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Abstract Sr;_ La,Zn,Fej _ O19/poly(vinylpyrrolidone)
(PVP) (0.0 < x < 0.5) precursor nanofibers were pre-
pared by the sol-gel assisted electrospinning method from
starting reagents of metal salts and PVP. Subsequently,
the Sr; — yLa,Zn,Fe> _ ,O19 nanofibers with diameters of
around 100 nm were obtained by calcination of the pre-
cursor at 800 to 1000°C for 2 h. The precursor and re-
sultant Sry_ La,Zn,Fej; — ,O19 nanofibers were charac-
terized by X-ray diffraction, scanning electron microscopy,
energy-dispersive X-ray spectrometer and vibrating sample
magnetometer. The grain sizes of SrgglLag,Zng>Fer1.8019
nanofibers are in a nanoscale from 40 to 48 nm correspond-
ing to the calcination temperature from 800 to 1000°C. With
La—Zn substitution content increase from 0 to 0.5, the grain
size and lattice constants for the Sr; _,La,Zn,Fej; _ ,O19
nanofibers obtained at 900°C show a steady reduction trend.
With variations of the ferrite particle size arising from the
La—Zn substitution, the nanofiber morphology changes from
the necklace-like structure linking by single elongated plate-
like particles to the structure building of multi-particles on
the nanofiber cross-section. The specific saturation magne-
tization of Sr; _ yLa,Zn,Fej — O19 nanofibers initially in-
creases with the La—Zn content, reaching a maximum value
72 A m? kg’l at x = 0.2, and then decreases with a fur-
ther La—Zn content increase up to x = 0.5, while the co-
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ercivity exhibits a continuous reduction from 413 (x = 0)
to 219 kAm™' (x = 0.5). The mechanism for the La—Zn
substitution and the nanofiber magnetic property are ana-
lyzed.

1 Introduction

The hexaferrites are ceramic magnetic materials and have
played an important role in many technological and in-
dustrial fields. Among various hexaferrite materials, the
M -type ferrite with a magnetoplumbite structure is widely
used as high-density magnetic recording and microwave de-
vices due to a low cost and an excellent magnetic property
[1-3]. However, with the technology development, the pure
M -type ferrite was hard to meet the requirements [4]. For
high-density magnetic recording media, it is necessary to
have a sufficiently high saturation magnetization and a low
temperature coefficient of coercivity. In order to improve the
magnetic properties of the pure M -type ferrites, various sub-
stitutions were investigated based on the fact that their struc-
ture and magnetic properties are closely related to the chem-
ical composition and the arrangement of ions in the crystal
unit [5]. Single and complex ion substitutions such as La
[6], La—Cu [7], Ti-Zn [8], Sn—Ni [9], La—Zn [10, 11] and so
on, were studied to tune the magnetic parameters. Bai et al.
[4] and Liu et al. [10] prepared the La—Zn substituted stron-
tium ferrite nanoparticles and films and found out a proper
amount of La—Zn substituted could significantly improve the
saturation magnetization and decrease the temperature coef-
ficient of coercivity.

Recently, one-dimensional (1D) magnetic nanostructured
materials have been investigated intensively due to their
novel chemical and physical properties and their poten-
tial as building blocks for future electromagnetic devices
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[12, 13]. To obtain 1D magnetic nanostructured materials,
a lot of methods have been developed. As compared to
other processes [14], the electrospinning technique has been
proved to be a simple and versatile process for manufactur-
ing 1D structural materials [15, 16]. A variety of materials,
such as polymers [17], metal [ 18], metal oxides [16], and hy-
brid (organic/inorganic) nanofibers [19] have been prepared
using the electrospinning method. In previous work, we pre-
pared the pure strontium ferrite nanofibers [20]. The present
work reported preparation of the La—Zn substituted stron-
tium ferrite nanofibers using sol-gel assisted electrospin-
ning, the effect of La—Zn ions substitution on the microstruc-
ture, morphology and magnetic properties of the resultant
Sry _,LayZn,Fejs — 019 (0.0 < x < 0.5) nanofibers.

2 Experimental

The preparation of Srj_,La,Zn,Fej»_,O19 (0.0 < x <
0.5) nanofibers was similar to the process described in our
previous paper [20] and consisted of solution preparation,
electrospinning and calcination. In a typical procedure, 0.5 g
poly(vinylpyrrolidone) (PVP, Mw = 1,300,000, Aldrich)
was dissolved in a mixture of ethanol (4.5 g) and distilled
water (2.0 g), followed by magnetic stirring for 2 h to ensure
the dissolution of PVP. Then appropriate amount of stron-
tium nitrate (Sr(NO3);, AR), lanthanum nitrate (La(NO3)3-
6H,0, AR), zinc acetate [(Zn(CH3COO),-2H,0), AR],
and ferric nitrate [(Fe(NO3)3-9H,0O), AR] were added into
the PVP—ethanol-water solution and further magnetically
stirred for about 20-24 h at room temperature to form a
homogeneous viscous solution for electrospinning. The vis-
cous solution was loaded into a plastic syringe with a stain-
less 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 fibers. The distance between syringe
needle tip and collector was 13 cm and the applied volt-
age was 15 kV. The as-spun Sr _ yLa,Zn,Fes _ ,O19/PVP
composite nanofibers collected were dried and calcined at
900°C for 2 h in ambient atmosphere to obtain the resultant
nanofibers.

The X-ray diffraction (XRD) patterns were collected on
a Rigaku D/max 2500PC diffractometer with Cu Ko« ra-
diation. Field emission scanning electron microscopy (FE-
SEM, JSM-7001F) equipped with an Oxford INCA energy-
dispersive X-ray (EDX) spectrometer were employed to
analyze the morphology, chemical composition and mi-
crostructure of the samples. The magnetic properties of the
as-prepared nanofibers were investigated at room tempera-
ture using a vibrating sample magnetometer (VSM, HH-15).
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3 Results and discussion
3.1 Ferrite formation

Figure 1 shows the XRD patterns of Srgglap2Zng2
Fe11.8019 nanofibers calcined at different temperatures for
2 h. After calcined at 600°C (Fig. 1a), the XRD collections
are basically indexed to y-Fe, O3 (JCPDS No. 39-1346) and
SrCO3; (JCPDS No. 05-0418). At this temperature, almost
no crystalline zinc oxide and lanthanum oxide are detected;
the reasons for this are that the content for these oxides is too
low to be detected and these oxides may exist as an amor-
phous material. With the calcination temperature at 800°C
(Fig. 1b), most of the peaks are assigned to the M-type
strontium ferrite (JCPDS No. 33-1340). Meanwhile, SrCO3
should be decomposed to SrO and CO,, and y-Fe;O3 is
partially transformed into «-Fe,O3 (JCPDS No. 33-0664),
which would react with other oxides to form the ferrite
at a high calcination temperature [21]. When the calcina-
tion temperature increased up to 900°C (Fig. 1c), the single
phase M-type ferrite is formed, which indicates that Zn>*+
and La®T ions enter the magnetoplumbite lattice. Then, the
corresponding peaks for M-type ferrite become sharper and
narrower with increasing calcination temperatures from 900
to 1000°C, implying crystallization improvement and grain
growth.

Figure 2 shows the XRD patterns of Srj_La,Zn,
Feis — xO19 nanofibers with various substitution contents
calcined at 900°C for 2 h. With the substituted-ions content
(x) increasing from O to 0.5, the peaks for M-type ferrite
gradually become broaden, which means that the crystal-
lization is restrained and the grain size becomes smaller.
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Fig. 1 XRD patterns of Srgglagp2Zng2Fe;138019/PVP composite

nanofibers calcined at different temperatures: (a) 600°C; (b) 800°C;
(¢) 900°C; (d) 1000°C
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Figure 3 shows the dependence of the lattice constants on
the substituted-ions content (x) for La—Zn. It can be seen
that both the lattice constants (a and c¢) decrease with the in-
crease of x because the La*t ion radius (1.22 A) is smaller
than the Sr>* ion (1.27 A) and the Zn?>* ion (0.83 A) smaller
than the Fe3* ion (0.87 A), respectively [4]. The lattice con-
stant decrease with the LLa—Zn ions content indicates that
the substitutions are accomplished. Consequently, the lat-
tice constant variation would change the distance between
magnetic ions in the unit cell. This will influence the ex-
change interaction and affect the magnetic properties of the
strontium ferrite.
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Fig.2 XRD patterns of Sry _ yLa,Zn,Fejs _ yO;9 nanofibers calcined
at 900°C for 2 h with different La—Zn substitutions (x)
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The crystalline grain size of the strontium ferrite nano-
fibers can be calculated from the full-width at half-maximum
(FWHM) of the XRD reflection (107) and (114) planes as
showed in Fig. 1 using the Debye—Scherrer formula. The
calculated D values for Srg gLag2Zng 2Fe;1.8019 nanofibers
calcined at the temperature from 800 to 1000°C are in the
nanoscale ranging from 40 to 48 nm largely due to the mass
transfer enhancement at a high temperature.

By referring the reflection (107) and (114) planes in
Fig. 2, the calculated grain size of strontium ferrite with dif-
ferent substitution contents are represented in Fig. 4. From
Fig. 4, it can be seen that with x increased from 0 to 0.5,
the grain size reduces from 50 to 40 nm. It is well known
that additives such as SiOj, Al,O3, etc. are usually used to
suppress the hexaferrite grain growth process due to grain
boundary existences for these oxides [22]. For the ions sub-
stitution, the grain suppression mechanism should be differ-
ent from the boundary effect resulting from the oxides of
Si0,, Al,O3, etc. As the substituted-ions of La—Zn in the
lattice reduce the unit cell volume, these smaller unit cells
would decrease the mass transportation among neighbor-
ing particles during the crystal growth and lead to smaller
grains. Similar phenomena for the strontium ferrite powders
and films were observed by Chen et al. [6] and Liu et al.
[10], respectively.

3.2 Nanofiber morphology

The SEM morphologies of Srg glag2Zng,Feq18019 nano-
fibers calcined at different temperatures for 2 h are showed
in Fig. 5. After calcined at 800°C, the nanofibers (Fig. 5a)
are largely fabricated of nanoparticles about 80 nm with a
plate-like morphology, and some smaller spherical particles
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Fig. 3 Dependence of lattice constants a (a), and ¢ (b) on different La—Zn substitution (x)
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on the nanofiber surface, believed to be a-Fe,O3 as evi-
denced by the previous XRD analysis. With increasing cal-
cination temperature from 800 to 1000°C, particle growth
takes place and some very large particles occur by coales-
cence. It is interesting to note that the particle morphology
tends to be elongated plate-like and the nanofibers possess
a necklace-like structure connecting by these single elon-
gated plate-like particles obtained at 1000°C as showed in
Fig. 5c—d. This phenomenon is similar to the finding for the
pure M-type strontium ferrite nanofibers [20] and it means
that a low level of substituted ions of La—Zn almost has no
obvious effects on the particle morphology.

50
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Fig. 4 Grain size of Srj _ yLa,Zn,Fe» _ ,O19 nanofibers calcined at
900°C for 2 h with different La—Zn substitutions (x)

Fig. 5 SEM morphologies of
Sro.gLag2Zng2Fe11.8019
nanofibers obtained at different
calcination temperatures:

(a) 800°C; (b) 900°C; (¢) and
(d) 1000°C
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The morphologies of Sri_LayZn,Fejs 019 (0.0 <
x < 0.5) nanofibers with a uniform diameter about 100 nm
obtained at 900°C for 2 h are showed in Fig. 6. With
x increasing from O to 0.5, the particle morphology ba-
sically maintains the elongated plate-like structure except
the particle size changed from a large size about 100 nm
(Fig. 6a) to a small size about 60 nm (Fig. 6f), while the
nanofiber morphology varies from the necklace-like struc-
ture (Fig. 6a—d) connecting by the elongated plate-like par-
ticles to the structure (Fig. 6e—f) building of multi-particles
with a smaller size on the nanofiber cross-section. The
nanofiber microstructure thus can be modified by design of
the chemical composition and heat treatment.

In order to confirm the chemical composition of as-
prepared Sry _ yLa,Zn,Fej; — ,O19 nanofibers, a quantita-
tive elemental analysis on these samples was carried out
by the energy-dispersive X-ray spectrometer attached to the
scanning electron microscope. Figure 7 shows the EDX
spectra of the Sr; _ yLa,Zn,Fe> _ yO19 nanofibers, and the
corresponding elemental analysis results are presented in
Table 1. The results indicate that the atomic percentage
(at %) of Sr, La, Zn, and Fe in the Sr; _ yLa,Zn,Fej» _ ,Oj9
nanofibers determined by EDX basically agree with the de-
signed composition.

3.3 Magnetic properties

Figure 8 shows hysteresis loops of the randomly oriented
Srg.glagrZnprFe 18019 nanofibers obtained at different
calcination temperatures for 2 h. It can be observed that the
hysteresis loop for nanofibers calcined at 600°C has an in-
trinsic soft magnetic characteristic, with a specific satura-
tion magnetization (Ms) of 34 Am? kg~

I and a coercivity
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Fig. 6 SEM morphologies of Sr; _ yLa,Zn,Fejs _ . O19 nanofibers calcined at 900°C for 2 h with different La—Zn substitutions (x): (a) 0; (b) 0.1;

(¢)0.2; (d) 0.3; (e) 0.4; (£) 0.5

Table 1 EDX elemental analysis results of Srj _ ,La,Zn,Fejs_,O19
nanofibers with different La—Zn substitutions (x)

x in Elemental compositions (at %)

Sry —xLayZn,Feip - ;Op9 Sr La 7Zn Fe
0 3.0 - - 37.3
0.1 2.7 0.3 0.3 35.0
0.2 2.6 0.6 0.7 37.1
0.3 2.2 1.0 1.1 35.6
0.4 1.9 1.3 1.3 36.4
0.5 1.6 1.7 1.6 35.7

(Hc) of 7kAm™! largely due to y-Fe,O3 phase as proved
in the previous Sect. 3.1. When calcined at the temperature
of 800°C and higher the nanofibers exhibit a typical hard
magnetic characteristic due to the M-type strontium ferrite
formation. The Ms and Hc values estimated are relatively
low when the nanofibers are calcined at 800°C because
of the very small amount of «-Fe;O3 in the nanofibers.
When calcined at 900°C the nanofibers achieve a maxi-
mum Ms value about 72 A m? kg_l, and then almost main-
tain the Ms value around 71 Am?kg~! with a further in-
crease of calcination temperature to 1000°C. The Hc vari-
ation is different from the Ms value and shows a contin-
uous increase from 252 to 354 kAm~! corresponding to
the calcination temperature from 800 to 1000°C. These phe-
nomena can be explained by the Stoner—Wohlfarth single-
domain theory [23] because the grain sizes (40—48 nm) of

the Srg glagZng2Fe 8019 nanofibers are lower than the
M -type strontium ferrite single-domain critical size, about
60 nm [24, 25].

According to the Stoner—Wohlfarth single-domain the-
ory, the magnetocrystalline anisotropy energy (E4) of a
nanocrystal single-domain is approximated by

Ep=KVsin’6

where K is an anisotropy constant, V is the volume of
nanocrystal, and 6 is the angle between the easy axis
and direction of field-induced magnetization. Hc is closely
related to E4 and is related to the grain size. The Hc
value increase is mainly caused by the grain growth of
the Srgglap,Zng,Fe 18019 nanofibers with the calcina-
tion temperature increased.

The effect of substituted-ions content of La—Zn on Hc
and Ms values for the randomly oriented Srj_ ,La,Zn,
Fejs — 1 O19 nanofibers calcined at 900°C for 2 h are rep-
resented in Fig. 9. It can be seen from Fig. 9 that the coer-
civity at room temperature for the nanofibers shows a con-
tinuous reduction with increasing La—Zn ions substitution,
from 413 (x = 0.0) to 219 kAm~! (x = 0.5). This coerciv-
ity reduction can primarily be attributed to two major fac-
tors. First, the grain size of the Srj_La,Zn,Fejs_,Oq9
nanofibers is reduced by the La—Zn substitution and the ef-
fect of grain size on Hc for the Sry_La,Zn,Fejs_Oq9
nanofibers is represented in Fig. 10. Second, we have the
replacement of Fe3* ions by the diamagnetism Zn>* ions;
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Fig. 7 EDX spectra of Sry _ yLa,Zn,Fej; _ O19 nanofibers with different La—Zn substitutions (x)
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Fig. 8 Hysteresis loops of Srgglag2Zng,Fe;; 3019 nanofibers ob-
tained at different calcination temperatures
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it causes the anisotropy constant to decrease [11]. For Ms,
however, its value initially increases, reaching a maximum
value of about 72 A m? kg_1 at x = 0.2, and then decreases
with the substituted La—Zn content. A similar trend of the
variation of magnetization with La—Zn ions substitution was
reported for the hexaferrite powders and films [10, 11].

It is well known that in a unit cell of M-type ferrite,
there are five distinct crystallographic sites or sublattices for
the cations, three octahedral (2a, 12k, 4 f>), one tetrahedral
(4 f1) and one trigonal bipyramid (2b). The spin directions
for 2a, 12k and 2b sublattices are parallel to each other (in
the direction of the crystallographic c-axis), whereas those
of the 4 f1 and 4 f> sublattices are in the opposite direction,
which are coupled by superexchange interactions through
O’ ions. The variation of Ms with the substituted-ion con-
tent of La—Zn can be explained on the basis of the ex-
change interaction between the Fe’T ions at the different
sites. According to the Mdssbauer spectroscopy results re-
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ported in [26], the Zn>* ions preferentially substitute the
Fe3* ions in the spin-down 4 f| site. This occupation will
cause an increasing number of Fe3* ions in spin-up sites
compared to the number in spin-down sites, and as a result,
an increase of Ms with x initially. For the pure strontium
ferrite the magnetic moments of Fe>T ions are commonly
arranged collinearly due to the existence of superexchange
interactions. However, as the La—Zn ions enter the lattice,
the lattice constants decrease (as showed in Fig. 2), which
will modify the magnetic ions arrangement in the unit cell
and the exchange interaction. In particular, at a high level
of La—Zn substitution, the modified exchange interaction
will cause the collinear arrangement to the non-collinear
arrangement for the magnetic moments of Fe’* ions with
the canting spin structure formation [4]. Thus, when the sub-

stituted La—Zn ions content (x) gets over 0.2, with the cant-
ing spin structure occurring in the unit cell, the Ms values
will decrease with x increasing [4].

4 Conclusions

(1) The Sr; _,La,Zn,Fej;p _O19 (0.0 < x < 0.5) nano-
fibers with diameters around 100 nm have been prepared
by the sol—gel assisted electrospinning and calcination
process with the metal salts and poly (vinylpyrrolidone)
as starting regents.

(2) The grain size and morphology of the Srj_ La,Zn;
Fe1> — xO19 nanofibers are mainly influenced by the cal-
cination temperature and substitution contents. With the
substituted-ions content of La—Zn increased, the grain
size decreases significantly, from about 50 nm (x = 0.0)
to 40 nm (x = 0.5).

(3) The specific saturation magnetization (Ms) of the Sry _
La,Zn,Fej — yO19 nanofibers is related to the subs-
tituted-ions content of La—Zn. When the Sr; _ yLa,Zn,
Fein» _+O19 nanofibers were calcined at 900°C for
2 h with x = 0.2 one can get a maximum Ms about
72 Am? kg~!, higher about 13 A m?kg~! than that for
the pure strontium ferrite nanofibers. The coercivity for
the nanofibers shows a continuous reduction with in-
creasing La—Zn ions substitution, from 413 (x = 0.0)
to 219 kAm~! (x = 0.5) owing to the grain size de-
cease due to the La—Zn substitution and the anisotropy
constant reduction arising from the replacement of Fe3*
ions by the diamagnetism Zn>* ions.
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