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In this study, nanoparticles were prepared by precipitation from solid solution of saturated binary Cu–Fe alloy
with subsequent electrochemical dissolution of the surrounding matrix. As-prepared nanoparticles were studied
by the Mössbauer spectroscopy and scanning transmission electron microscopy. Results show that the as-prepared
nanoparticles have core-shell character and their mean size is dependent on annealing time. The Mössbauer
spectroscopy revealed major crystalline phase which was identified as α-Fe and relatively disordered minor phase
which was identified as maghemite (γ-Fe2O3). Magnetic measurements suggest that saturated magnetization is
not only dependent on core diameter of nanoparticles but also on its structure.
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1. Introduction

Nanoparticles have very high application potential in
industry or medicine due to their unique size and prop-
erties [1, 2]. Many scientific groups have recently fo-
cused on nanoparticles with superior magnetic prop-
erties. Such nanoparticles might be possibly used in
medicine as drug carriers, contrast agents for MRI, or in
magnetic hyperthermia treatment [3, 4]. One of the prob-
lems in this field is biocompatibility of nanoparticles.
Except of medicine, such magnetic nanoparticles might
be also used for environmental remediation and many
other applications [5, 6]. Among many others, Fe-based
nanoparticles exhibit relatively good magnetic proper-
ties and good biocompatibility [7]. One of the groups
of Fe-based nanoparticles are so called zerovalent iron
nanoparticles. As it was reported earlier iron nanoparti-
cles might have some advantages over the other particles
mainly due to their relatively high magnetic moment [8].
This paper focuses on magnetic and structural properties
of Fe-based nanoparticles prepared by precipitation from
solid solution of saturated binary Cu–Fe alloy.

2. Samples and methods

Samples of Fe-based nanoparticles were prepared by
precipitation from solid solution of oversaturated binary
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TABLE ILabeling samples and basic parameters.

Sample
Anneal.
time [h]

Mean
diameter [nm]

Weight
[%]

MS
[A m2/kg]

A 3 17.5 31.9 68.4
B 6 20.8 43.1 88.2
C 9 22 45 92.5
D 12 30.1 64.5 104.2
E 18 36.5 65.7 111.9

Cu–Fe alloy quenched after homogenization annealing
at 1273 K for 18 hours. Such alloy with 1.25 wt.% of
Fe was annealed at 973 K for different time periods rang-
ing from 3 to 18 h in argon atmosphere in order to obtain
the precipitates with different mean size. The Cu matrix
was subsequently dissolved with help of NH4OH + H2O2

solution. Labeling samples and basic parameters are
listed in Table I.

Shape and size distribution of as prepared nanopar-
ticles were analyzed by scanning transmission electron
microscopy (TEM, JEOL-2100F) dropped on carbon
replicas.

Structure of the samples was analyzed by 57Fe Möss-
bauer spectroscopy (MS) which can also provide a valu-
able information about magnetic ordering. All of the MS
spectra were recorded in transmission mode using a con-
stant acceleration spectrometer with a 57Co/Rh source.
Spectra were recorded at 4.2 K using helium bath cryo-
stat. Resulting isomer shifts are quoted relative to
the MS spectrum of 12.5 µm thick bcc-Fe foil obtained
at room temperature (RT ). Isomer shift (IS), hyperfine
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magnetic field (Bhf ), line width (Γ), and area of spectral
components (A) were refined by the curve fitting software
CONFIT [9].

Magnetic measurements were carried out using the Vi-
brating Sample Magnetometer (VSM) on DYNACOOL
device of Quantum design. Temperature dependencies of
magnetization were performed in zero field cooled (ZFC)
and field cooled (FC) mode with applied magnetic field
of 10 kOe.

3. Results and discussion

Figure 1 shows STEM images of as-prepared nanopar-
ticles. Particles are close to spherical morphology and
with the evident core-shell structure. Previous results
obtained by electron diffraction of such nanoparticles re-
vealed α-Fe in the core and iron oxide in the shell of
studied nanoparticles [10, 11].

Figure 2 shows MS spectra recorded at temper-
ature 4.2 K. All the spectra exhibit very similar
six-line patterns characteristic for magnetically or-
dered materials. Major sextet with relativelly nar-
row lines was identified as α-Fe (IS ∼ 0.13–0.14 mm/s,
and Bhf ∼ 33.9–34.5 T). Relatively broad minor six-line
pattern was fitted with model consisting of two distribu-
tions of hyperfine magnetic field. The broadened charac-
ter of this part of the spectra might suggest disordered
or non-well ordered phase. Obtained hyperfine param-
eters (IS ∼ 0.47–0.50 mm/s, Bhf ∼ 50.4–51.0 T, and
IS ∼ 0.40–0.48 mm/s, Bhf ∼ 46.4–47.2 T) are similar to
hyperfine parameters of γ-Fe2O3. Such iron oxide layer
was probably created on top of the α-Fe during the disso-
lution of the Cu matrix. As the Cu around the Fe nano-
precipitates was dissolved they got in the contact with
the NH4OH + H2O2 solution and local environment and
rapidly oxidized. Thus, as-prepared nanoparticles might
consist of α-Fe core and most likely γ-Fe2O3 shell.

Obtained ZFC and FC curves are shown in Fig. 3.
It should be noted that the studied nanoparticles do
not exhibit supperparamagnetic behavior due to their
relatively large mean size. However, the value of
magnetization is much smaller than value of saturated
magnetization of bulk α-Fe.

Fig. 1. STEM images of as-prepared nanoparticles
with mean diameter (a) 18 nm, and (b) 36 nm.

Fig. 2. MS spectra of as-prepared nanoparticles
recorded at 4.2 K.

Fig. 3. ZFC and FC curves of nanoparticles. FC mode
measured at applied field of 10 kOe.

If the weight percentage calculated from XRD and
TEM [11, 12] of presented phases is taken into account
following approximation for the saturated magnetization
can be used

M = xMcore + (1 − x)Mshell, (1)
where M is the overall saturated magnetization of
the particles, Mcore is the saturated magnetization of
the particle core, Mshell is the saturated magnetization
of the particle shell, and x is volume ratio of the parti-
cle core. Figure 4 shows saturated magnetization at 5 K
as a function of iron core diameter (black line) together
with calculated values of saturated magnetization using
standard bulk values of α-Fe (218 Am2/kg) and γ-Fe2O3

(35 Am2/kg) (red line). It can be seen that value of cal-
culated magnetization is higher in contrast to measured
one. Furthermore, one can notice a gap between mea-
sured and calculated values. This gap also increases with
increasing iron core size. Such gap between the values
might be observed probably due to the effect of twin-
ning and width of size distribution. The concentration
of mentioned twinned crystals and the width of particle
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Fig. 4. Dependence of measured saturated magnetiza-
tion at 5 K (black line), calculated saturated magneti-
zation using value 218 A m2/kg for α-Fe (red line), and
gap of calculated saturated magnetization using values
for α-Fe core between 135 and 180 A m2/kg (grey area)
on diameter of nanoparticles.

size distribution increases with increasing size of the iron
core. Thus, the gap between values grows. It was also re-
ported earlier that the crystallinity affects magnetization
of small volume objects as nanoparticles [13].

4. Conclusions

Fe-based nanoparticles prepared by precipitation from
solid solution of saturated binary Cu-Fe alloy were stud-
ied by transmission electron microscopy (TEM), Möss-
bauer spectroscopy (MS), and magnetic analytical meth-
ods. TEM images revealed core-shell and spherical char-
acter of as-prepared nanoparticles. MS results revealed
minor crystalline phase identified as α-Fe which belongs
to the core of the nanoparticles and minor disordered
phase identified as γ-Fe2O3 which belongs to the shell of
the nanoparticles. Results obtained by magnetic analyt-
ical methods suggest that saturated magnetization is not
only dependent on core diameter of the nanoparticles but
also on its structure.
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