Preparation and self assembly of Fe-Au Core-Shell Magnetic Nanoparticles into
Three-Dimensional Crystal for Nanomagnetic Applications
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Magnetic nanoparticles (NPs) have generated a great deal of
interest because of their unique magnetic properties, which make
them very appedling structures from both theoretical and
technological points of view. Below a critical size, magnetic
particles become single domain and exhibit unique phenomena
such as superparamagnetism,®® quantum tunneling of the
magnetization,® and unusual large coercivities'® The fabrication
of these NPs, which can be effected in a number of ways,2 has
inspired a wide range of applications within the fields of medical
diagnosis, drug delivery, cell separation, and information storage.®
The greatest challenges in the synthesis of iron (Fe) NPs are
controlling the particle size and the degree of monodispersity and
preventing oxidation. A non-magnetic shell, such as one prepared
from gold (Au), surrounding a Fe nanoparticle potentially could
serve as a protection layer,* provide an enhanced optical response
through surface plasmon excitation, and present an accessible
surface for further functionalization. Three-dimensional (3D)
crystals self-assembled from these Fe-Au core-shell NPs (Fe-Au
NPs) would not only be interesting model systems for nano-
magnetic materials but also could offer great potentia for use in
single-electron transistors and spin-dependent applications.’®

In this communication, we report the successful synthesis of
near-monodisperse Fe-Au NPs and their sdlf-assembly into a
robust 3D crystalline structure. In addition, we provide evidence
from X-ray absorption spectroscopy (XAS) that verifies that the
core of each nanoparticle in the self-assembled crystal is pure Fe.
We synthesized the Fe-Au NPs using water-in-oil
microemulsions in which the dispersity in the sizes of these NPs
can be controlled by adjusting the water content.® We note that
an approach toward the self-assembly of Au NPs into arobust 3D
nanocrystal was reported recently.” Scheme 1 depicts the
schematic processes we used to synthesize the Fe - Au NPs (steps

A-B) and the self-assembly of the 3D Fe - Au crystal (steps C-E).

In brief, first we synthesized the Fe - Au NPs in areverse micelle
system comprising a surfactant (cetyltrimetylammonium bromide,
CTAB), water (aqueous FeSO, and HAuCI, solutions), and an oil
(octane), as reported in the literature*  We then used 1-

dodecanethiol in step B to modify the surfaces of the Fe - Au NPs.

Finaly, we added CTAB and tetraethylorthosilicate (TEOS) to
form a self-assembled Fe - Au artificial crystal.%7

Fig. la presents a TEM image of the resulting Fe - Au NPs.
The inset to Fig. 1a displays the lattice image of a nanoparticle.
The core of the nanoparticle appears slightly darker than the shell
because of the difference between the electron penetration
efficiencies in Fe and Au. The average size of the Fe- Au NPs
was ca. 5.5 nm, i.e.,, a 4-nm-diameter Fe core surrounded by a
0.75-nm-thick Au shell. This core-shell structure has been
confirmed by an inductively coupled plasma-mass spectrometer.®

A smadl-angle X-ray scattering pattern of the Fe - Au NPs
artificial crystal with synchrotron radiation indicated that it is a
face-centered cubic structure. (See supporting information)®

Scheme 1. The synthetic strategy for preparing the Fe - Au NPs
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One of the challengesin wnthesizing Fe NPs is preventing the
Fe from oxidization. We note that direct evidence for the
existence of pure Fe NPs through any synthetic scheme has yet to
be reported.®®* For example, even when Au shells were used to
passivate Fe cores, the Fe atom was till readily oxidized during
the synthetic process® In this study, we used the Fe atom’s L-
edge to characterize the chemical state of the Fe cores in both the
Fe - Au NPs and the self-assembled Fe - Au crystals. Fig. 1b
presents the L-edge spectra of Fe in these samples and in three
reference materias. Fe,0Os Fes04 and Fe powder.  All the
reference spectra we obtained are consistent with those reported
in the literature.® The L5 spectrum of the Fe- Au NPs exhibits
two peaks at 708 and 710 eV that can be attributed to Fe oxides,
but the ratio of these spectra peaks’ intensities (708 to 710 €V) is
larger than those observed for the Fe oxides, which suggests that
our Fe- Au NPs were oxidized only partially. Most noticeably,
the spectrum of the artificial crystal of self-assembled Fe - Au
NPs exhibits only a single peak at 708 eV, which indicates that
the core of the nanoparticle comprises pure Fe. We believe that
this spectrum provides the first direct evidence for the synthesis of
pure Fe NPs, abeit those containing a Au shell and confined
within a silica matrix. The mechanism through which the Fe
oxides within the Fe - Au NPs are transformed into pure Fe cores
within the artificial crystal remains unclear at this moment. There
are some reportsin the literature,® however, that describe how Au
on a Fe,0; metal oxide can effect catalytic functions toward
several reactions, including hydrogenation, reduction, and
oxidation. In the presence of light, sulfur (S) atoms can desorb
from the surface of metal oxide-supported Au NPs (S-Au/Fe,05)
in water a room temperature. Furthermore when silanes are
attached to Au surfaces, hydrogen atoms can be released to form
Au-Si covdent bonds. Therefore, we suspect that the system
areduction of iron oxide-Au




NPs in the presence of TEOS—to convert the S-Au/Fe oxide NPs
into S-Au/Fe NPs.
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Figure 1 (a) TEM image displaying the dispersed Fe-Au NPs. Theinset
presents an enlarged image of one nanoparticle to indicate the lattice
image of the shell. (b) The L-edge XAS spectrum of Fe in Fe powder,
FesOa4, Fe03, Fe - Au NPs, and the Fe - Au artificial crystal.

Fig. 2 displays the magnetization properties of Fe oxide-Au
NPs and the Fe-Au artificial crystal within the silica matrix at
different temperatures. Obtain these results required measuring
and subtracting the diamagnetic contributions of the surfactant
layer and the silica. The Fe oxide-Au NPs are superparamagnetic
at 300 and 50 K, and we observed only avery small coercive field
(Hc < 10 Oe, not visible on this scale) a 2 K. The Fe- Au
artificial crystal exhibits aclear coercive field (H, = 70 Oe) at 2 K.
The hysteresis of the Fe- Au artificia crystal is not the typical
curve observed for ferromagnetism, which suggests that a
marginad transit from superparamagnetism to ferromagnetism
occurs at this temperature. Therma fluctuations prevent the
spontaneous magnetization of NPs from pointing in a fixed
direction when the particles are smaller than the critical size, as
suggested by Neel.™ For a particle having uniaxial anisotropy,
AE =KV (at H = 0), the condition for superparamagnetism could
be expressed as KV = 25 kTg, where V is the volume of the
nanoparticle, K is the anisotropy energy, k is the Boltzmann
constant, and Tg is the blocking temperature. Therefore, Tg is
proportiona to d®, where d is the diameter of the nanoparticle.
For d = 7 nm, it has been reported that Fe-Fe;0, NPs had a value
of Tg of 35 K.? Although their composition is different, we can
estimate that Fe cores having d = 4 nm would have a value of Tg
of 6 K. We observe a hysteresis loop at 2 K for the artificia
crystal sample, which does not contradict this estimate. The clear
existence of H. at 2 K for the Fe - Au artificial crystal isin sharp
contrast to that observed for the Fe - Au NPs. This contrast may
be due to the different degrees of oxidation of the Fe cores in the
two materials, which would provide additional indirect evidence
for their different chemical states. Another possibility is that the
ordered Fe - Au artificia crystd may lead to an additiona
anisotropy  energy, which  certainly would enhance
ferromagnetism, relative to that of random NPs. Because both Fe
oxide-Au NPs and the Fe - Au atificid crystal are
superparamagnetic at 50 K, we can fit the measured data in Fig. 2
to the Langevin paramagnetic function: M(x) = coth(x) — 1/x, with
x = MH/KT. The line of best fit (see the solid curve) yields p =
210y for the Fe oxide-Au NPs and 400ug for the Fe - Au
artificial crystal. By assuming that the core of each Fe oxide-Au
NPs has a a-Fe,05 crysta structure, we estimate that at 50 K and
a magnetic flux density of 1 T, each Fe** ion in the NPs has a
magnetic moment of 0.23 pug. We aso calculate that each Fe atom
in single Fe - Au nanocrystal has a magnetic moment of 0.44 pg.
The value for the Fe-Au artificia crystal is about five times

smaller than that observed in bulk Fe. This can be explained
partly by the fact that magnetic NPs appear to have a reduction of
the saturation magnetization®? due to competing antiferromagnetic
exchange interactions at the surface, which causes random canting
of the particles’ surface spins.®® This phenomenon has also been
argued in favor of a surface origin**'* and a finite size effect,’>*>
but no clear conclusions regarding the origin of the effect have
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Figure 2. Plots of magnetization (M) vs. magnetic field (H) of the (a)
Fe- Au NPs at 300, 50, and 2 K and (b) the self-assembled Fe - Au
ordered structure at 50 and 2 K. The solid curves represent best fits of the
data to the Langevin paramagnetic model.
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Near-monodisperse Fe - Au NPs have been synthesized successfully and self-assembled into a robust three-dimensional
(3D) crystalline structure. X-Ray near-edge absorption spectroscopy verifies that the cores in the 3D artificial crystal comprise
pure iron. This approach allows the preparation of nanoparticles in their pure metal state without oxidization. Each Fe atom
in the Fe - Au artificial crystal possesses a magnetic moment of 0.44 uB.




