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a b s t r a c t

SrFe12O19 (SFO)/Ni0.5Zn0.5Fe2O4 (NZFO) composite ferrite nanofibers with diameters about 120 nm have

been prepared by the electrospinning and calcination process. The SFO/NZFO composite ferrites are formed

after calcined at 700 1C for 2 h and the composite nanofibers with various mass ratios obtained at 900 1C

are fabricated from NZFO grains about 16–40 nm and SFO grains of 19–45 nm with a uniform phase

distribution. With the SFO ferrite content increasing, the coercivity (Hc) and remanence (Mr) for the

composite ferrite nanofibers initially increase, reaching maximum values of 379.8 kA/m (297 K) and

242.2 kA/m (77 K), 39.1 Am2/kg (297 K) and 53.5 Am2/kg (77 K), respectively, at a mass ratio (SFO:NZFO) of 4,

and then show a reduction tendency with a further increase of the mass ratio. This enhancement in magnetic

properties is attributed to the competition of the exchange–coupling interaction and the dipolar interaction

in the composite nanofibers.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Nanocomposite magnetic materials have attracted numerous
studies since the composite of different magnets in a nanoscale
can drastically improve the overall magnetic properties based on
the exchange spring mechanism. They can be widely used in
magnetic recording media, magnetic fluids, microwave devices,
permanent magnets and biomedicines [1–5]. For example, Doyle
et al. [6] recently reported the rapid separation of intact l–DNA in
only 10–15 min using self-assembled nanocomposite magnetic
arrays.

According to the exchange spring concept, a composite magnet
combining the high coercivity of the hard phase and the high
saturation magnetization of the soft phase is recognized as an
exchange spring magnet [7,8]. The magnetic properties of the
nanocomposite magnets are highly sensitive to grain size, micro-
structure, distribution of the soft and hard phases and impurity [9].
In addition, the exchange length is a key factor for the exchange–
coupling interaction in nanocomposite magnets. The exchange
length of the crystal could cover some part of the neighboring
grains, which improves the exchange–coupling interaction. Recently,
Suzuki and Cadogan [10] studied the exchange length of Fe91Zr7B2

nanocrystallites at different temperatures and discussed the effect of
exchange length on the exchange–coupling interaction. However,
for nanocomposite powders, as the nanoparticles have a strong
ll rights reserved.
tendency to aggregate [11], the aggregated particles are usually
beyond the exchange length and the powders so that could not be
sufficiently exchange–coupled.

One-dimensional (1D) nanostructured materials including nano-
tubes, nanowires, nanofibers and nanobelts have attracted much
attention due to their novel properties in referring to bulk or particle
counterparts and their potential applications for ultrahigh-density
data storages, magnetic sensors, micro/nano electromagnetic devices,
spin electric devices, catalytic and magnetic composites [12–15]. In
addition, 1D nanocomposite materials could restrain the aggregation
of particles due to shape characteristics and improve the exchange–
coupled interaction effectively. Among various 1D nanoshapes, nano-
fibers have a considerable importance technologically due to a high
aspect ratio and anisotropic characteristic.

Compared to the widely used metallic Nd–Fe–B and Sm–Co
systems [16,17], the nanocomposite ferrites consisting of the hard
M-type ferrite and the soft spinel ferrite are promising advanced
permanent magnetic materials due to a low cost and an excellent
corrosion resistance [18–21]. Recently, nanocomposite powders
of the soft (Fe3O4)–hard (BaCa2Fe16O27) ferrites, soft (Ni0.8Zn0.2-

Fe2O4)–hard (BaFe12O19) ferrites were reported and the exchange
spring phenomena in these hard–soft ferrite nanocomposites
were observed [8,22]. Based on our previous work for the SFO/
NZFO ferrite hollow microfibers [23], this work reported the
fabrication of SFO/NZFO composite ferrite nanofibers with differ-
ent mass ratios utilizing the sol–gel assisted electrospinning and
characterization of the chemical composition, microstructure
and magnetic properties measured at 77 K and 297 K for these
SFO/NZFO composite ferrite nanofibers.
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2. Experimental

The preparation of SFO/NZFO composite ferrite nanofibers with
different mass ratios (SFO:NZFO¼1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2
and 9:1) consisted of solution preparation, electrospinning and
calcination. In the solution preparation, the required amount of
polyvinylpyrrolidone (PVP, molecular weight 1,300,000, Aldrich)
was dissolved in ethanol to form a PVP/ethanol solution. Then
according to the different mass ratios, the required strontium nitrate
(Sr(NO3)2, AR), nickel acetate (C4H6NiO4 �4H2O, AR), zinc acetate
(C4H6O4Zn �2H2O, AR), ferric nitrate (Fe(NO3)3 �9H2O, AR), and distill
water were added into the PVP/ethanol solution and magnetically
stirred about 24 h at room temperature. The viscous solution was
loaded into a plastic syringe with a stainless steel needle. The needle
used as the positive electrode was connected to a high-voltage
supply and the solution was fed at a rate of 0.5 mL/h using a syringe
pump during the electrospinning process. A piece of aluminum foil
used as the ground collector was placed in front of the needle tip to
collect the composite nanofibers. The distance between syringe
needle tip and collector was 15 cm and the applied voltage was
15 kV. The as-spun SFO/NZFO composite precursor nanofibers col-
lected were dried and calcined at different temperatures for 2 h in
ambient atmosphere to obtain SFO/NZFO composite ferrite nanofi-
bers with different mass ratios.

The X-ray diffraction (XRD) patterns were collected on a Rigaku
D/Mmax2500PC diffractometer with Cu-Ka radiation. Field emission
scanning electron microscopy (FE-SEM, JSM-7001F) equipped with
an Oxford INCA energy-dispersive X-ray (EDX) spectrometer and
transmission electron microscopy (TEM, JEM-2100) were employed
to analyze the morphology and chemical composition of the
samples. The magnetic properties of the resultant nanofibers were
investigated using a vibrating sample magnetometer (VSM, HH-15)
with a maximum applied field of 1194 kA/m (15 kOe).
3. Results and discussion

Fig. 1 shows SEM images (a–c), XRD patterns (d) and EDX
spectrum (e) of SFO/NZFO composite ferrite nanofibers with mass
ratio of 8:2 calcined at different temperatures for 2 h. From
Fig. 1(a), it shows that these nanofibers with high aspect ratio
possess a uniform diameter ranging from 100 to 150 nm. After
Fig. 1. SEM images (a–c), XRD patterns (d) and EDX spectrum (e) of SFO/NZFO ferri
calcined at 750 1C for 2 h (Fig. Fig. 1(b)), some hexagonal plate-
like particles are observed, which are embedded in the nanocom-
posite ferrite microfiber. With the calcination temperature
increased to 900 1C, the particle growth takes place and more
and more hexagonal plate-like particles form on the microfiber’s
surface. It is interesting to note that smaller NZFO ferrite particles
tend to adsorb on planes of larger hexagonal plate-like SFO
particles in the nanocomposite ferrite nanofibers (as shown in
Fig. 1c)). This phenomenon can be attributed to the fact the NZFO
ferrite has a spinel structure, which is similar to S blocks in the
strontium ferrite [22]. The NZFO structure therefore is compatible
with the strontium ferrite and a strong exchange–couple can be
anticipated between these hard (SFO) and soft (NZFO) ferrites in
the composite nanofibers.

Fig. 1(d) shows that after calcined at 700 1C, the XRD diffrac-
tions are indexed to the coexistence of the magnetoplumbite SFO
phase (JCPDS 33-1340) and spinel NZFO phase (JCPDS 53-0278).
With the calcination temperature up to 900 1C, the XRD diffrac-
tions corresponding to SFO and NZFO ferrites do not alter, except
that the reflection peaks become narrower and higher. Fig. 1(e)
shows the EDX spectrum of the SFO/NZFO composite ferrite
nanofibers with mass ratio of 8:2 calcined at 900 1C. The EDX
results indicate that the atomic percentage (at%) of Ni, Zn, Sr, Fe
and O in the SrFe12O19/Ni0.5Zn0.5Fe2O4 composite ferrite nanofi-
bers is basically consistent with the designed composition.

Fig. 2 shows the TEM image, HRTEM image and electron
diffraction pattern of the SFO/NZFO ferrite composite nanofibers
with mass of 8:2 calcined at 900 1C. From Fig. 2(a) and (b), the
composite nanofibers are built from SFO nanoparticles about
42 nm and NZFO nanoparticles around 18 nm. The HRTEM image
of the ferrite composite nanofiber (Fig. 2(c)) shows sets of lattice
fringes of (107) plane from SFO ferrite and (224) plane from NZFO
ferrite. The electron diffraction pattern clearly exhibits the dif-
fraction peaks from (107) and (406) planes of SFO ferrite and
peaks from (022) and (224) planes of NZFO ferrite. These electron
microscopic results prove that SFO ferrite and NZFO ferrite having
nanoparticles coexist in the composite nanofiber with a uniform
phase distribution. From Fig. 2, the SFO ferrite phase and NZFO
ferrite phase somewhat alternatively distributed along the nano-
fiber length direction. Although this method needs to be further
improved, it has provided a route to prepare composite nanofi-
bers with a heterostructure.
te nanofibers with mass ratio of 8:2 calcined at different temperatures for 2 h.



Fig. 2. TEM image (a), HRTEM image (b), (c) and electron diffraction pattern (d) of SFO/NZFO ferrite nanofibers with mass ratio of 8:2 calcined at 900 1C.

Fig. 3. SEM morphologies and XRD patterns of SFO/NZFO composite ferrite nanofibers with different mass ratios calcined at 900 1C for 2 h: (a) 1:9, (b) 3:7, (c) 5:5, (d) 7:3,

(e) 9:1 and (f) XRD patterns with different mass ratios.
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Fig. 3 shows SEM morphologies and XRD patterns of SFO/NZFO
composite ferrite nanofibers with different mass ratios calcined at
900 1C for 2 h. These nanofibers fabricated of fine nanoparticles
possess a uniform diameter around 100 nm and high aspect
ratios. With the content of SFO increase, more and more hexago-
nal plate-like particles emerge on the nanofiber’s surface, whilst
the particles of NZFO gradually decrease.

Fig. 3(f) shows XRD patterns of SFO/NZFO ferrite nanofibers for
different mass ratios calcined at 900 1C for 2 h. From Fig. 3(f) after
calcined at 900 1C it shows the coexistence of magnetoplumbite
structural SFO phase (JCPDS 33-1340) and spinel NZFO phase
(JCPDS 53-0278). However, with content of SFO increase, the
reflection peaks corresponding to SFO ferrites become narrower
and higher, while the reflection peaks corresponding to NZFO
become broader and lower. The average crystallite size (D) of
SFO and NZFO ferrites can be calculated from the full-width at
half-maximum (FWHM) of the prominent reflection (113) and
(114) using Scherrer’s equation and the calculated D values are
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represented in Table 1. With the mass ratio increasing from 1:9
to 9:1, the crystalline grain sizes of SFO ferrite and NZFO ferrite, as
shown in Table 1, are within a nanoscale and increase from 16 to
40 nm (for NZFO ferrite) and decrease from 45 to 19 nm (for SFO
ferrite), respectively. This can be explained on the grain growth
process due to a higher contact possibility and shorter transfer
distances for reactants with the content increase of SFO or NZFO
in the composite nanofibers. The SFO ferrite phase inhibits the
grain growth of NZFO in the composite nanofibers, which can be
ascribed to that the motion of grain boundaries is impeded by the
second-phase SFO nanoparticles. As the grain growth through
grain boundary migration is usually by a long-range diffusion for
a two-phase system with a mutual limited solubility [24], so that,
the grain growth will be in some degree controlled by each other
owing to the separation effect arising from the presence of the
other phase during the calcination process.

The magnetic hysteresis loops of SFO/NZFO composite ferrite
nanofibers with different mass ratios calcined at 900 1C for 2 h
measured at 297 K are shown in Fig. 4(a) and their magnetic
parameters measured at 77 K and 297 K are shown in Table 1.
Table 1
Average crystalline size (D) and magnetic parameters of SFO/NZFO composite

ferrite nanofibers with the different mass ratios calcined at 900 1C for 2 h.

Mass ratio

(SFO:NZFO)

DSFO

(nm)

DNZFO

(nm)

Mr (A m2 kg�1) Hc (kA m�1)

297 K 77 K 297 K 77 K

1:9 40 19 16.1 30.7 7.8 15.2

2:8 33 25 23.2 37.4 19.3 28.1

3:7 31 29 26.3 41.6 39.5 48.6

4:6 28 32 27.1 42.5 73.8 76.6

5:5 26 36 30.1 46.1 121.3 109.8

6:4 23 38 34.2 50.8 223.2 194.8

7:3 21 40 36.3 51.9 296.3 249.8

8:2 18 42 39.1 53.5 379.8 242.2

9:1 16 45 34.8 49.4 356.5 315.5

Fig. 4. Magnetic hysteresis loops of SFO/NZFO composite ferrite nanofibers with diffe

Table 2
Comparison of Mr and Hc for the hard M-type ferrite and the soft spin

of 8:2.

Preparativ

BaFe12O19/Ni0.8Zn0.2Fe2O4 powders [22] Solid stat

SrFe12O19/Ni0.5Zn0.5Fe2O4 nanofibers (present work) Electrospi
From Fig. 4a and Table 1, with the mass ratio increasing to 8:2, the
coercivity (Hc) and remanence (Mr) initially increase with the
grain size from 19 to 42 nm (SFO) and 40 to 18 nm (NZFO),
reaching a maximum values of 379.8 kA/m (297 K), 242.2 kA/m
(77 K) and 39.1 Am2/kg (297 K), 53.5 Am2/kg (77 K), and then
show a reduction tendency with a further increase of mass ratio.
Compared to the barium ferrite/nickel–zinc ferrite composite
powders with the coercivity of 91.2 kA/m (297 K) and remanence
of 28.1 Am2/kg (297 K) reported by Roy and Shivakumara [22],
these composite ferrite nanofibers as-prepared in this work have
a higher coercivity and remanence (Table 2). This is largely owing
to the nanoparticles uniform distribution and coherent interface
structures (seen in Fig. 2(a) and (b)).

Generally, the exchange–coupling interaction and dipolar inter-
action play a major role for the determination of magnetic proper-
ties of the composite magnets. According to the three-dimensional
model proposed by Han et al. [25] (as shown in Fig. 5), the hard and
soft grains are in contact with each other and can be divided into
two parts: an inner part without exchange–coupling interaction
(uncoupled) and an interfacial part with exchange–coupling inter-
action (coupled). Therefore, the exchange–coupling interaction only
influences the interface layer, which is basically equal to the
exchange-length (Lex), and there is no exchange–coupling interac-
tion in the inner part of grains.

As the composite ferrite nanofibers are a mixture of the hard
(SFO) and soft (NZFO) phases, there are three types of magnetic
interactions. The major one is the interaction between soft–hard
grains whereas the other two are the hard–hard and soft–soft
[21,26]. Compared to the NZFO ferrite, the SFO ferrite has a high
magnetocrystalline anisotropic energy. If there is a sufficient
exchange–coupling with the neighboring NZFO ferrite grains,
the exchange–coupled interaction will not only align the magne-
tization in the NZFO ferrite grain but also make the magnetic
moments of the interface of the SFO/NZFO composite deviating
from the local easy axis and arrange in parallel with each other,
which leads to a higher value of magnetization. Since the dipolar
rent mass ratios (a) and with mass ratio of 8:2, measured at 297 K and 77 K (b)

el ferrite nanocomposite powders and nanofibers with mass ratio

e routes Mr (A m2 kg�1) Hc (kA m�1)

e reaction 27 88

nning and calcination 39 379



Fig. 5. Illustration of the three-dimensional model of exchange–coupling interac-

tions for hard–soft magnetic grains.

Fig. 6. Mr of composite ferrite nanofibers with the different mass ratios calcined at

900 1C for 2 h, measured at 77 K and 297 K.

Fig. 7. Hc of composite ferrite nanofibers with the different mass ratios calcined at

900 1C for 2 h, measured at 77 K and 297 K.
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interaction is of a long range phenomenon, it will be suppressed
by the exchange–coupling interaction, resulting in an increase in
Hc and Mr with the mass ratio up to an optimal value (8:2)
[21,22,27]. Then, with further mass ratio increase, although the
exchange–coupling interactions between the hard–hard phase
grains are enhanced, Hc and Mr values are decreased due to a
weak dipolar interaction.

According to the theoretical calculation made by Sun et al. [28],
in order to exchange couple effectively, the hard grain size should be
larger than around 40 nm and the soft grain size should be less than
about 15 nm. In the present work, the grain size of the hard phase
(SFO) and soft phase (NZFO) of composite ferrite nanofibers with
mass ratio of 8:2 are 42 nm and 18 nm, respectively, which is
consistent with the theoretical value obtained by Sun et al. [28]. In
addition, the structural compatibility in the SFO/NZFO nanocompo-
site ferrite fibers as analyzed previously is helpful to realize the
strong exchange coupling. Thus, the SFO/NZFO composite ferrite
nanofibers with the optimal mass ratio can simultaneously combine
the high coercivity of SFO ferrite phase and a high specific saturation
magnetization of NZFO ferrite phase, and have an enhancement of
the remanence, which is a key characteristic of the exchange–
coupling interaction [1,29,30].

Fig. 4(b) shows the magnetic hysteresis loops of SFO/NZFO
composite ferrite nanofibers with mass ratio of 8:2 calcined at
900 1C for 2 h measured at 77 K and 297 K. From Fig. 4(b), it can be
seen that the Hc value (at 77 K) is lower than that at 297 K, while the
value of Mr (at 77 K) is higher than the Mr value at 297 K. In order to
evaluate the magnetic property of nanocomposite ferrite measured
at different temperatures, the estimated Mr and Hc at 297 K and 77 K
for the composite ferrite nanofibers with different mass ratios
calcined at 900 1C for 2 h are shown in Figs. 6 and 7, respectively.
With the mass ratio increase, as shown in Fig. 6, the value of Mr

(measured at 77 K) is higher than Mr (measured at 297 K). However,
the coercivity exhibits a different behavior from the remanence.
From Fig. 7, the coercivity measured at 77 K corresponding to the
mass ratio from 1:9 to 4:6 are larger than the values measured at
297 K, whilst it shows a opposite tendency with the further mass
ratio increase.The difference between Mr values measured at 297 K
and 77 K is related to the surface spin disorder of the nanocrystal-
line. The surface spin disorder arising from adatoms and clusters
adsorbed on the particle surface of the composite ferrite nanofibers
makes it harder to align the spins at the surface. At a sufficiently low
temperature, the thermal fluctuation on the rotation of magnetic
dipoles is suppressed and the surface spin disorder will become
spin order. Then, the inverse numbers of spins will decrease, which
leads to the Mr increased at a low temperature [31–34].

Contrary to the remanence, the variance of the coercivity
measured at 297 K and 77 K can be attributed to the competition
of exchange–coupling interaction and thermal fluctuation on dipolar
interaction. At low temperatures, the induced anisotropy can no
longer be negligible and effective anisotropy in the nanocrystalline
can have contributions from the induced anisotropy other than the
random mangnetocrystalline anisotropy and hence the effective
anisotropy in nanocrystalline can be defined as [10]

/KS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/K1S

2
þ
X

i

K2
ui

s
ð1Þ

where /KS is effective anisotropy, K1 is the random magnetocrys-
talline anisotropy and Ku is the induced anisotropy. When the mass
ratio increases from 1:9 to 4:6, the long range dipolar interaction
is more and more pronounced. So that, for the composite ferrite
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nanofibers with a relatively high mass ratio the thermal fluctuation
on dipolar interaction will play an important role in determination
of the magnetic property. At 77 K, the effective anisotropy increases
and the influence of thermal fluctuation on the rotation of magnetic
dipoles is much restrained. Therefore, a higher magnetic field
strength is required to reverse the magnetization direction of these
aligned dipoles, which result in a larger coercivity for the composite
nanofibers [34, 35]. After the mass ratio increased up to 5:5, the
dipolar interaction is suppressed by exchange–coupling interaction
and the exchange–coupling interaction dominates in composite
ferrite nanofibers. From Fig. 4, the exchange length Lex is a key
factor for the exchange–coupling interaction. The increase of effec-
tive anisotropy measured at 77 K will result in a decrease in
exchange length Lex values according to Lex ¼ ðA=/KSÞ1=2 and the
exchange coupling interaction deteriorates, which lead to the
reduction of the coercivity. Therefore, the value of Hc (measured at
77 K) is lower than Hc (measured at 297 K) with the mass ratio from
5:5 to 9:1 and the difference of coercivity measured at 77 K and
297 K has achieved the maximum value at mass ratio of 9:1, which
indicate hard and soft grains could be sufficiently exchange–
coupled.
4. Conclusions

The magnetic hard/soft SrFe12O19 (SFO)/Ni0.5Zn0.5Fe2O4 (NZFO)
composite ferrite nanofibers with different mass ratios and high
aspect ratios have been successfully prepared by the electrospin-
ning and calcination process. After calcined at 700 1C for 2 h, the
SFO/NZFO composite ferrites have been formed. The composite
ferrite nanofibers obtained at 900 1C for 2 h are characterized with
diameters ranging from 100 to 150 nm and possess an uniform
phase distribution. With the mass ratio of SFO/NZFO increasing
from 1:9 to 9:1, the calculated SFO grain sizes increase from about
19 to 45 nm and consequently the NZFO grain sizes reduce from
about 40 to 16 nm. Thus the grain size can be controlled by
manipulation of the phase institution and calcination process.
The mass ratio, particle size and phase distribution are most
important factors influencing the magnetic properties of the SFO/
NZFO composite ferrite nanofibers. With the hard phase SFO
content increasing in the composite, the exchange–coupling inter-
action is improved whilst the long-range dipolar interaction will be
simultaneously suppressed. So that, the SFO/NZFO composite
ferrite nanofibers with mass ratio of 8:2 calcined at 900 1C for
2 h exhibit the optimized magnetic properties, with coercivity (Hc)
of 379.8 kA/m (297 K), 242.2 kA/m (77 K) and remanence
39.1 Am2/kg (297 K), 53.5 Am2/kg (77 K), owing to the enhance-
ment of exchange–coupling interaction resulting from the uniform
phase distribution, nanosized grain size and coherent interface
structure in the composite ferrite nanofibers. The magnetic differ-
ence measured at 297 K and 77 K can be attributed to the surface
spin order and exchange–coupling interaction abatement in the
nanocomposite ferrite.
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