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Nickel (Ni) and ferrite (Fe3O4, NiFe2O4) nanoparticles were synthesized by LGC using both wire feeding (WF)

and micron powder feeding (MPF) systems. Phase evolution and magnetic properties were then investigated.

The Ni nanopowder included magnetic-ordered phases. The LGC synthesis yielded spherical particles with

large coercivity while the abnormal initial magnetization curve for Ni indicated a non-collinear magnetic struc-

ture between the core and surface layer of the particles. Since the XRD pattern cannot actually distinguish

between magnetite (Fe3O4) and maghemite (γ-Fe2O3) as they have a spinel type structure, the phase of the iron

oxide in the samples was unveiled by Mössbauer spectroscopy. The synthesized Ni-ferrite consisted of single

domain particles, including an unusual ionic state. The synthesized nanopowder bore an active surface due to

the defects that affected abnormal magnetic properties. 
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1. Introduction

The development of new methods for nanopowder syn-

thesis such as magnetron sputtering, melt spinning, and

mechanical alloying, opens up new possibilities for non-

equilibrium phases and nanocrystalline materials with

new and unusual physical properties applicable to p-type

semiconductors, catalysts, and drug delivery systems [1-

2]. Among the various established preparation methods

for nanopowders, mechanical alloying, micro-emulsion,

sol-gel, and hydrothermal processes [3-5], simplicity, cost

effectiveness, and environmental soundness are key. The

levitational gas condensation (LGC) method is just such

an approach [6]. In previous studies, the complicated

levitation and evaporation mechanism for fabrication were

explained thoroughly [6]. It has also been reported that a

nanopowder synthesized by gas phase methods showed

unusual magnetic properties due to a surface effects [7,

8]. However, it is impossible to synthesize several com-

plicated metal doping materials such as ferrites, perovskite,

garnet, metal-doped ZnO, Ti-Ni, and Al-Ni-Co, because

the supply of the parent materials into the levitated drop

in the induction coil was a wire feeding system. Never-

theless, the newly modified micron powder feeding system

(MPF) overcame this doping problem of the LGC system

[9]. 

In this study, several magnetic particles were synthesized

by a simple, one-step levitational gas condensation (LGC)

method using an MPF system, and the magnetic properties,

including ionic states of the iron, were investigated by

Mössbauer spectroscopy.

2. Experimental Technique

2.1. Synthesis of Magnetic Metal Nanoparticles (Ni)

A schematic illustration of the equipment for preparing

the nanoparticles via LGC is shown in Ref. [6]. A sus-

pended melt drop blown by inert gas (Ar) is heated to

2000oC by a high-frequency induction generator. The

metallic atoms, evaporated from the overheated surface,

were condensed by a cold inert gas and collected from the

filter. To stabilize the powder surface, the powders were

passivated with thin oxide layers. The apparatus consisted

of a high-frequency induction generator of 6 kW, a levita-

tion and evaporation chamber, and an oxygen concent-

ration control unit. The wire feeding velocities for nickel

(VNi) were 50 mm/min. The Ar pressure in the chamber

was 18 kPa. 
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2.2. Synthesis of Ferrite Nanoparticles (Fe3O4, NiFe2O4)

High purity Fe2O3 powders were synthesized by a LGC

method. The apparatus consisted of a high frequency

induction generator of 5 kW, a levitation and evaporation

chamber, and an oxygen concentration control unit. The

wire feeding velocity (VFe) and mixed Ar and O2 gas pre-

ssures in the chamber was 50 mm/min and 18 kPa,

respectively. 

The NiFe2O4 powders were synthesized by the LGC

method using a micron powder feeding (MPF) system [9].

The apparatus consisted of a high-frequency induction

generator of 6 kW. The starting materials were mixed

micron powders of Ni and Fe at a size range of 100 to

500 μm. The amount of micron powder fed into the liquid

droplet of the seed was controlled at 80 mg/min. The

mixed Ar and O2 gas pressures in the chamber were 18

kPa.

2.3. Characterization of Magnetic Nanoparticles 

The as-prepared samples were characterized by XRD,

vibrating sample magnetometry (VSM), and Mössbauer

spectroscopy. Magnetization data were taken using a

magnetometer, Lake Shore. Inc (Westerville, Ohio, USA).

A Mössbauer spectrometer of the electromechanical type

was used in the constant-acceleration mode [10].

3. Results and Discussion

3.1. Magnetic Metal Nanoparticles (Ni, Fe)

The nanocrystalline Ni synthesized by LGC using the

wire feeding system was confirmed by its XRD pattern,

Fig. 1. The XRD results show the lattice parameters and

position of the main peaks of the Ni powders. A small

amount of the NiO phase was found in the XRD patterns

and the TEM images, resulting from a passivated layer on

the powder surface.

The microstructure and phase composition of the Ni

powders were studied with transmission electron micro-

scopy (TEM). The particle consisted of a single domain.

Powders with single domains were synthesized by a

special gas phase method, though the average particle size

was over 100 nm [7, 8]. Thin oxide layers on the powders

formed a continuous coating at a thickness of 2.0-3.0 nm.

Nanocrystalline Ni particles synthesized using the wire

feeding (WF) system showed a spherical shape, Fig. 2.

The TEM image showed that nanocrystalline Ni powders

consisted of particles ranging from 15 to 40 nm. 

The magnetic properties of the nanopowders were

affected by the size effect resulting from the anisotropy

field and magnetic domain effect on the particles [11].

The powders synthesized by LGC, showing low saturation

magnetization for the Ni, were probably due to the spin-

coating effect and oxide phase on the surface [12]. The

saturation magnetization was MS = 42 emu/g. In Fig. 3,

the hysteresis loop of the Ni in the low fields is shown.

The slightly shifted hysteresis loop for the Ni sample can

be explained by an exchange bias between the ferromag-

netic core of the Ni and the antiferromagnetic surface of

the NiO [9]; the hysteresis loop of the Ni in the low fields

is shown. The symbol of the arrow indicates that the

magnetization curve is placed out of the range of the

hysteresis loop. The initial magnetization curve is not

explained by size effect. More detailed analysis of the

Fig. 1. X-ray diffraction (XRD) patterns using Cu-Kα for the

Ni synthesized by LGC.

Fig. 2. TEM observation results show Ni synthesized using

WF.
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hysteresis properties of the Ni sample confirmed the non-

collinear magnetic structure. The virgin magnetization

curve slightly spilt over the limited hysteresis loop at 655

Oe, Fig. 3(b). It is assumed that this effect is enhanced

when particle size reduced, which also increases the defects

and the different magnetic structures on the surface of the

particles [11]. The nature of this irreversibility in high

magnetic fields allows for the description of a physical

model [11, 12]. This irreversibility can be explained by

spin-glass or spin-canting behavior.

3.2. Ferrite Nanoparticles (Fe3O4 and NiFe2O4)

A liquid droplet, levitated by the magnetic force acting

against the gravitational force due to the coupled induc-

tion coils, is heated to 2000oC, causing the metallic atoms

to evaporate from the overheated liquid droplet surface,

condense by a cold inert gas, and collect into a filter. At

the same time, the molecular O2 introduced into the chamber

is converted to atomic O with high activity under high

temperature. The highly active O atoms can then diffuse

into Fe clusters and react with the Fe atoms [6]. The α-Fe

phase was observed at and below a VO2
= 0.05 (L/min)

oxygen flow rate. At and above a 0.2 (L/min) O2 flow

rate, levitation was not possible. The γ-Fe2O3 and α-Fe

phase were observed at and below a VO2
= 0.15 (L/min)

oxygen flow rate. At and above 0.15 (L/min), nano-

crystalline Fe3O4 phases were synthesized. Fig. 4 shows

the TEM images, indicating that the nanocrystalline Fe3O4

powders were spherical with sizes ranging from 14 to 30

nm. 

Since the XRD pattern cannot actually distinguish bet-

ween magnetite (Fe3O4) and maghemite (γ-Fe2O3), given

their spinel-type structures, the phase of iron oxide in the

samples was unveiled by the Mössbauer spectrum as

shown in Fig. 5. The structure of the magnetite (Fe3O4)

consisted of 2 sub-structures of the octahedral (Oh) and

tetrahedral (Td) sites, including Fe2+ and Fe3+, respective-

ly [13]. The isomer shifts and the magnetic hyperfine

interaction field of the Mössbauer spectrum and infor-

mation on the valence state of iron. The Mössbauer spec-

trum at room temperature in Fig. 5(a) consisted of 2 sets

of sextet Lorentzian lines. Two superimposed sextets

corresponded to α-Fe and Fe3+ of the γ-Fe2O3, respective-

ly [14]. The parameters of the Mössbauer spectrum were

consistent with the hyperfine values reported for γ-Fe2O3

by R. M. Cornell et al. [15] A detailed analysis yielded

that the respective amounts of α-Fe and γ-Fe2O3 were 7

Fig. 3. Hysteresis loops for Ni (a) within an applied field of 10

kOe and (b) within an applied field of 3 kOe.

Fig. 4. TEM observation results showing the Fe3O4 under an

O2 flow rate of 0.15 ≤ VO2 (L/min) ≤ 0.2, synthesized by

LGC.
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and 93%, respectively. The Mössbauer spectrum indicated

magnetic hyperfine fields due to particle sizes of 14 to 30

nm [13]. The Mössbauer spectrum at room temperature in

Fig. 5(b) consists of 3 sets of sextet Lorentzian lines.

Three superimposed sextets corresponded to α-Fe, Fe2+,

and Fe3+ of Fe3O4, respectively [13]. The fraction of spec-

trum absorption indicated that most particles became

magnetically ordered. A detailed analysis yielded respec-

tive amounts of α-Fe and Fe3O4 at 8 and 92%.

Characterization of the crystal structure of the powders

was carried out by x-ray diffraction (XRD). The positions

and relative intensities of all the main diffraction patterns

and characteristic reflections, such as (220), (311), (222),

(400), (422), (511), and (440), as well as the calculated

lattice parameters, were in agreement with those in the

standard XRD card (JCPDS10-325) of Ni-ferrite. The

peak arising from (400), located near 2o of 43o, was too

large. This peak position was very close to the main peak

of NiO. With the observation of each peak, it was clari-

fied that a small amount of NiO was contained in the

ferrite. The estimated amount of NiO was 7% by compar-

ing with peak intensities, resulting from different vapour

cooling temperatures between Ni and Fe. The range of

particle size was 8 to 22 nm, comparable to the crystallite

size calculated from the XRD. A specific surface area of

8.5 m2/g measured by BET contributed to an estimated

average particle size of 13 nm. In the lattice of the spinel

compound, there were 2 kinds of oxygen polyhedra, octa-

hedron (Oh) and tetrahedron (Td). In the lattice of the

nickel ferrite, with a completely inverse spinel structure,

there were an equal number of Fe3+ ions at the Td and Oh

sites, respectively [3]. However, as Fig. 6 shows, there

were 2 sets of sextet Lorentzian and 2 sets of doublets in

the Mössbauer spectrum for Ni-ferrite. The 2 sets of sextets

correspond to trivalent iron ranging from 12 to 25 nm at

the Td and the Oh sites. One doublet corresponds to a

trivalent iron ranging at and below 12 nm, while the other

indicates the existence of the Fe2+ ion ranging at and

below 12 nm at the Oh site. A detailed analysis yielded 9

and 7% for the Fe3+ and Fe2+ at the octahedral site,

respectively. The isomer shift of 0.54 (mm/s) in the

second doublet indicates that the sample contains Fe2+ in

the ionic state. The presence of Fe2+ is predominantly due

to the hopping of electrons from Fe3+ to Fe2+, as follows:

Fe3+ ⇔ Fe2+, Fe3+

From the results of the Mössbauer spectrum, Ni-ferrite

synthesized by LGC includes an unusual ionic state [3].

The presence of Fe2+ is justified by cation vacancies in

the ferrite lattice and the possibility of the presence of

both Ni3+ ions and oxygen vacancies could be considered

for the charge compensation in the ferrite. It is looked

forwarded that the as prepared sample shows the high

catalytic effect due to the oxygen vacancy on the surface

layer, when it is used as catalyst in the chemical reaction

[16]. 

Fig. 5. Mössbauer spectra for (a) γ-Fe2O3 and α-Fe, and (b)

Fe3O4 and α-Fe.

Fig. 6. Mössbauer spectrum for NiFe2O4 measured at 295 K.
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4. Conclusions 

Nanocrystalline Ni and ferrite (Fe3O4 and NiFe2O4)

were synthesized by a levitational gas condensation (LGC)

method using wire feeding (WF) and micron powder feed-

ing (MPF) systems. The magnetic properties were charac-

terized using vibrating sample magnetometry (VSM) and

Mössbauer spectroscopy. The Mössbauer spectra revealed

the presence of a superparamagnetic phase with ionic

states of Fe2+ and Fe3+, such that the spinel-type structures

of Fe3O4 and γ-Fe2O3 could be distinguished by Mössbauer

spectroscopy. The size and shape of the nanopowders

were investigated by transmission microscopy (TEM).

The surface effect might influence the magnetic hysteresis

behavior of the nanopowders. In the case of Ni-ferrite, it

consisted of single domain particles that included an

unusual ionic state. The presented, simple and environ-

mental friendly synthesis using metal powders as parent

materials can be extended to prepare other nanoparticles

with scientifically interesting properties. 
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