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Abstract

Iron nanoparticles with a diameter of 35 nm are synthesized by the thermal
decomposition of iron pentacarbonyl in a hot wall reactor. The particles are
ferromagnetic and single magnetic domain. The magnetic forces between the
particles cause the formation of iron nanowires of up to 300 pm in length.
Morphological characterization using high resolution transmission electron
microscopy indicates an oxidic shell with a thickness of 3—4 nm. The
electrical properties of single chains are investigated under air using
impedance spectroscopy (IS). It is found that the conductivity of the iron is in
the same range as that of the bulk material. Temperature dependent
measurements on iron nanochain powders performed under Hp-atmosphere

reveal strong sintering effects and a transition into iron.

1. Introduction

Driven by improved synthesis routes and characterization
methods, high quality, structured ferromagnetic particles
have become available in recent years [1-3]. Iron based
nanomaterials such as iron oxides have been synthesized and
intensively characterized with special emphasis on structure,
magnetism and electrical properties [4, 5]. Because of
quantum and other size effects, the properties of nano-sized
oxidic materials differ from those of the bulk [6, 7]. Iron
is of particular interest because its high magnetic moment
combined with its metallic conductivity, opens up numerous
applications [8, 9]. For realizing high magnetizations in
these systems, the aim must be to increase the amount of
the ferromagnetic iron phase in these systems, but due to
its base metal characteristic, pure iron and especially nano-
sized iron is very reactive and must be stabilized. A very
simple but successful way is a slight controlled oxidation of
the surface. The synthesis and formation of single-magnetic-
domain iron particles, which are agglomerated in chains, was
described previously by Knipping et al [10]. Because of
their unique properties these iron chains are candidates for
various applications in the future. This study focuses on the
structure, morphology and the electrical properties of such self-
assembled iron nanochains.
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2. Experimental details

Metallic iron nanoparticles are synthesized by thermal
dissociation of iron pentacarbonyl (IPC) [10]. The
experimental set-up consists of a hot wall flow reactor and a
filter device to collect the as-prepared particles. A mixture of
IPC and N, as diluent is injected by a nozzle at the top of the
furnace. The formation, growth and in situ characterization
is described in detail by Knipping et al [10]. For particles
with diameters larger than 15 nm, an agglomeration into
nanochains occurs, which is driven by magnetic interactions.
The iron particles investigated here are synthesized at 673 K
at a pressure of 500 mbar. A pneumatic particle sampling
system is used to deposit material directly out of the reactor
onto transmission electron microscopy (TEM) grids and silicon
wafers.

The morphological and structural properties of iron
nanoparticles are investigated using high resolution TEM
(HRTEM), scanning electron microscopy (SEM), and electron
energy loss spectroscopy (EELS) analysis. X-ray diffraction
(XRD) measurements are used to study the crystal structure
and phase composition of the product. The electrical
properties are investigated using impedance spectroscopy (IS)
methods.
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Figure 1. Thermophoretically sampled iron chain bridging the holes
in a holey carbon TEM grid. The inset shows a magnification of the
chain consisting of single shaped faceted particles.

Figure 2. HRTEM image of a single iron particle in a hole of a holey
carbon TEM grid. The inset shows the Fourier transformation of the
crystalline area in the dashed box.

3. Results and discussion

3.1. Morphology and structure

Morphology, structure and phase composition are analysed
using the imaging technology of HRTEM and SEM. The
images reveal an agglomeration of single particles in chains
(see figures 1 and 8(a)). Model calculations show that the
chain formation can be explained by a magnetic interaction
between the ferromagnetic particles in the reaction zone
and additionally during the flight time before sampling [11].
Figure 1 shows a TEM image of an iron chain on a holey
carbon TEM grid. The long chains can bridge the voids in
the carbon layer without rupture and remain remarkably stable,
thereby providing a good opportunity for detailed HRTEM
investigations. Single chains have been found with lengths of
up to 300 um. Shorter and more dendritic chains were found
by Huber er al [12]. The inset in figure 1 shows a higher
magnification image which reveals that the chains consist of
single shaped particles. The primary particles forming the

3112

Intensity [a.u.]
A
J

550 600 650 700
AE [meV]

750

Figure 3. (a) STEM image of a particle within an iron chain. The
numbered points mark the position of the EEL spectra. (b) EEL
spectra of the two positions shown in (a). The measured signals can
be assigned to the oxygen K and the iron L, /3 edges.

chains have a diameter of about 35 nm, and they exhibit a
rectangular facet structure.

The attractive magnetic forces between the ferromagnetic
particles as well as van der Waals interactions are responsible
for the intergranular stability of the chains. Figure 2 shows
a HRTEM image of a single iron particle. The border of the
particle exhibits a brighter contrast than the centre. This can be
attributed to the presence of an iron oxide shell encapsulating
the iron core. The Fourier transformation of the crystalline area
marked by the dashed box is shown in the inset. A lattice
spacing of d = 0.20 nm was calculated using the distance
between the spots in the Fourier representation. This value
is in good agreement with the 110 lattice spacing of iron,
d“o = 0.2026 nm.

EELS analysis was performed for a more element-specific
investigation. Figure 3(a) shows a scanning TEM (STEM)
image of a selected area of an iron chain obtained using a
high-angle annular dark-field detector. The numbered dots
mark the positions of the EELS point measurements taken at
position 1 in the shell of the particle and at position 2 in the
centre area of the particle. Figure 3(b) shows the background-
subtracted energy loss spectra at these two positions. The
label K indicates the energetic position of the oxygen K 1s
electron binding energy [13]. L, and L; define the 2p, , and
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Figure 4. (a) XRD measurement of the iron chains directly after the
synthesis. (b) XRD measurement of the same powder after storage
under ambient atmosphere for 8 months.

2p;, binding energies of iron, respectively [14]. The spectrum
received from scan position 2 reveals a clear iron signal (L3
and L, edges) in the energy range between 710 and 725 meV.
The slight increase of intensity that can be seen at energies
above the L3 edge is caused by electron scattering processes.
The K edge of oxygen is very weak in spectrum 2. This
oxygen contribution originates from the oxidic shell, which
encapsulates the chains. The oxygen K edge in spectrum 1
is clearly visible and its shape is typical for iron oxides [15]. It
should also be noted that the intensity for energies higher than
that of the L3 edge remains constant, and therefore less electron
scattering processes in the shell area are assumed. Therefore,
the EEL-Spectrum at position 1 confirms the existence of iron
oxide.

The temporal stability as well as the structure of the
iron chain powder (see figure 8 (left)) was analysed using
several XRD measurements. Figure 4(a) shows the diffraction
image of the powder taken directly after the synthesis. The
measurement was performed on a silicon wafer with a (400)
Cu Ka; reflex at 69.2°. Additionally, a broad maximum with
low intensity in the range of 20 = 35° was detected, which
can be assigned to the (313) reflex of maghemite (Fe,O3) and
the (311) reflex of magnetite (Fe;O4) [16, 17]. This signal can
be attributed to the oxidic shell of the particles.

To assert the long term stability, iron chains which had
been stored under ambient conditions for eight months were
also investigated. Figure 4(b) shows the diffraction pattern
of the stored material. Both spectra reveal the presence of

Figure 5. SEM image of an iron wire between Au electrodes on a
silicon substrate. The inset shows a magnified view of the wire on
the gold electrode.
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Figure 6. Normalized modulus function of an impedance
spectroscopy measurement on iron nanowires at room temperature in
air. The inset shows the equivalent circuit used for the data fit.

crystalline bee iron as well as a small amount of iron oxide
phases with a weak crystallinity. These measurements clearly
show, that iron chains remain stable for long periods under
ambient conditions.

3.2. Electrical characterization

For the impedance measurements, a Solartron SI 1255
frequency response analyser (FRA) in combination with a
dielectric interface SI 1296 was used in the frequency range
between 1 Hz and 1 MHz. For the investigation of the
(macroscopic) material properties, samples were pressed into
small discs with 5 mm diameter and 0.23 mm height. For single
wire characterization, interdigital structures with a width of
2 um and a distance of 20 pm are used on a slightly conducting
p-type Si substrate (figure 5). Impedance spectroscopy on
single chains was performed under air at room temperature
with an applied AC voltage of 100 mV.

Figure 6 shows the result of an IS measurement of a single
60 pm long nanochain, consisting of 35 nm diameter particles.
For such a measurement, three different contributions to the
overall conduction are taken into account in the simulation
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Figure 7. Temperature dependent resistance of the pressed iron wires
under H, atmosphere. Measurements were taken at intervals of 25 K.

procedure (see inset to figure 6). The first element, Riope,
represents the ohmic resistance of the particles, which is
contributed by the iron core, the second is a parallel (Rgg Cgp)
element for the intergranular contact between adjacent particles
across the less conducting iron oxide shell. The third element
(Rsub Csup) accounts for the semi-conducting substrate.

In the diagram the frequency-weighted modulus M” /M
(dots) is plotted as a function of the frequency f. The data are
fitted using a non linear least square fitting algorithm, the fit-
results (line) are in very good agreement with the measured sig-
nal. (R = 0.99; note that not the shape of the curve, but each
point in the complex plane is accurately reproduced by the fit).
From this fit, Rere = 3130 Q and Rgg = 5.10 x 10°  are
determined. The contribution Ry, = 7.15 x 10° © is about
10 times larger than the overall impedance of the nanowire,
and so only slightly affects the results of the iron chain re-
ceived from lower frequency ranges. Assuming 35 nm parti-
cles with 3 nm shells, the specific resistance of the iron in the
particle chain calculated from Regre is 5.4 x 1078 © m. This
is in good agreement with the specific resistance of bulk iron
(8.9 x 1078 @ m) [18] in the same temperature range, and fur-
ther confirms our model of iron oxide covered iron particles.

As we will show in the following, the oxide shell can
easily be converted into elemental iron by an annealing step
under hydrogen atmosphere. Figure 7 shows the resistance of
the pressed discs under hydrogen exposure in the temperature
range between 323 and 673 K in steps of 25 K for three
measurement cycles. The first measurement (O) shows
an exponential decrease of the resistance with increasing
temperature up to 523 K, followed by a linear increase up to
673 K. Then, the sample has been slowly cooled down to 323 K
without measuring. The second measurement ((J) shows the
resistance of the sample during the second heat-up cycle from
323 to 673 K, the same procedure has been applied for the
third measurement cycle (A). Both, the second and the third
measurements reveal an increasing resistance with increasing
temperature. The decrease in resistance in the first cycle
indicates the reduction of iron oxide on the surface into iron.
The specific resistance of ferrites is expected to be 20 times
larger than that of metallic iron. A reduction of the iron oxide
into iron at 523 K can be assumed because of the linear increase
at higher temperatures. A linear increase in resistance with
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Figure 8. SEM images of the iron chains before (left) and after
(right) thermal treatment under H,-atmosphere.

increasing temperature is caused by phonon scattering and can
be observed in pure metals. The second and third measurement
verify this observation and show linear behaviour in the whole
temperature range as is expected for a metal. Furthermore, a
simultaneous shrinkage of the sample from 5 mm in diameter
into a disc of 3 mm in diameter is observable, in agreement
with results reported by Sakka er al [19].

Figure 8 shows the surface of the pressed discs before
(left) and after (right) thermal treatment under H, atmosphere.
The chains were sintered, and thereby reduced into iron with a
thin film like surface. From the dimensions and the weight of
the shrunk disc, its density was calculated and found to be 13%
smaller than the value of bulk iron. Therefore, holes inside the
sample, which lead to larger volumes, must be assumed.

4. Conclusions

In this study, detailed investigations of the morphology
and electric properties of self-assembled particulate iron
nanochains are presented. Both the morphological and
structural results reveal the existence of an iron core covered
with an oxidic layer of about 3.5 nm. From the electrical
measurements on single chains we derive an electrical
conductivity of the iron cores, which agrees well with
the conductivity of bulk iron. Temperature dependent IS
measurements, under hydrogen atmosphere, of iron chain
powder are presented. These measurements substantiate a
reduction into stable iron with the electrical behaviour of a
metal.
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