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and V. Zeleňák
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Nanosized iron–gold magnetic nanoparticles with an average particle

size 10 nm were prepared by a reverse micelle method. The magnetic

properties measurements of DC and AC magnetization confirm behaviour

typical of a superparamagnetic system, such as the irreversibility of the

zero-field-cooled and field-cooled curves, the frequency dependence of a

blocking temperature TB, and revealing of coercivity HC below blocking

temperature. The quantitative analysis of AC susceptibility due to value

of parameter C1 = ∆TB/(TB∆ log f) = 0.0242 confirming the existence of

inter-particle interaction in our system.

PACS numbers: 61.46.Df, 68.37.Lp, 75.20.–g, 75.30.Cr

1. Introduction

Magnetic nanoparticles have attracted considerable interest due to their sig-
nificance in technological applications as well as for the fundamental physics [1, 2].
Below a critical size of particles, the magnetic moment in single domain fluctu-
ates in direction due to thermal agitation, leading to superparamagnetic behaviour
above the blocking temperature TB, and to spatial freezing of these moments below
TB [3].

In the present work, the nanoparticles of iron coated by gold (Fe/Au) were
prepared by chemical method and their magnetic characteristics were analysed
in the content of theoretical laws (Langevin function, Arrhenius law and Vogel–
Fulcher law) [3–5].
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2. Experimental

Nanoparticles of Fe/Au were prepared using reverse micelle method with
cetyltrimethylammonium bromide (CTAB) as the surfactant and with octane as
the oil phase [5]. Aqueous solutions of FeSO4, NaBH4, and HAuCl4 were used dur-
ing synthesis. The ferromagnetic iron formed a core of the nanoparticles while the
diamagnetic gold a shell of the core. The structure and the microstructure of the
nanoparticles was studied by X-ray diffraction (XRD) using a powder diffractome-
ter and with transmission electron microscope (TEM). Magnetic measurements
were performed on a commercial SQUID-based magnetometer (Quantum Design)
over a wide range of temperatures (2–300 K) and applied DC fields (up to 5 kOe).
The same instrument was used for AC susceptibility measurements carried out at
frequencies 1–500 Hz in a temperature region encompassing the blocking temper-
atures.

3. Results and discussion

TEM observation showed that the Fe/Au nanoparticles are isolated without
aggregation and of clearly spherical shape with average size 10 nm [5]. The X-ray
diffraction pattern of Fe/Au nanoparticles is presented in Fig. 1.

Fig. 1. X-ray diffraction pattern of the Fe/Au nanoparticles.

The major peaks are corresponding to the fcc metallic gold diffraction. The
XRD pattern of bcc (α) iron is hidden under the pattern of fcc gold due to the
overlapping of their diffraction peaks. Although diffraction studies cannot differ-
entiate between iron and gold in the system, they do demonstrate and confirm a
high degree of crystallinity and uniformity in the particles.

The zero-field-cooled (ZFC) and field-cooled (FC) magnetisation curves mea-
sured in the DC field of 5000 Oe, Fig. 2a, exhibit the irreversibility and narrow
maximum of ZFC at the peak value of TB ≈ 20 K. This indicates that below
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blocking temperature TB, the magnetic moment of each particle is blocked along
its easy magnetisation axis, whereas above TB the particles are characterised by
superparamagnetic behaviour. The shape of the ZFC curve also suggests a rela-
tively narrow size distribution of the Fe/Au nanoparticles. The field dependence
of magnetisation, Fig. 2b, measured at the temperatures 2 K and 300 K confirms
the paramagnetic behaviour of particles above TB and appearing of coercivity be-
low TB. Unusual high value of coercivity HC ≈ 2850 Oe measured at 2 K, and
the shape of hysteresis loop can be caused by additional antiferromagnetic inter-
action probably due to a dipolar interaction among particles or due to interaction
of particles in core/shell structure [5]. DC magnetic data were fitted by both
Langevin function for non-interacting particles and modified Langevin function
for interacting nanoparticles [2–6]. The analyses of fitted procedure confirm the
superparamagnetic behaviour of interacting particles in our system. The value
of magnetic moment of particle Fe/Au estimated by fitting of M(H) data was
mp ≈ 49µB.

Fig. 2. Magnetic properties of Fe/Au measured in DC magnetic field: (a) temperature

dependence of magnetisation, (b) field dependence of magnetisation.

To investigate the presence of inter-particle interaction, we performed AC
susceptibility measurements at different frequencies (1–500 Hz) and DC applied
fields (0–1000 Oe). It is evident from Fig. 3a that the real part of the AC suscep-
tibility χ′ is frequency dependent and the peak position increases with increase in
frequency. Also, the dependence in Fig. 3b shows that the peak of of AC suscepti-
bility is affected by application of low DC fields: it broadens and shifts downwards.
This is qualitative confirmation of blocking/freezing process in Fe/Au nanoparti-
cles system. The AC susceptibility data were fitted by both Arrhenius law valid
for a system of non-interacting particles and by Vogel–Fulcher law describing sys-
tem of interacting particles [2–4, 6]. The quantitative analysis of χ′ due to the
value of parameter C1 = ∆TB/(TB∆ log f) = 0.00242 confirms the existence of
inter-particle interaction in our system.
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Fig. 3. Temperature dependence of real component of the AC susceptibility measured

at different (a) frequencies (1–500 Hz), (b) DC applied fields (0–1000 Oe), measured at

frequency of 10 Hz.

4. Conclusion

The superparamagnetic Fe/Au spherical nanoparticles with 10 nm diame-
ter were prepared. The blocking/freezing process was demonstrated by the DC
and AC magnetization measurements. The qualitative analysis of measured data
confirms the existence of inter-particle interaction in the system.
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