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Abstract Single-crystalline barium ferrite (BaFe12O19)
nanoparticles have been successfully synthesized by the
molten-salt method. The particles of both samples with and
without surfactant NP-9 possess hexagonal plate-like shape.
However, BaFe12O19 nanoparticles without NP-9 during the
preparation exhibit two different magnetic phases (soft and
hard) reflected from the double magnetic hysteresis loops,
and the soft magnetic phase was attributed to the defect re-
gion in the nanoparticles. Including the surfactant NP-9 in
the preparation process, the soft magnetic phase was effec-
tively suppressed, and only the hard magnetic phase was ob-
served, reflected from the single magnetic hysteresis loop.
Furthermore, the remanent magnetization and saturate mag-
netization were increased slightly by using NP-9. These re-
sults indicate that NP-9 is an effective additive for the prepa-
ration of high-quality single-crystalline ferrite nanoparti-
cles.
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1 Introduction

M-type barium ferrite with hexagonal molecular (BaFe12

O19) has aroused considerable interest in the magnetic
material field due to its fairly large magnetocrystalline
anisotropy, high Curie temperature, relatively large mag-
netization, excellent chemical stability and corrosion re-
sistivity [1–3]. So far, various techniques have been pro-
posed for the synthesis of BaFe12O19 and these mainly in-
clude the conventional ceramic process of solid-state reac-
tion [4], co-precipitation/hydrothermal synthesis [5], sol–gel
progress [6], molten-salt method [7], etc.

The molten-salt method has several advantages over
the conventional solid-state reaction and sol–gel methods.
The reaction temperature of the molten-salt method (800–
1000 °C) is much lower than the conventional solid-state re-
action method (1200–1350 °C) and much less reaction time
(1–2 h) than the sol–gel method (4–5 h) [7]. Furthermore,
the molten-salt method shows good control of particle mor-
phology. For example, by the conventional solid-state reac-
tion method, the hexagonal platelets of homogeneous com-
position and uniform particle distribution are very difficult
to form [8]. Well shaped hexagonal platelets of Sr-ferrits and
Ba-ferrites nanoparticles have been successfully fabricated
by the molten-salt method [7, 8]. However, the size distri-
bution is still rather nonuniform [7, 8]. Surfactant NP-9 has
been successfully used in the preparation of the BiFeO3 and
Bi2Fe4O9 nanoparticles by molten-salt method, and well
cubic shaped BiFeO3–BaTiO3 and Bi2Fe4O9 nanoparticles
with uniform size distribution have been successfully fabri-
cated [9, 10]. In this paper, we adopt the successful expe-
rience of using NP-9 in the molten-salt method to prepare
the BaFe12O19 nanoparticles. Better crystallinity with larger
particle size has been obtained, which leads to the improved
magnetic properties.
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2 Experimental Details

The BaFe12O19 nanoparticles were prepared using sol–gel
technique followed by a molten-salt method. First a gel pre-
cursor was prepared using sol–gel technique. Stoichiomet-
ric amount of Fe(NO3)3·9H2O was dissolved in deionized
water and quantitatively precipitated by ammonia solution.
The precipitate was washed with deionized water until neu-
trality, then dissolved in citric acid solution with water bath
at 60 °C. Since it will generate impurity phase of Fe2O3 if
we choose the Fe/Ba = 12, after a series experiments with
different Fe/Ba ratios, we choose the Fe/Ba = 11, which
is in agreement with other reports [11]. According to the
Fe/Ba = 11 ratio, a suitable amount of BaCO3 was added to
the mixed solution, which was then stirred for certain time
until a transparent solution was achieved. Served as agents,
a quantity of ethylene glycol was also added. The solution
was slowly evaporated at 60–80 °C and roasted at 120 °C un-
til a gel formed. Second, the gel was pre-sintered at 450 °C
for 4 h. After the pre-sintered intermediate product cooled
down, it was mixed with NaCl with weight of 1:10, grinded
in agate mortar after the NP-9 was subsequently added. In
the synthesis of BaFe12O19, the ratio was selected as 1 mmol
of BaCO3 with 2 ml NP-9. The choice of NP-9 surfactant
was governed by its proven versatility in the preparation of
various metal oxide system, as well as its comparative facil-
ity of use [9, 10, 12]. These mixed powders were put in alu-
mina crucible, sintered at 1100 °C for 2 h. The final product
was washed with distilled water and ethyl alcohol and dried
in the air. For comparison, BaFe12O19 nanoparticles were
prepared by molten salt without adding NP-9 and by con-
ventional sol–gel method with both sintering temperature of
1100 °C.

The structure was analyzed by X-ray diffraction (XRD)
using Cu Kα. The microstructure and morphology was in-
vestigated by a transmission electron microscope (TEM,
FEI Techni-S20). The magnetic properties were measured
at room temperature using a Physical Property Measurement
System (PPMS-9, Quantum Design).

3 Results and Discussion

Figure 1 shows the TEM images of BaFe12O19 powders syn-
thesized by the sol–gel method and molten-salt method. It is
obvious that the particles synthesized by the conventional
sol–gel method are very irregular-shaped with much smaller
size and the size distribution is rather nonuniform. It can be
seen from the graphs that BaFe12O19 nanoparticles synthe-
sized by molten-salt method show nanorods and platelet-like
nanostructures. By adding NP-9 during the sample prepa-
ration, the hexagonal platelet-like particles dominate in the
products. Furthermore, it is evident that not only the size of

Fig. 1 TEM images of BaFe12O19 particles synthesized under dif-
ferent conditions: (a) and (b) sol–gel method; (c) and (d) molten-salt
method without NP-9; (e) and (f) molten-salt method with NP-9

the particles prepared without NP-9 is smaller, but also the
size distribution is far more dispersed.

In order to analyze the phase structure of barium ferrites,
XRD analysis was performed, and the patterns are shown in
Fig. 2. All peaks of the powders can be indexed as hexago-
nal BaFe12O19 (PDF#84-0757). The calculated lattice con-
stant a and c from XRD patterns using the Bragg equation
are show in Table 1. Compared with the reference value of
BaFe12O19 (PDF#84-0757), a = 5.892 Å, c = 23.183 Å, it
is clear that only the c lattice constant of BaFe12O19 synthe-
sized by sol–gel method deviates significantly. Furthermore,
it is clear that the signal-to-noise ratio of BaFe12O19 synthe-
sized by molten-salt method is significantly improved. Thus
we can conclude that the BaFe12O19 nanoparticles synthe-
sized by molten-salt method have better crystallization.

Figure 3 shows magnetic hysteresis loops for the BaFe12

O19 synthesized under different conditions. As shown in
the Fig. 3, BaFe12O19 synthesized with molten-salt method
posses much higher coercivity. It can be seen in Table 2 that
the coercivity of BaFe12O19 prepared by sol–gel method
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Fig. 2 XRD patterns of BaFe12O19 particles synthesized under dif-
ferent conditions: (a) sol–gel method; (b) molten-salt method without
NP-9; (c) molten-salt method with NP-9

Table 1 Calculated lattice constant a and c from XRD patterns of
BaFe12O19 prepared under different conditions

Sol-gel Molten salt
without NP-9

Molten salt with
NP-9

Reference value
(JCPDS 84-0757)

a (Å) 5.885 5.892 5.886 5.892

c (Å) 23.217 23.194 23.190 23.195

is 2538 Oe, while BaFe12O19 synthesized with molten-salt
method and with NP-9 addition are 4478 Oe and 4121 Oe,
respectively. The BaFe12O19 grains synthesized by sol–gel
method appear to stick each other and agglomerate in differ-
ent masses, the shape of grain is irregular. The molten-salt
method can improve the grain growth of barium ferrite with
better crystallinity, leading to the larger coercivity [7]. How-
ever, though the addition of NP-9 further improves the grain
growth, the slight decrease of the coercivity might be due to
the multi-domain formation and the easy movement of the
domain walls [7].

Furthermore, the M–H loops of both the BaFe12O19 syn-
thesized by sol–gel method and molten-salt method with-
out NP-9 shown in Fig. 3 display a characteristic shrink-
ing at low field, which looks like double hysteresis loops.
The magnetic switching behavior can be indicated as the
presence of two different “magnetic phases”, one with large
Hc (hard) and the other with small Hc (soft). Interestingly,
by using NP-9, there is only single magnetic hysteresis
loop with large coercivity, indicating the efficient suppres-
sion of the soft magnetic phase. The soft magnetic phase

Fig. 3 M–H loops for the BaFe12O19 prepared under different condi-
tions

may be attributed to the defect regions in the nanoparti-
cles [13]. The NP-9 molecule has both hydrophilic end and
lipophilic end [14], which means the addition of surfactant
NP-9 would decrease the viscosity of the molten salt [15].
Moreover, the presence of surfactant NP-9 may prevent the
interparticle aggregation by forming a ‘shell’ around indi-
vidual particles [16]. In this case, the BaFe12O19 molecules
have more probability to form perfect hexagonal crystal,
which contains less defect regions. So the soft magnetic
phase was suppressed.

We have determined the remanent magnetization (Mr ),
saturation magnetization (Ms ) (measured at magnetic field
of 20 kOe) and coercivity from the M–H curves, and were
summarized in Table 2. As can be seen, the BaFe12O19 syn-
thesized by molten-salt method with NP-9 has the highest
saturate magnetization of 69.5 emu/g, which is close to the
theoretically estimated value of 72 emu/g. It is known that
the specific saturation magnetization belongs to the intrinsic
property for magnetic, which is decided by the components
and the structure of materials. It is suggested that the pres-
ence of salt is expected to decrease the melt viscosity and
thereby the mobility of the components within the molten
flux, which will lead to the better growth of the grains and
larger grain size compared with the BaFe12O19 nanoparti-
cles by sol–gel method [10]. The presence of surfactant may
prevent interparticle aggregation by forming a ‘shell’ around
individual particles [10], thus the finer precursor particles
might facilitate the ion diffusion in the molten salt. Thus
by using NP-9 the BaFe12O19 nanoparticles will have more
uniform distribution of ingredients and less defects, leading
to the suppression of the soft magnetic phase and increase
of the saturate magnetization.

4 Conclusions

Single-crystalline barium ferrite (BaFe12O19) nanoparti-
cles have been successfully synthesized by the molten-
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Table 2 Magnetic properties of
BaFe12O19 prepared under
different conditions

Hc (Oe) Mr (emu/g) Ms (at 20 kOe) Mr/Ms

Sol–gel 2538 34.0 68.3 0.50

Molten salt without NP-9 4478 35.1 67.5 0.52

Molten salt with NP-9 4121 37.2 69.5 0.54

salt method. The particles of both samples with and with-
out surfactant NP-9 possess hexagonal plate-like shape.
However, BaFe12O19 nanoparticles without NP-9 during
the preparation exhibits soft and hard magnetic phases
reflected from the double magnetic hysteresis loops. In-
cluding the surfactant NP-9 in the preparation, the soft
magnetic phase was effectively suppressed, and only the
hard magnetic phase was observed reflected from the sin-
gle magnetic hysteresis loop, indicating the suppression of
the defects region in the BaFe12O19 nanoparticles. Fur-
thermore, the remanent magnetization, saturate magneti-
zation were increased slightly by using NP-9. These re-
sults indicate that NP-9 is an effective additive for prepa-
ration of high-quality single-crystalline ferrite nanoparti-
cles.
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