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The influence of precipitation temperature on structural and magnetic properties of iron/iron-oxide nanopar-
ticles is investigated. Nanoparticles were prepared by precipitation of γ-Fe precipitates in Cu–Fe solid solution and
subsequently isolated by matrix dissolution. Precipitation annealing temperatures were 773, 873, and 973 K. Nano-
particles core-shell structure and morphology were characterized by X-ray diffraction, high-resolution transmission
electron microscopy, and selected area electron diffraction. These measurements showed that average diameter of
nanoparticles increases with precipitation temperature from 8.5 nm to 20.5 nm. The measurements of magnetiza-
tion as a function of temperature and applied field have been performed by SQUID magnetometer in temperature
range from 5 K to 200 K.

DOI: 10.12693/APhysPolA.131.747
PACS/topics: 61.46.Df

1. Introduction

In last period various scientific and industrial groups
are devoted in development and preparation of nano-
structure metal oxides like nanoparticles (NPs) [1]. The
structural and magnetic properties of Fe/Fe3O4 NPs has
been studied in different works [2–4]. The shape of the
NPs depends on the preparation methods. Several stu-
dies have demonstrated the controllable synthesis of non-
spherical iron oxide NPs with cubic [5, 6], hexagonal [7],
and rod [8–10] morphologies. It was shown that the size
of spherical Fe3O4 NPs prepared by hydrolysis can be in
the range from 10 to 40 nm in mean diameter. With the
increase of NPs mean diameter from 12 to 40 nm their
coercivity drastically increased to 7.958 kA/m and the
magnetic saturation to 87.7 A m2/kg.

In this work, spherical magnetic core-shell NPs were
synthesized using the precipitation process in solid state
of Cu–Fe alloy. The crystalline structure and size of NPs
were characterized by X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED) techniques and
the magnetic properties were investigated by SQUID
magnetometer.

2. Experimental procedure

The binary Cu–Fe alloy with 1.23 wt% Fe was used as
starting material for a growth of the NPs. The samples
were precipitation annealed in pure argon atmosphere
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and quenched in cold water. Temperatures of precipi-
tation annealing were 773 K (sample K), 873 K (sample
F), and 973 K (sample A). The holding time on certain
temperature was 3 h. The precipitates were subsequently
extracted from the parent alloy by using a chemical so-
lution method. Observing the morphology, shape and
size distribution of NPs using TEM and determining cry-
stal state using SAED, was done on JEOL JEM-2000FX
and JEOL JEM-2000SX microscope (at an acceleration
voltage of 200 keV). Sample preparation for TEM invol-
ved dispersing in pure ammonia of aqueous solution and
deposition of a drop of colloidal solution onto a molyb-
denum grid coated with a carbon film.

The XRD measurements were carried out on P02.1 ex-
perimental station located at PETRA III storage ring
in DESY, Hamburg, Germany. High-energy X-ray dif-
fraction experiments were performed in transmission ge-
ometry. The monochromatic beam had energy 59.82 keV
(λ = 0.207 Å). The diffracted patterns were recor-
ded using an image plate detector Perkin Elmer 1621
(2048 × 2048 pixels, pixel size 200 µm × 200 µm). The
NPs were placed in a quartz capillary with thickness of
1 mm. One diffraction pattern was acquired in 10 s. Dif-
fraction patterns were integrated using the FIT2D soft-
ware [11]. The sample–detector distance, detector ortho-
gonality with respect to the incoming beam was deter-
mined by fitting of reference CeO2 powder. The measu-
rements of magnetization as a function of temperature
and applied field have been performed by a commercial
SQUID magnetometer Measuring System model MPMS-
XL-5 (Quantum Design, USA) equipped with 5 T su-
perconducting magnet in temperature range from 5 K
to 200 K.
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3. Result and discussion

In Fig. 1 there is shown TEM analysis of NPs annea-
led at different temperatures (K = 773 K, F = 873 K, A
= 973 K). In each annealed state NPs are well-separated
with near-spherical shape, obvious aggregation can be
observed as well. The average NPs size in the case of
sample A is 20.5 nm and the size of particles is relatively
homogeneous. The average size of nanoparticles in sam-
ple F and K is 12.5 and 8.5 nm, respectively. NPs size
distributions are in F and K cases narrower compared to
sample A.

Fig. 1. TEM and SAED images of nanoparticles of
sample A (a) and (b), sample F (c) and (d), TEM and
HRTEM images of sample K (e) and (f).

In Fig. 1b and d there are shown SAED patterns of A
and F samples. Diffraction patterns of NPs are marked
by their corresponding indices of crystal planes of pure
iron (α-Fe) and magnetite (Fe3O4) phase. Magnetite is
characterized by broad diffraction rings which indicate
the low crystallinity of the NPs phase.

SAED patterns and TEM images constitute the experi-
mental evidence of the core-shell (α-Fe/Fe3O4) structure.
The HRTEM image in Fig. 1f shows detail of K sample
NPs. The measured lattice spacing is 0.25 nm which cor-
responds to (311) plane of the Fe3O4 crystalline phase.
In the case of the smallest K NPs, the α-Fe in core is
missing, therefore these NPs consist only from one phase

which corresponds to oxide shell Fe3O4, in contrast to
the core-shell structure of NPs with larger diameter.

Radially integrated diffraction patterns obtained from
investigated NPs are documented in Fig. 2. Profiles are
refined employing the Rietveld method using two phases.
Sample A and F: α-Fe (ICSD 44863; space group (S.G.)
Im3m). Sample A, F, and K: Fe3O4 (ICSD 82441; S.G.
Fm3m). Diffraction profiles show that sample K, with
the smallest size distribution, is without α-Fe core. Based
on differential curves can be stated that all reflections are
refined and the additional phase is not presented in the
diffraction patterns.

Fig. 2. XRD pattern sample A (973 K), F (873 K) and
K (773 K).

Fitted structure parameters and volume ratio of the
identified phases are summarized in Table I.

TABLE I

Fitted structure parameters and volume ratio of the iden-
tified phase.

Volume Lattice Crystalline
[%] parameter [Å] size [nm]

α-Fe Fe3O4 α-Fe Fe3O4 α-Fe Fe3O4

A 40.5 59.5 2.865 8.380 15.4 2.3
F 8.5 91.5 2.883 8.401 7 2.4
K 0 100 – 8.398 0 2.3

It is very interesting to compare the lattice parameter
and volume fraction of the NPs cores. Maximal lattice
parameter of the α-Fe is determined for the lower vo-
lume fraction of the NPs core. We can explain this effect
by lattice deformation at the core–shell interface after
the oxidation of NPs during the isolation process. While
noble NPs are uncovered by chemical dissolution of Cu
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matrix, NPs surface is passivated by oxidation. Passiva-
ted layer is formed in core–shell interface and generates
lattice strains in the core volume close to the interface.
Effect of strained lattice is more evident in increase of
lattice parameter value if there is higher ratio between
strained volume and overall volume of the core or in case
the average NPs size is larger.

Rate of passivation process is too high for the forma-
tion of well crystalline oxide layer while NPs are forming a
stable passive layer with thickness of about 4 nm [12, 13].
TEM observation of oxide shell thickness shows a good
agreement with mentioned theory in [12]. Moreover the
formation of the low crystalline oxide shell results in the
broadened diffraction peaks of the Fe3O4 phase.

The dependence of magnetic properties of NPs on
temperature and their mean diameter was investigated
(Fig. 3). The saturated magnetization is smaller in
compare with bulk counterparts of Fe3O4 (MS = 92–
100 A m2/kg) [14]. This can be attributed to the surface
disorder or spin canting at the particles surface [15, 16].

Fig. 3. The temperature dependences of coerci-
vity (left) and the particle size dependences of magneti-
zation M5 T measured in magnetic field at 5 T (right).

The coercivity, Hc, was determined from the hysteresis
loop measured at temperatures 5, 50, 100, and 200 K. As
it can be seen from Fig. 3, the Hc value increases with
the decrease of temperature. At lower temperature, it is
expected the occurring of blocking effect. The coercivity
of 20 nm NPs (sample A) linearly decrease with tempera-
ture in measured temperature interval. The coercivity of
12.5 and 8.5 nm NPs (sample F and K) markedly decre-
ase with temperature. At temperature 100 K the depen-
dence change and samples show just slight temperature
dependence of Hc. The decrease of Hc (measured at 5 K)
with increase of NPs size suggests that above tempera-
tures where Hc = 0 A/m (sample F = 150 K and sample
K = 200 K) NPs are superparamagnetic. This tempera-
ture is referred as blocking temperature.

4. Conclusions

We showed that metallic Fe NPs, with size of 20,
12.5, and 8.5 nm, synthesized by a solid state precipi-
tation method, consist of α-Fe core and Fe3O4 shell with
thickness of 2–4 nm. The results of average particle size
and structure characteristics observed using TEM and
SAED are consistent with XRD analysis. The decrease

of the temperature of precipitation annealing causes de-
crease of the diffusion intensity, so precipitates are smal-
ler and the smallest 8.5 nm NPs consist only of Fe3O4.
The core-shell NPs have relatively high saturation mag-
netization (from M5 T = 82.6 A m2/kg for 20.5 nm to
M5 T = 29.3 A m2/kg for 12.5 nm). The crystallite size,
α-Fe fraction, and saturation of magnetization decrease
with temperature of precipitation annealing. NPs with
diameter smaller than ≈ 12.5 nm are superparamagnetic
due to thermal fluctuation. These results describe way
for production of core-shell particles of various metals
that are not currently synthesized in bulk using precipi-
tation from solid state solution.
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