization of direct-ME effects. The measurements were done on rectangular platelets of the
fibers. A static field H and an AC magnetic field h at 100 Hz were applied parallel to each other and
to the sample plane and along the length of the sample. The ME voltage V induced in the sample was
measured with a lock-in amplifier. The ME coefficient as1 = V/(t h), where t is the sample thickness,
was measured as a function of H. Figure 12 shows as1 vs H data measured with h=5 Oe at 100 Hz for
samples with fibers of NZFO (x=0.5)-PZT and NZFO (x=0.4) - PZT. As H is increased from zero, one
notices a sharp jump in asi to a large value of ~ 6 mV/cm Oe for x=0.5. The H dependence of as is
rather weak with a small decrease for the maximum H value of 2.5 kOe. When H is decreased back
to zero, in addition to a hysteresis as1at H=0 as a high its maximum value. Reversal of H direction is
accompanied by a 180 deg phase difference in as1, but the its magnitude and H-dependence remain
the same as for +H. For the sample with x = 0.4, the data in Figure 12 shows hysteresis and a large
zero-field MEVC, similar to the H dependence for x=0.5. The maximum values of az1are 5.5 mV/cm

Oe for the sample with NZFO core and 12 mV/cm Oe for the sample with PZT core which is a factor
to two higher than for the sample with x =0.5.
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Figure 12. ME voltage coefficient as1i measured at 100 Hz as a function of bias field H for samples with
fibers of NZFO (x=0.5) - PZT and NZFO (x=0.4)-PZT. The insets show the H dependence of as1 on an
expanded scale for H <1 kOe.

Low-frequency MEVC data for samples with NZFO-PZT with x = 0.3 and 0.2 are shown in Figure
13. The overall H-dependence of as1 with hysteresis and a large zero-field MEVC when H is decreased
back to zero are the same as for the results for x=0.4 and 0.5 in Figure 12, but the ME coefficients are
relatively high. The sample of x=0.2 with PZT core shows the highest as: value of ~40 MV/cm Oe
among the systems studied. Similar measurements for NZFO (x=0.1)-PZT showed a maximum o1 of
~10 mV/cm Oe (Supplement Figure S14). Finally, MEVC data for the sample of NFO-PZT in Figure
14 also shows significant hysteresis and a large zero-field ME coefficient. Unlike the case of thick film
and thin film layered ferrite-PZT composites that show a gradual increase in as1 to a maximum
followed by a decrease to zero for high H-values, the bulk composites with core-shell fibers in this
study reveal very weak H-dependence.
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Figure 13. Data as in Figure 12 for samples of NZFO (x=0.3) - PZT and NZFO (x=0.2) - PZT.
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Figure 14. Data as in Figure 12 for bulk composites with NFO-PZT fibers.

4. Discussion

Nanofibers of nickel zinc ferrite and PZT with core-shell structures were synthesized by
electrospinning. Fibers annealed at high temperatures were free of any impurity phases and electron
and scanning probe microscopy images showed fibers of uniform diameter with well-formed cores
and shells. A ferromagnetic character for the fibers was evident from magnetization and
ferromagnetic resonance measurements. The gyromagnetic ratio y for the fibers was in the range 2.5-
3.1 GHz/kOe, in general agreement with reported values of 3.0 — 3.3 GHz/kOe for NiZn ferrites
[36,37]. Determination of values of other ferromagnetic order parameters such as saturation
magnetization and magnetic anisotropy field for the fibers for comparison with pure NiZn-ferrite,
however, was not feasible due to the wide distribution in the core diameters and shell thicknesses
and difficulties with the determination of volume or weight fraction of ferrite in the fibers.
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Magnetostriction measured in platelets of the fibers showed the following important features.
(i) Strong hysteresis and remanence were seen in Au vs H for all of the Zn substitutions. (ii) The
maximum magnetostriction values were much smaller than reported values of -15 ppm to -30 ppm
for polycrystalline NiZn ferrites [38]. (iii) Samples with NZFO cores had maximum value of A= -2
ppm for x=0.5 to -8 ppm for x=0.2. (iv) Platelets with fibers of PZT cores had the maximum value of
A11=-12 ppm for x=0.2. (v) The positive value of magnetostriction for fibers with NZFO (x = 0.4 and
0.5) shell- PZT core is rather unique and its cause needs to be understood.

Results on P vs E confirm the ferroelectric nature of the fibers. The maximum values of P, in the
range 8-80 nC/cm? are comparable to reported values of 80-90 nC/cm? for NFO-PZT [34]. The
polarization values, however, are smaller than 2-3 uC/cm? measured in NFO-barium titanate (BTO)
fibers [39] and two orders of magnitude smaller than for bulk and thin film PZT [21] that could be
attributed to large leakage current due to the presence low resistivity NiZn ferrites in the fibers. The
most significant aspect in the present study is the strength of ME coupling by static magnetic field
induced ferroelectric polarization, i.e., the very large reduction in P, on the order of 64% to 83%, in
the fibers with x = 0.3 and 0.4 which is probably highest ever reported. Past reports include AP:/P:~
5% for NFO-PZT [34], 3% - 6% for NFO-BTO [39], and -22% in strontium ferrite-ferroelectric core-
shell fiber samples [25]. Recent studies on core shell fibers of Y-type hexagonal ferrites and PZT
reported fractional decrease in Pr on the order of 12%-20% [40,41]. The H-induced polarization
variations in NZFO-PZT coaxial fibers is the highest reported so far.

An important question to be addressed in regard to the giant H-induced reduction P: is the
phenomenon related specifically to the core-shell structure for the fibers. In order to address this, we
prepared fibers with random distribution of NZFO and PZT by using a sol containing equal volumes
of NZFO (x=0.1, 0.3 and 0.5) and PZT and characterized in terms of structural and magnetic
parameters (Supplement Figures S15 and S16). H-induced change in Pr was measured in discs of the
fibers (Figure 517). Figure 15 shows the maximum variation in AP:/Pr with x. It is obvious from the -
2% to -3% variation in APy/P: for mixed NZFO-PZT fiber samples that the giant H-induced change in
P: for core-shell fiber samples with x = 0.3 and 0.4 (Figure 11) is indeed unique to the core-shell
structure for the composite. A follow up study on core-shell composites of NZFO-PZT with x = 0.25
to 0.45 (in steps of 0.05) may be essential in this regard.
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Figure 15. Maximum fractional H-induced change in Pr as a function of x in fiber samples with
randomly distributed NZFO-PZT.

Finally, we discuss results of low-frequency ME effects in the core-shell fiber samples. Significant
inferences from the data in Figures 12-14 are as follows. (i) H-dependence of as1 shows hysteresis and
remanence and a large zero-bias ME coefficient. (ii) Sample with NZFO (x=0.2) — PZT show the
highest value of asi= 37 mV/cm Oe. (iii) ME coefficients for the core-shell samples are much higher
than = 3-4 mV/cm Oe measured in fiber samples with randomly distributed NZFO and PZT (data
shown in supplement Figure S17) and compares favorably with reported asi values of 12-24 mV/cm
Oe for NFO-hexagonal ferrite fibers and much higher than ~ 0.5 mV/cm Oe for NFO-BTO fiber
samples [24,39].
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5. Conclusions

Studies on the nature of ME effects were performed on coaxial nanofibers of NZFO with Zn
substitutions from 0 to 0.5 and PZT prepared by electrospinning. The fibers annealed at high
temperatures were free of impurity phases and of uniform diameter and defect free core-shell
interface. Magnetization measured on fibers with a Faraday balance and ferromagnetic resonance on
platelets of pressed and annealed fibers confirmed the ferromagnetic nature of NZFO. The
ferroelectric polarization measured on fiber discs was found to be small compared to values reported
for thin films of PZT. Results on H-induced variation in the remnant polarization in the composites
were indicative of a giant ME coupling, in particular in discs of fibers with NZFO with Zn
substitutions of 0.3 and 0.4. We also inferred a strong ME coupling in the composites from measured
low-frequency ME voltage coefficients that were as high as 40 mV/cm Oe. A strong ME response even
without an external magnetic field was also evident from the present study. Overall, this study
suggests that coaxial nanofibers of nickel zinc ferrites and ferroelectrics are promising candidates for
applications in magnetic sensors due to their strong magneto-electric coupling.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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