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The magnetic properties of the strontium hexaferrite nanoparticles were studied as they were

embedded at different concentrations in poly(vinyl alcohol) (PVA) nanofibers. These nanoparticles

were prepared using the Pechini method and a low frequency sonication process obtaining a 3.4 nm

average diameter. The composite consisting of hard magnetic nanoparticles homogeneously

dispersed in a polymeric matrix was fabricated using a homemade electrospinning with 25 kV DC

power supply. The obtained nanofibers had an average diameter of 110 nm, and nanoparticles were

arranged and distributed within the nanofibers under the influence of a strong electric field. The

configuration of the magnetic nanoparticles in the PVA nanofibers was such that the interparticle

exchange interaction became negligible, while the magnetostatic interaction turned out

predominant. The results reveal a considerable improvement in the energy product (BHmax) and in

the squareness ratio (Mr/Ms) for nanoparticle concentrations between 15 and 30% per gram of

PVA. The nanoparticles arrangement occurred at densities below the percolation concentration

enhanced the hard-magnetic properties of the nanofibers, which indicates that the organization of

the particles along the fibers induces anisotropy from the magnetostatic interaction among the

magnetic nanoparticles. Finally, we close the discussion analyzing the observed effect below the

percolation threshold, where the induced anisotropy caused the reduction of the full-width at

half-maximum of the switching field distribution curves. Published by AIP Publishing.
https://doi.org/10.1063/1.5008368

I. INTRODUCTION

Hexagonal ferrites (hexaferrites) are one of the most

important hard magnetic materials used in current technol-

ogy. Since their discovery in the Philips laboratories more

than 60 years ago, these compounds have been closely linked

to the development of information storage technology,

microwave sensors, DC motors, etc.1 Hexaferrites are iron

based compounds formed from close-packed oxygen anions,

in which one O2� anion is substituted with one alkaline earth

metal cation (Me¼Ba, Sr, Pb), and the iron cations occupy

the interstitials positions, preserving the structural skeleton

of the magnetoplumbite mineral. The hexaferrite unit cell

has 64 ions located on 11 different symmetry sites, the 24

iron cations are distributed over five distinct sublattices,

three octahedral (12k, 2a, and 4f2), one tetrahedral (4f1), and

one bipyramidal (2b). This compound crystallizes in the

P63/mmc space group showing ferrimagnetic ordering of the

iron magnetic moments.

Hexaferrites are currently an important component in

numerous technological devices, mainly due to their hard-

magnetic properties, exhibiting large magnetocrystalline

anisotropy, moderate energy product, high Curie tempera-

ture, and strong corrosion resistance.2,3 Also, they exhibit

magnetoelectric,4 multiferroic,5 and dielectric properties.6

All these properties show that hexaferrites are interesting for

a great variety of applications, stand out permanent mag-

nets,7 magnetic recording media, data storage technology,8

electromagnetic interference suppressors,9 high frequency

filters,10 and some other novel applications.11,12 Interaction

effects between particles become important for data storage

applications since one bit is defined in terms of the hysteresis

properties. Then, each particle needs to have large remanent

magnetization (Mr) to ensure the information integrity, low

magnetization saturation (Ms), and low coercivity (Hc) so

that re-recording can be performed using small magnetic

fields. These properties can be designed in a wide value

range by varying intrinsic and extrinsic parameters of the

hexaferrite compounds such as their chemical composition

and morphology.13–16 However, the problem of high noise

levels in magnetic recording media has been associated with

the magnetic interactions between particles.17 If these inter-

actions become strong enough, writing one stable bit by
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switching the magnetization state of one particle is too diffi-

cult. In this sense, it is widely known that interparticle inter-

actions play a significant role in determining the magnetic

properties.

Several methods have been proposed to characterize

the magnetic interactions, such as the dM method based on

the Stoner-Wohlfarth model,18 and the first-order reversal

curves (FORCs) method based on the phenomenological

Preisach–N�eel theory of hysteresis.19,20 Although both

methods can evaluate the interaction state of a set of

magnetic particles, they present some drawbacks. One is

related to restrictions on the particle characteristics

(uniaxial, mono-domain, and so on), and the other one is

related to highly interacting systems interpretation, as well

as lack of clarity to recognize the interaction type.21

Another method for the magnetic interactions study is the

differential susceptibility of the demagnetization branch,

also called switching field distribution (SFD). This is a

micromagnetic characteristic curve used to evaluate the

breadth of the distribution field at which reversal magneti-

zation occurs.22 In contrast with the FORC diagram and

the dM curve, the SFD curve can be easily obtained from

the direct differentiation of the demagnetizing branch.23,24

That places the SFD as a simple and accessible way to

assess the intensity and the interaction type.

In a system composed of magnetic nanoparticles

arranged far apart (diluted system), the coercive field of one

particle is independent of the others, and considering that

particles are not completely identical, the full system is char-

acterized by having a certain distribution of the coercive

fields, called intrinsic switching field distribution (iSFD). In

this case, such distribution is accessed as the derivative of a

branch of hysteresis loop. On the other hand, if the nanopar-

ticles are arranged close together without having contact, the

field produced by each particle begins to interfere with that

of neighboring particles. In this system, the coercive field

distribution becomes enlarged due to dipolar interaction, and

a larger magnetic field is required to switch the entire set of

particles; this broadens the SFD and, therefore, enlarges the

full-width at half-maximum (FWHM) as magnetostatic inter-

actions become stronger.25,26 For particle systems with the

same iSFD, relative changes in FWHD denotes a measure of

magnetostatic interactions.

In this work, the magnetic properties of strontium hexa-

ferrite nanoparticles (SrM-NPs) embedded in poly(vinyl

alcohol) (PVA) nanofibers have been investigated at differ-

ent nanoparticle concentrations in the PVA matrix. These

nanoparticles were distributed along the z-axis of the PVA

nanofibers because of the strong interaction with the electric

field during the electrospinning experiment. The ability to

configure magnetic nanoparticles in a polymeric matrix

makes this system an interesting model with multiple experi-

mental options to investigate the role of interparticle interac-

tions on magnetic properties when the nanoparticle

concentrations vary below the percolation threshold.27 The

percolation limit is defined as the concentration at which

each magnetic site has, at least, one magnetic nearest neigh-

bor. Thus, a direct interaction can be uninterruptedly estab-

lished through the whole sample. Changing the concentration

of the SrM-NPs below the percolation threshold, these nano-

structured composites show interesting effects, for example, a

meaningful increase on the remanence, energy product, and

coercivity field, with respect to the bulk SrM-NPs nanopar-

ticles. In addition, this system presents a narrowest SFD

curve when nanoparticle concentration increases, such behav-

ior can largely be attributed to the formation of an increasing

anisotropy that originates from the magnetostatic interaction

among the nanoparticles.28

II. EXPERIMENTAL

The Pechini method was used to prepare the strontium

hexaferrite nanoparticles. 4.5 g of ferric nitrate

[Fe(NO3)3�9H2O] was mixed with 0.19 g of strontium

nitrate [Sr(NO3)2] and stirred in 60 ml of deionized water

at room temperature for 30 min, and 1.0 g of citric acid

(C6H8O7) and 0.25 ml of ethylene glycol (C2H6O2) were

incorporated into 10 ml of deionized water; both solutions

were mixed and stirred at 70 �C until water evaporates to

promote a polyesterification reaction. The organic matrix

containing metallic ions was heated at 200 �C for 4 h and

then the obtained powder was sintered at 900 �C maintain-

ing this temperature for 2 h. The nanoparticles were put

into an alcoholic medium, and they were sonicated for 1 h

in the ultrasonic bath at 40-kHz, to disperse, deagglomer-

ate, and fragment the nanoparticles. For the polymeric

matrix, 0.75 g of PVA (MW¼ 75 000) was dissolved in

25 ml of deionized water. The mixture was stirred slowly

for 40 min at 80 �C, and it was left to rest at room tempera-

ture. Four samples with different SrM-NPs (900 �C)

concentrations were considered. The PVA-SrM nanofibers

were fabricated using 0.15 g, 0.20 g, 0.25 g, and 0.30 g of

SrM-NPs per gram of PVA; these samples were labelled

as 15%, 20%, 25%, and 30%, which correspond to the

nanoparticle percentage in each sample, respectively.

Additionally, one sample with 10% of SrM-NPs was fabri-

cated to observe the effect of low SrM-NP concentration.

As shown later, for SrM-NPs below 15%, the relatively

low concentration results in a fall of the magnetic proper-

ties. For concentrations above 30%, the polymeric mix

became too viscous and its ejection through the needle was

difficult in our system.

A syringe with a 0.15 mm internal diameter stainless-

steel needle was filled with the ultrasonicated PVA mix con-

taining the SrM-NPs. Afterwards, the loaded syringe was

placed in an infusion pump programmed to deliver a flow

rate of 0.3 ml/h through the thin nozzle, which serves as an

electrode (anode). The stationary target or collector screen

(cathode) was an aluminum plate at 5.3 cm from the syringe

tip, and then a high electric field was applied with a high

voltage DC power supply that we have constructed for the

electrospinning experiments. This high voltage supply is a

single phase full-wave rectification system that works in a

switching mode, where the chopper circuit switches the

resultant high voltage at a frequency of 10 kHz through a

light weight transformer. The power supply delivers an out-

put voltage that remains close to its rating within 1%, and

the residual high frequency voltage ripple at 25 kV is about
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0.6%. The electric potential difference between the needle

tip and the collector screen was adjusted to 25 kV although

at low SrM-NPs concentration it is possible to use smaller

potentials. Since a certain amount of an AC component is

superimposed on the high DC voltage, we have used a Bell-

5180 Gauss/Tesla meter provided with a transverse probe,

model number (5180): STD18–0404, with the purpose of

trying to detect and measure the possible presence of a mag-

netic flux, due to the electric field fluctuations produced with

the power supply during the electrospinning process. As

once suggested by Warner et al. in a previous study.,29

Figure 1 shows the schematic fabrication setup of the nano-

fibers done by electrospinning.

The crystallinity of the strontium hexaferrite nanopar-

ticles was studied for various sintering temperatures ranging

from 750 �C to 900 �C using a Bruker D8 Advance diffrac-

tometer with CuKa radiation (k¼ 1.54 Å). Nanoparticle

arrangement and morphologic characteristics of the nanofib-

ers composite were studied with a Hitachi S-570 transmis-

sion electron microscope (TEM) working at 100 kV. The

magnetic properties were obtained from the hysteresis loop

at room temperature with a LDJ-9600 vibrating sample mag-

netometer (VSM). The SFD curves were obtained from the

first derivative of the demagnetizing branch of the hysteresis

loops.

III. RESULTS AND DISCUSSION

Figure 2 shows the magnetic and structural characteriza-

tion of the strontium hexaferrite nanoparticles at various

sintering temperatures, (a) 750 �C, (b) 800 �C, (c) 850 �C, and

(d) 900 �C. Each experimental X-ray pattern is presented with

its corresponding Rietveld refinement profile. The phases

analysis and crystalline parameters were obtained using

MAUD, a free access program for Rietveld refinement,30

using hematite (trigonal, R-3c:H, a¼ 5.035, c¼ 13.748) and

strontium hexaferrite (hexagonal, P63/mmc, a¼ 5.884;

c¼ 23.050) as initial models. The magnetic characterization

FIG. 1. Schematic configuration of the electrospinning system for the fabri-

cation of PVA nanofibers with embedded hexaferrite nanoparticles.

FIG. 2. Hysteresis loops of the stron-

tium hexaferrite nanoparticles sintered

at (a) 750 �C, (b) 800 �C, (c) 850 �C,

and (d) 900 �C and their corresponding

experimental (�) and calculated (—)

X-ray diffractograms.
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was obtained from the hysteresis loops measured at room

temperature.

Figure S1 shows a TEM micrograph of the SrM-NPs

after they were sintered at 900 �C. The particle size showed

in the TEM micrograph matches with the crystallite size

obtained from the Rietveld method. According to the phase

analysis, the sample sintered at 750 �C has 3.35% wt. of iron

oxide (hematite) which decreases as sintering temperature

increases. At 900 �C, the presence of iron oxide is 1.80% wt.

Higher sintering temperature is not recommended due to

grain growth and particle hardening, which makes its frag-

mentation difficult by sonication. Other observable effects of

temperature on the crystalline structure are related with

changes on the lattice distances and the crystallite’s size.

The quality of the Rietveld fit was evaluated from the Chi

squared, v2¼ (Rwp/Rexp)2; these values together with the

observed and calculated patterns indicate a good fit of the

Rietveld analyses.31 Table I shows the magnetostructural

parameters for the hexaferrite nanoparticles at different sin-

tering temperatures. Changes on the magnetic properties

have been associated with morphological characteristics

such as size and shape distributions, but also with changes

occurring at structural level in the hexaferrite. Interatomic

distances and unit-cell lengths play an important role in the

configuration of the magnetic properties in these compounds.

Figure 3 shows the behavior among the unit-cell volume and

the coercivity of the strontium hexaferrite nanoparticles. In

this sense, both parameters maintain a trend to increase with

the sintering temperature increment.

The SrM-NPs sintered at 900 �C were used to fill the

nanofibers due to their higher purity, and because they pre-

sent a higher squareness ratio as well as a higher energy

product than those values shown by the samples sintered at

lower temperatures. The Ms value at maximum applied field

for this sample, measured before defragmenting, was

72.2 emu/g with 14 kOe of applied field, which agrees with

the expected Ms value for the SrM-NPs prepared by Pechini

method.32 The X-ray pattern of the SrM-NPs shown in Fig.

S2 indicates a reduction of the crystallite size after powders

were sonicated. Figure 4(a) shows TEM micrographs of the

PVA-SrM nanofibers with an average diameter of 103 nm. In

Fig. 4(b), SrM-NPs embedded in the PVA nanofibers is

observed; these nanoparticles have uniform size; they are

isolated, homogeneously distributed, and do not show pres-

ence of agglomerates. In Fig. 4(c), it is observed that nano-

particles are ordered on the surface and aligned with respect

to the nanofibers’ growth; this is the consequence of the

nanoparticles’ interaction with the highly intense electric

field aligned with the electrodes in a point-plate configura-

tion, where the electric field is applied between the capillary

tip or needle at high electric potential and a grounded plate

collector. At present, we cannot absolutely conclude whether

the magnetic field surrounding the fiber jet, and which origi-

nated by the electric field fluctuations produced with the

power supply, according to r�H¼ @D/@t, i.e., the time-

changing E-field between the tip of the needle and the

stationary target as the fibers are ejected, has an influence on

the distribution of the magnetic NPs in the nanofibers. This

is shown in Fig. 1. However, further systematic experimental

investigation in this direction is needed to gain a better

understanding of this possible interaction.

As it has been proposed and discussed in previous elec-

trospinning studies,33 initially the droplet of the polymeric

solution that has been pumped through the thin nozzle to the

syringe tip is held by its surface tension, and the magnetic

nanoparticles are homogeneously distributed. But after

applying a high voltage to the nozzle that serves as an elec-

trode, charge is induced on the fluid surface and the droplet

is distorted. As the voltage increases above a critical value, a

single jet is ejected from the apex of a cone-shaped deforma-

tion, referred to as the Taylor cone,34 and moves towards the

collector plate. It thins rapidly with the distance and due to

repulsive forces, ions and the charged magnetic NPs move

radially to the jet surface.35 When the concentration of ions

and nanoparticles at the jet surface reaches a critical value,

solvent evaporates, and the jet is converted into solid nano-

fibers via whipping instability the fiber polymerizes during

its path to the target and the nanoparticles get arrested and

fixed inside the matrix and precipitate onto the stationary

collector screen. The arrangement of the magnetic particles

was observed uniformly distributed inside the surface of the

nanofibers’ composite and show no agglomeration, as shown

in Figs. 4(b) and 4(c).

TABLE I. Magnetostructural characterization of nanoparticles obtained at various sintering temperatures before their sonication.

Temperature (�C)

Strontium hexaferrite phase

v2 Mr/Ms (%) Hc (kOe) BHmax (MGOe)Lattice parameters (Å) Volume (Å3) Cryst. size (nm) Purity (wt. %)

750 a ¼ 5.8790 (1) c ¼ 23.0582 (15) 796.95 74 (1) 96.65 1.39 60 3.68 2.47

800 a ¼ 5.8795 (4) c ¼ 23.0588 (14) 797.11 82 (2) 96.80 1.42 60 3.75 2.41

850 a ¼ 5.8804 (1) c¼ 23.0593 (13) 797.37 95 (3) 96.95 1.37 61 5.89 2.99

900 a ¼ 5.8823 (1) c ¼ 23.0642 (13) 798.05 103 (4) 98.20 1.38 63 6.30 3.01

FIG. 3. Behavior of the coercive field with the unit-cell volume (dotted line

is a guide for the eye).
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The magnetic field was measured with the above

described Gaussmeter, scanning all the space near the jet

trajectory with the Hall-effect sensor, by avoiding contact

with the jet, from the region where the cone-shaped deforma-

tion of the polymer solution takes place to the whipping

instability zone. The transverse probe was oriented in all

directions registering the AC and DC magnetic field in the

DC and AC mode, resulting in the following: It was impossi-

ble to measure a stable DC magnetic field due to strong fluc-

tuations; however, it was possible to measure a stable AC

magnetic field circulating about the jet direction, only in the

middle of the fiber path before reaching the cathode, i.e., at

2.65 cm from the needle tip. The magnetic field surrounds

the jet trajectory in concentric circles and an average AC

field of 0.35 mT (3.5 G) was obtained when the Hall sensor

was correctly oriented and positioned at a radius of 1.08 cm

above the horizontal line joining the needle tip and the

target, in the middle of the fiber path before reaching the cath-

ode. It was found that this azimuthal field varies approximately

with the circle radius according to Ampere’s law, corroborat-

ing the presence of a displacement current due to the electric

field fluctuations produced with the power supply during the

electrospinning. Thus, it is predictable that the field strength

increases near the nanofiber surface. An average background

AC field of 0.21 mT (2.1 G) was measured in situ.

The average particle size as well as the interparticle dis-

tances to first neighbors was measured from TEM micrographs

using ImageJ, an open program for image analysis. Figure 4(d)

shows that the nanoparticle size distribution is centered at

3.4 nm and the interparticle distribution lengths in 3.5 nm for

sample with 25% of nanoparticles. According to the above pre-

vious discussion, it is fully expected that interparticle distances

decrease as nanoparticles concentration increases.

Figure 5 shows the normalized hysteresis loops of the

nanofiber composite compared with the one obtained from

the nanoparticles sintered at 900 �C. It is observed that

the hard-magnetic properties of the nanofibers have been

improved with respect to those measured for SrM-NPs. The

magnetic behavior of the nanofibers is closely dependent on

the SrM-NPs concentration, when the concentration goes

from 15% to 30%; the coercivity field rises from 6.3 to

6.6 kOe, and the squareness ratio increases from 71% to

81%. The sample with 30% of SrM-NPs presents one of the

highest squareness ratio reported in literature for hexaferrite

nanoparticles.36,37 Typical squareness ratio for randomly ori-

ented hexaferrite is around 50%,38 and only Sr-hexaferrite

thin films with perpendicular magnetization have a square-

ness ratio of 96%.39

Figure 6(a) shows the squareness ratio and coercivity

versus the SrM-NPs concentration. Results in the range of

0.15< x< 0.30 show a trend to increase the remanent mag-

netization as well as the coercitive field when the nanoparti-

cle concentration increases. However, Mr/Ms and Hc are

usually found to decrease because of the magnetostatic

FIG. 4. TEM micrographs show (a) the

nanofibers composite, (b) the SrM-NPs

embedded in the PVA matrix, and (c)

the magnetic nanoparticles arrange-

ment. (d) Particle size distribution

(dashed line) and interparticle first

neighbors distance (solid line).

FIG. 5. Hysteresis loops obtained from the nanofibers at different nanopar-

ticles concentration. Dotted line corresponds to the SrM-NPs sintered at

900 �C.
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interactions.40 Recent investigations on SrM nanomagnets

found upper coercivity field and saturation magnetization;

however, the squareness ratio remains on 0.55.41 This behav-

ior is attributable to a strong influence of the magnetostatic

interparticle interactions. The PVA-SrM nanofibers investi-

gated in this work tend to increase the squareness ratio when

SrM-NPs concentration increases; this behavior is explained

as result of an induced anisotropy originated from the

arrangement of nanoparticles in the PVA nanofibers. The

induced anisotropy depends on the nanoparticle’s character-

istics and their spatial arrangement because of its magneto-

static origin. Under this scenario, there exists a competition

between uniaxial anisotropy with magnetizing effect and the

magnetostatic field, obtaining maximum magnetization

before reaching the percolation threshold.28 The energy

stored in a hard-magnet depends on its coercivity and mag-

netization remanence; nonetheless above the percolation

threshold, the energy product is limited by creation of mag-

netostatic fields.42 Figure 6(b) shows a remarkable increment

in the BHmax product with the nanoparticle concentration.

PVA-SrM nanofibers with 15% of SrM-NPs present a BHmax

increment of 35%, whilst the sample with 30% of SrM-NPs

has the highest increment, reaching 75% more BHmax than

the sample obtained from the SrM-NPs sintered at 900 �C.

The behavior of the energy product with the concentration of

nanoparticles (x) has been fitted through the following

equation:

BHmax xð Þ ¼ 2:30þ 13:85x� 13:14x2: (1)

This relation describes a parabola wherein the BHmax of the

SrM-NPs powder corresponds to x¼ 1.0, and according to

this fitting, the maximum BHmax of the composite is obtained

at x¼ 0.52, reaching up to 97% more BHmax than the one

obtained from the bare SrM-NP powder. It is expected that

above this point, the energy product decreases as SrM-NP

concentration increases due to an increase in the demagnetiz-

ing effects and because by reaching the percolation limit, the

order that produces the anisotropy decreases. According to

the obtained results, the quadratic tendency in Eq. (1) is

phenomenological. In a magnet, the induction depends on

internal field, which in turn depends on external and demag-

netizing fields. Now, demagnetizing field is defined in terms

of the magnet shape and how the magnetostatic charges are

distributed on its surface. A nanostructured magnet, such as

the one obtained in this case, increases the available surface

area and the demagnetizing field can be modulated through

the nanoparticle concentration, and hence its BHmax. An

increasing BHmax is expected for an anisotropic configura-

tion of the particles inside of a magnet; however, when the

number of particles is very low, the amount of magnetic

material available decreases more than necessary and with it

the BHmax. A reduction on the SrM-NPs concentration

(x� 0.1) generates a drop in the magnetization of the system

and therefore, the energy product cannot be accurately

described from Eq. (1), as the unfilled marks of Fig. 6 con-

firm for one sample with x¼ 0.1. However, at intermediate

compositions, this parabolic behavior represents a good

approximation. Additionally, the concentration at which Eq.

(1) reaches its maximum has been associated with the mag-

netic arrangement of the nanoparticles. Conversely, if nano-

particles form a chaotic system with random nanostructures,

the BHmax peak should be found at lower concentrations.40

Then, considering that there are no exchange interactions,

the increased BHmax is the result of an anisotropy field which

emerges from the magnetostatic effects between par-

ticles.40,43,44 In this case, the long-range influence of the

magnetostatic field promotes a collaborative process that

increases the energy product although this behavior is

closely linked with the spatial configuration of nanoparticles.

Figure 7 shows the SFD curves of the nanofibers compo-

sites at various SrM-NPs concentrations between 15 and

30%. It is observed that the FWHM of the SFD has a trend

to decrease when nanoparticle concentration increases. For

nanofibers with 15% of magnetic nanoparticles, the FWHM

measured was 3.24 kOe, while for a nanoparticle concentra-

tion of 30%, the FWHM falls to 2.68 kOe. The interaction

field has been related qualitatively with the FWHM width of

the SFD curve. A broader FWHM has been related to a sys-

tem with high magnetostatic interaction. Then a wider SFD

would be expected as the concentration of particles

increases. However, this is only the case when particles are

randomly ordered inside the polymer. When particles are

arranged along the nanofibers, the magnetostatic energy is

minimized as the magnetic field generated by particles pro-

duces field lines that tend to be parallel to the axis of the

fiber rather than perpendicular to it. In this case, a ferro-type

interaction is favored and neighboring particles orientate

along the same direction, turning this into an easy axis of

magnetization. Then, the results exhibited in the studied

nanofibers are consistent with the development of a magnetic

anisotropy originated from the magnetostatic interactions in

a set of ordered magnetic nanoparticles and fixed in a non-

magnetic matrix. It has been noticed how the magnetic dipo-

lar anisotropy is related to the matrix shape and the way

nanoparticles are arranged within it.45

The nanoparticles arrangement plays an important role

in the configuration of the magnetostatic field and the subse-

quent improvement of the hard-magnetic properties. Table II

FIG. 6. (a) Behavior of the coercivity field and squareness ratio; (b) energy

product versus the SrM-NPs concentration (x), for the investigated

nanofibers.
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summarizes the magnetic parameters obtained from the

nanofibers composites. An improvement of the hard-

magnetic properties according with the increase of the mag-

netic nanoparticles density is observed. This behavior has

been previously detected in nanowires where the energy

product increases to reach a maximum when the packing

fraction increases.40

The demagnetizing field strength in an assembly of

magnetic nanoparticles depends on the size, arrangement,

and concentration of nanoparticles. In this case, due to the

arrangement of the magnetic nanoparticles fixed inside the

surface of the PVA nanofibers below the percolation thresh-

old, the demagnetizing effects were reduced by the develop-

ment of a magnetic anisotropy of magnetostatic nature,

resulting in an improvement of the energy product in the

composite. These induced improvements on the magnetic

properties of the hexaferrite as part of a polymeric composite

offer the possibility of studying some important mechanisms

concerning magnetic interactions, anisotropy, and dilution

effects that could have potential applications in technological

devices which demand high magnetic performance, low fab-

rication costs, or functional properties. On the other hand,

the relation among the magnetostatic field with the observed

improvement of its magnetism needs to be further studied to

take advantage of the anisotropic properties presented in

nanostructured composites.

IV. CONCLUSION

A magnetic composite with high hard-magnetic perfor-

mance was developed from hexaferrite nanoparticles embed-

ded in polymer nanofibers. These magnetic nanoparticles

were ordered in the nanofibers as a result of the nanopar-

ticle’s interaction with the applied electric field, during the

electrospinning. The obtained nanofiber composites present

a maximum improvement of 70% of the energy product,

35% of squareness ratio, and 5% in coercivity with respect

to the SrM-NPs powder. Although these values are depen-

dent on the concentration of nanoparticles, all the studied

concentrations exceed the efficiency present in the SrM-NPs

alone. The improvement on the hard-magnetic properties of

the composite is because of the emergence of an anisotropy

field that is dependent on the magnetostatic interaction field.

SUPPLEMENTARY MATERIAL

See supplementary material for two figures. Figure S1

shows a TEM micrograph of SrM-NPs, while Fig. S2 shows

the X-ray diffractogram after nanoparticles were exposed to

the sonication process.
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