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Nanometre-sized iron particles with diameters in the range 5-8.5 nm have
been grown within a 30Na2O-60SiO2-10B2O3 glass matrix using a 3Na+ 
Fe3+ exchange reaction followed by reduction treatment in hydrogen for
different temperatures. Electron diffraction pattern shows the presence of
FeO and á-Fe particles. Thermal characteristics were studied by DSC while
the nanoscale-related magnetic properties were investigated by VSM. The
results show depression of magnetization as a function of temperature.
This behaviour indicates the occurrence of spin-wave fluctuation in iron
core of the studies samples.  2014 Trade Science Inc. - INDIA

INTRODUCTION

The magnetic properties of nanoparticles are de-
termined by many factors, the key of these including
the chemical composition, the type and the degree of
defectiveness of the crystal lattice, the particle size and
shape, the morphology (for structurally inhomogeneous
particles, the interaction of the particle with the sur-
rounding matrix and the neighbouring particles. By
changing the nanoparticle size, shape, composition and
structure, one can control the magnetic characteristics
of the material based on them. However, these factors
cannot always be controlled during the synthesis of
nanoparticles nearly equal in size and chemical compo-
sition; therefore, the properties of nano-materials of the
same type can be markedly different. Therefore, mag-
netic behaviour of nanoparticles of both ferromagnetic
and ferrimagnetic materials has attracted considerable

attention in recent years[1-4]. Such interest emanates both
from new physics expected from these systems as well
as their possible applications in high-density magnetic
recording domain and as a consequence exhibit phe-
nomena like superparamagnetism, quantum tunnelling
of magnetization, enhanced coercivities and giant mag-
netoresistance[5,6]. A number of techniques have been
developed to synthesize magnetic nanoparticles. Some
of these are the colloidal chemical method, high-pres-
sure sputtering, inert gas condensation, layer deposi-
tion, mechanical attrition, and the solvated-metal-atom
dispersion method[7,12]. One of the intriguing features of
these particles is the observed reduction in saturation
magnetization Ms[6,13]. An interaction between the sur-
face spins and those in the core has been used to ex-
plain this behaviour[14]. More recent investigations have
concentrated on the properties of heterogeneous sys-
tems consisting of a ferromagnetic metallic core and an
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antiferromagnetic oxide shell[6,14,15]. Nanocomposite
materials composed of nanometric metal or metal-ox-
ide particles embedded in amorphous matrices, present
a variety of interesting magnetic, electric, and catalytic
properties that are strongly dependent on nanoparticles
size and on their distribution within the matrix[16,17].

In this work, we have used a 3Na+  Fe3+ exchange
reaction to prepare nanosized metallic particles and stud-
ied inside a glass matrix the growth mechanism associ-
ated with the reduction temperature treatment process.
This method was used to grow nanoparticles of á-Fe
FeO in a sodium-boron-silica glassy medium.

EXPERIMENTS

The glassy region in the ternary sodium-borosili-
cate system[18] is wide as shown in Figure 1.

Mixtures of the formula 30Na2O-60SiO2-
10B2O3 (mol %) were prepared of chemically pure
Na2CO3, SiO2 and B

2
O

3, 
which were calcined first to

remove moisture. Na2CO3 and SiO2 were calcined at
180°C for 4 hours. The appropriate quantity of the mix-
ture was ground and melted in platinum crucible in an
electric furnace, at a temperature of above 1450 °C.

The molten glass was poured into a specially prepared
steel mould. The obtained compound was then placed
in a temperature of about 450°C in order to accom-

plish the annealing process. Sample was maintained in
this temperature for 1 hour and cooled to the ambient
temperature by steps of 1 °K per minute.

The chosen composition (30Na2O-60SiO2-
10B2O3) for our studies is justified by:
i The fact this composition doesn�t show any phase

mixture and therefore a homogenous distribution of

Figure 1 : (SiO2-B2O3-Na2O) phase diagram

nanoparticles can take place inside the matrix.
ii In Na20-B2O3-SiO2 glass system, when Na2O

exceeds 
B2O3, 

some threefold-coordinated B (trian-
gular) are left in the glass, with the Na + distributed
between (BO4)- tetrahedral and nonbriding oxy-
gen[19].
According to these facts, the glass samples pre-

pared as mentioned above were pulverized to form
micrometric particles. The obtained glassy fine powder
was mixed to an appropriate quantity of FeCl

3
 and

heated up to 300°C for 72 hours in a sealed Pyrex

container. As we mentioned above the glassy composi-
tion contains Na+ distributed between (BO4)- tetrahe-

dral and nonbriding oxygen.

The reaction under temperature of such spices with
(Fe3+, 3 Cl-) liberates Fe3+ ions in the sample. The ob-
tained compound is then cleaned out using distilled water
and submitted to a hydrogen reduction at temperature
in the range of 550°C to 650°C during time periods

taking 20 min and 1.5 hours.
The microstructures of these powders were stud-

ied by a JEM 200CX transmission electron microscope.



Structural and physical properties of iron nanoparticles synthesized330

Full Paper
NSNTAIJ, 8(8) 2014

Nano Science and Nano Technology

An Indian Journal

Transition temperatures (Tg) were determined using an
SII Seiko instrument (SSC/5200) differential scanning
calorimeter (DSC) at heating rate of 10 K/min. Mag-
netic measurements were carried out with the vibrating
sample magnetometry (VSM :Digital Measurement Sys-
tem HP model 1660) in the temperature range 20 to
300 K.

RESULTS AND DISCUSSION

Structure

The presence of metallic iron particles has been
checked out by electronic transmission microscopy
(TEM). Figure 2a, shows the transmission electron mi-
crograph for a specimen whose hydrogen reduction pro-
cess has been made at 650°C during 20 min; while

Figure 2b, the corresponding electron diffraction pat-
tern.

These are typical of all the samples in the present
studied system. The values of interplanar spacing d

hk l

were calculated from the diameters of the rings shown
in Figure 2b.

In TABLE 1 the experimental d 
h k l 

values are pre-
sented and compared with standard (ASTM) data for
á-Fe and FeO.

It is evident that the particles are composed of iron
and that the most of the observed spices belongs to the
á-Fe phase while some of them belong to the FeO phase.

The same results have been found out for all the studied
samples.

TABLE 2, reports the mean size of the particles as
function of the reduction temperature under hydrogen
atmosphere as well as time treatment.

It emerges from these data that the size of the par-
ticles increases with the reduction temperature and/or
with the treatment time (Figure 2c). This behaviour agrees
with the growth process of metallic particles by �con-

trolled process� inside a glassy matrix[21].

Figure 2a : Transmission electron micrograph for specimen
no.3 (TABLE 2)

Figure 2b : Electron diffraction pattern for Figure 2a

TABLE 1 : Comparison of interplanar spacings for specimen
reduced in hydrogen atmosphere at 650°C during 20 min

with standard ASTM data[20]

dhkl ASTM standard (nm) Observed dhkl 
(nm) á-Fe FeO 

0.216  0.2153 

0.203 0.2027  

0.143 0.1433  

0.124  0.1243 

0.117 0.1170  

0.101 0.1013  

0.091 0.0906 0.963 

0.083 0.0827  

Temperature transition

Figure 3, shows a typical DSC curve recorded in
the studied samples and from which we deduced the
glass temperature transition Tg and the thermal stable



Z.Hogga et al. 331

Full Paper
NSNTAIJ, 8(8) 2014

Nano Science and Nano Technology

An Indian Journal

domain of the compounds.
The recorded data are treated by Origin Pro6.1

Serial: G73S4-6489-7483215 programme. The de-
duced transition temperatures (Tg) are listed in the
TABLE 3. It is shown that the glass matrix is stable in
large thermal domain.

Magnetic properties

Magnetic measurements have been carried out us-

ing a Vibrating Sample Magnetometer (VSM). This
technique is based on vibrating a sample in a magnetic
field to produce an alternating electromagnetic force
(emf) within a set of suitably placed pick-up or sensing
coils. This induced emf is directly proportional to the
magnetic moment m or magnetization M of the sample
under test.

Since the tested specimens are powder like, a pow-
der holder is used. This holder is an injection molded
plastic part that snaps into the brass trough. Sample
mass of 1 mg of powder is put into the opening. A sec-
ond piece compresses the powder and seals the com-
bination. The assembly snaps into the brass trough for
a secure press fit. This material covers the entire tem-
perature range from 20 K to 400 K.

Figure 4, shows an example of the magnetization
(M) vs. Magnetic field (H) hysteresis curve for speci-
men no. 3 at 20 K and 300 K[27]. The values of Hc, in
all the samples are higher than that for bulk iron. Such
values arise due to the fact that the particle size of á-Fe
is of the order of domain size[5,6].

In the other hand the variation of the coercive field
(Hc) as function of particle size and temperature treat-
ment is reported in Figure 5.

The coercive field is increasing with size particle
decreasing while it decreases when the treatment tem-
perature increases for a particle of a given size.

In order to understand such behaviour, we ana-
lyzed the variation of the coercive field as function of
temperature in the case of a non-interacting ferromag-
netic particle system. For ferromagnetic particles of
nanometer dimension and having no interaction between
them the coercivity Hc is given by[23]:

TABLE 2 : mean size of the particles as function of the reduc-
tion temperature under hydrogen atmosphere as well as time
treatment

Sample 
Reduction temperature under 

hydrogen atmosphere 
Mean 

diameter (nm) 
1 550 °C during 20min 5,5 

2 600 °C during 20 min 6,5 

3 650 °C during 20min 7,1 

4 650 °C during 40min 7,7 

5 650°C during 1,5 h 8,5 

Figure 2c : Evolution of the iron particle size. Sample num-
bers referred to temperature and time treatment

Figure 3 : Typical DSC curves recorded in the different studied samples
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(1)

Where Hc
0
 is the coercivity at T= O K, T is the tem-

perature of measurement and T
B
 the blocking tempera-

ture above which superparamagnetism sets in. TB is
correlated to the effective anisotropy constant, K and
to the ferromagnetic particle volume V:

(2)

(k is the Boltzmann constant)
An increase in the value of V should also increase

TB. From Eq. (1) therefore it follows that the value of
Hc should show an increase as the particle size be-
comes smaller. This is consistent with the observed re-
sults. In other side we fitted the Hc data as function of
temperature (Eq. (1)) by using 

Hc0 
and TB as fit param-

eters. TABLE 4, resume the calculated values.
We calculated K values for different particle size

TABLE 3 : Tg temperatures deduced from DSC measure-
ments

Sample Tg temperature °C 
1 489 

2 456 

3 456 

4 478 

5 378 

Figure 4 : Magnetization vs. magnetic field hysteresis loop for specimen no. 3 at 20 and 300 K

Figure 5 : Coercive field as function of temperature treatment for different particle size



Z.Hogga et al. 333

Full Paper
NSNTAIJ, 8(8) 2014

Nano Science and Nano Technology

An Indian Journal

by substituting the particle radius and the Obtained T
B

value in equation:

The obtained K values are much larger than that for
bulk iron (K=4, 2 x 105 erg/cm3). Therefore the iron
particles with nanometric dimension grown in the glassy
matrix show a large magneto crystalline anisotropy.

The variation of saturation magnetization M as a
function of temperature for specimen no. 3 is shown in
Figure 6. The M values were determined by the ex-

trapolation of H-10.
The variation of magnetisation (M) as function tem-

perature can be described by[3]:
M (T) = M (0) [1-BTb] (3)

Where B is the Bloch constant and b is the Bloch ex-
ponent. Such behaviour can be ascribed to spin-wave
fluctuations[23,24] as also reported in the case of nanosized
iron particles[3].

The studies of magnetization as function of tem-
perature show a transition when increasing tempera-
ture. In the case of sample treated at 650 °C during 20

min (sample 3) the temperature transition is close to
150°C. This behaviour can be explained by the fact

that our samples contain FeO species. Therefore, the
observed transition could correspond to the Neel tem-
perature[25,26]. But in order to make clear this observa-
tion, intense studies of the influence of the particle size
are planed. Such studies will cover particle size from
nanometric to micrometric dimension.

TABLE 4 : Calculated parameters

sample N° : Hc0 (Oe) TB (K) K (erg/cm3)(x1 07) 

1 518 1018 4,0 

2 548 913 2.2 

3 369 969 1.8 

4 324 1121 0.5 

5 218 1084 0.4 

Figure 6 : Variation of magnetization as function of temperature (sample 3)

CONCLUSION

Iron metallic nanoparticles with á-Fe and FeO
phases have been grown within a 30Na2O­60SiO2-

10B2O3 (mol %) glass matrix using an ionic (3Na+

Fe3+) exchange reaction. The depression of magne-
tization as a function of temperature indicates the oc-

currence of spin-wave fluctuation in iron core. This is
ascribed to an exchange interaction between the ferro-
magnetic core of the nanoparticles and the oxide sur-
face with disordered spins. The strong temperature
dependence of coercivity is believed to arise due to the
fact that the frozen surface constitutes a strong hindrance
to the reversal of magnetic moment of the ferromag-
netic phase. Also, owing to the small size of the iron
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core some particles may be superparamagnetic at room
temperature which would result in a further decrease of
Hc.
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